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Photoconductive organic materials for the near-IR radiation range
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Polymer composition films based on polystyrene and containing electron donors, viz.,
substituted tetrathiafulvalenes, an electron acceptor, viz., 2,4,5,7-tetranitrofluoren-9-one, and
sensitizers, viz., a cationic polymethine dye, 1,3,3-trimethyl-2-[3-(1,3-dihydro-1,3,3-trimethyl-
2H-indol-2-ylidene)prop-1-en-1-yl]-3H-indolium tetrafluoroborate, and a neutral mero-
cyanine dye, 5-{3-[(1,3-dihydro-1,3,3-trimethyl-2 H-indol-2-ylidene)ethylidene]-2-phenyl-
cyclopent-1-en-1-ylmethylene}-2-thioxodihydropyrimidine-4,6(1 H,5H )-dione, were prepared.
The internal photoeffect upon film irradiation in the near-IR range is provided by low ioniza-
tion potentials of the donors and the high electron affinity of the acceptor. The photoconduc-
tivity increases upon replacement of a cationic dye by a neutral one, mainly because of
photogeneration of mobile charge carriers of both signs and a decrease in the activation energy
for the photoconduction current. The decrease in the activation energy for the photocurrent is
due to the fact that in the case of a neutral dye, the mobile charge carriers move away from each
other during their separation, while in the case of a cationic dye, the colorless counterion
strongly helds the photogenerated charge carrier.
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compositions, tetrathiafulvalenes.

The design of the materials that conduct electric cur-
rent on exposure to near-IR radiation is a fairly topical
task for photoelectric solar energy converters.1—3 Along
with inorganic semiconductors, the use of organic poly-
mers and their compositions for this purpose appears
promising.14—6 These are selected or developed with al-
lowance for the requirements to their films placed be-
tween the electrical contacts in the sandwich structures of
photoelectric converters.” Generally, the photoconduc-
tivity of polymer films is provided by the presence of
three types of molecules: donors, acceptors, and photo-
generation centers of charge carriers.8 If the donor mol-
ecules are characterized by the ionization potential E; 4
(proportional to the HOMO energy) and the acceptor
molecules, by the electron affinity 4, , (proportional to
the LUMO energy),? the molecules of the photogeneration
centers are selected to meet the conditions |E; | > |E; 4
and |4, | < |4, ,l, where E; . and A, . are the ionization
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potential and the electron affinity of the photogeneration
center molecule, respectively. If these conditions are ful-
filled, the absorption of a light quantum gives an elec-
tron—hole pair (EHP). Dissociation of the EHP results in
free charge carriers.

An important condition for the photoconduction is
the transport of charge carriers within the bulk of the
polymer film toward the electrical contacts without cap-
ture or recombination.19—15 These structural features and
properties of polymeric materials have already been imple-
mented in films based on carbazolyl-containing polymers
and polymers with conjugated bonds,> which use either
intermolecular charge transfer complexes (CTC) or or-
ganic dyes and their aggregates as IR absorption and charge
carrier photogeneration centers.

However, known polymeric compositions exhibit only
low conductivity on exposure to near-1R radiation due to
high |E; 4| values of the donor molecules and/or low |4, |
values of the acceptor molecules with respect to the mol-
ecules of photogeneration centers, whose |E; | — |4, |

Published in Russian in Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 8, pp. 1611—1617, August, 2004.
1066-5285/04/5308-1674 © 2004 Springer Science+Business Media, Inc.



Photoconductive materials for near-IR range

Russ.Chem.Bull., Int.Ed., Vol. 53, No. 8, August, 2004 1675

energy difference should be as low as possible. In addi-
tion, dissociation of the EHP is affected appreciably by
the electronic structure of the donor and acceptor mol-
ecules, in particular, the more pronounced delocalization
of the frontier MO, the weaker the Coulomb attraction
between the charge carriers in the EHP and the higher the
probability of their separation.1® Therefore, it would be
desirable to use strong organic donors and acceptors, for
example, tetrathiafulvalenes and fullerenes.!”-18 The draw-
backs of these compounds include poor solubility in and
poor compatibility with polymer binders and also the dif-
ficulty of preparing polymers containing these compounds.

The purpose of this work is to study the photophysical
properties of films formed from polymer compositions
with various organic donors, acceptors, and photo-
generation centers represented by ionic and neutral dyes.
The solution of this problem is expected to provide the
key to the creation of new effective photoconductive ma-
terials for the near-IR region of the spectrum.

Polystyrene (PS) was used as the polymer base and
epoxypropylcarbazole (EPC) and tetrathiafulvalenes D1
and D2 were employed as the donor molecules. They are
readily soluble in nonpolar solvents and are less prone to
aggregation in the polymeric binder than similar tetra-
thiafulvalenes without aliphatic tails.
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2.,4,5,7-Tetranitrofluoren-9-one (TENF) functioned
as the acceptor.
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Either the CTC formed by EPC, D1, or D2 with TENF
or the dyes HITC and HITBS acted as the photogeneration
centers.

In carbazolyl-containing polymer films, cationic
polymethine dyes, in particular HITC, behave as hole
photogeneration centers.!® The merocyanine dye HITBS
exhibits positive photochromism. Thus, its ground state is
mainly described by the neutral canonical structure A,
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while the excited state is described by a set of bipolar
structures of types B and C.
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Therefore, these merocyanines can be regarded as
photogeneration centers of both holes and electrons. Par-
ticular attention should be placed on the extensive color
and the high absorption intensity of the specially synthe-
sized merocyanine HITBS, which is unusual for this type
of dyes. The point is that merocyanines, which are elec-
tron-asymmetric dyes, contain alternating single and
double bonds in the polymethine chain,?® unlike sym-
metrical polymethines, for example, HITC in which these
bonds are largely equalized.2! This bond alternation, simi-
larly to that in polyenes, induces a hypochromic and
hypsochromic effects in the absorption spectra. There-
fore, the absorption bands of merocyanines are located at
shorter wavelengths than these bands for the correspond-
ing symmetrical (parent) dyes with the same length of the
polymethine chain.2®2! As the chain length increases, the
degree of alternation is enhanced, resulting in attenuation
of the vinylene shifts in merocyanines, as opposed to
symmetrical cyanines.?2:23 The merocyanine HITBS we
synthesized absorbs virtually in the same region as the
cationic dye HITC. This substantial color deepening was
attained by introducing five-membered rings into the even
positions of the chromophore, resulting in a bathochromic
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shift of bands and a hyperchromic effect,2? and by using
the thiobarbituric acid residue with a greater effective
length of the chromophore as the terminal group.22:24

Experimental

Compounds EPC,25 D2,26 and HITC 27 were prepared by
known procedures. Compound D1 was mentioned in a previous
study;28 however, its synthesis was not reported. 'H NMR spectra
were measured on a Varian spectrometer (400 MHz).

47,57 -Bis(cyanoethylthio)-4,5-bis(pentylthio)-2,2 “-bis-1,3-
dithiole (D1). A suspension of 4,5-bis(cyanoethylthio)-1,3-
dithiol-2-one28 (1.16 g, 4.02 mmol) and 4,5-bis(pentylthio)-
1,3-dithiol-2-thione26 (1.56 g, 4.02 mmol) was refluxed for 1.5 h
at 120 °C in freshly distilled triethylphosphite under argon. After
110 min, the suspension turned into a dark-brown solution and
after an additional 20 min, a precipitate formed. The reaction
mixture was cooled to ~20 °C and diluted with 10 mL of MeOH.
The precipitate was filtered off and dried in air. The product was
chromatographed on SiO, (Silica Gel Grade 62, 60—200 mesh,
Aldrich; elution with CH,Cl,) to collect the middle fraction
with R; 0.7. After concentration of the eluate, the residue was
crystallized from a CH,Cl,—MeOH mixture (1 : 3). Yield 1.4 g
(61%), m.p. 92—94 °C (cf. Ref. 28: m.p. 93—94 °C, yield 64%).
'H NMR (CDCls), 8: 0.85 (t, 6 H, 2 Me, J = 6.0 Hz); 1.50—1.70
(m, 12 H, 6 CH,); 2.70 (t, 4 H, SCH,CH,CN, J = 6.0 Hz); 2.80
(t,4 H, SCH,R, J=6.0 Hz); 3.05 (t, 4 H, CH,CN, J = 6.0 Hz).

5-{3-[(1,3,3-Trimethyl-1,3-dihydro-2 H-indol-2-yl-
iden)ethyliden]-2-phenylcyclopent-1-en-1-ylmethylene}-2-
thioxodihydropyrimidine-4,6(1H,5H)-dione (HITB5). A mixture
of 1,3,3-trimethyl-2-{(E)-2-[3-((E)- N-acetyl- N-phenylamino-
methylidene)-2-phenylcyclopent-1-yl]ethen-1-yl}-3 H-indolium
tetrafluoroborate (0.272 g, 0.5 mmol)?2 and thiobarbituric acid
(0.072 g, 0.5 mmol) in 5 mL of 95% EtOH was heated to boiling
for 1 h in the presence of 0.5 mL of Et;N. After cooling, the
precipitate that formed was filtered off and washed with small
amounts of EtOH and Et,0. Yield 0.116 g (48%), dec.p.
249—-250 °C (from AcOH). UV/Vis (CH,Cl,), A.,/nm
(e/L mol~! cm~1): 741 (219600). UV/Vis (DMF), A../nm
(¢/L mol~! cm™1): 745 (181000). Found (%): C, 72.03; H, 5.44;
N, 8.86. CyoH,;N;30,S. Calculated (%): C, 72.32; H, 5.65;
N, 8.72. 'H NMR (DMSO0-dy), 8: 1.339 (s, 6 H, Me,C); 2.859,
3.207 (both t, 2 H each, CH,CH,, J= 6.3 Hz); 3.412 (s, 3 H,
NMe); 5.699 (d, 1 H, NC=CH, J= 13.2 Hz); 6.989 (t, 1 H,
H(5)indotes / = 7.6 Hz); 7.048 (d, 1 H, H(7)ingo1e> /= 7.6 Hz);
7.073(d, 1 H,NC=CH—CH, /J=13.2 Hz); 7.18—7.30 (m, 4 H,
H arom.); 7.512 (s, 1 H, CH=CCO); 7.52—7.60 (m, 3 H,
H arom.); 11.486 (s, 2 H, NH).

Quantum-chemical calculations for the compounds under
study were carried out by semiempirical AM1 method with a
standard set of parameters.2? The calculation included the inter-
action of singly excited configurations caused by all the pos-
sible electron transitions from the three upper HOMO to
the three lower LUMO. The molecular geometry was first
optimized using the restricted Hartree—Fock calculation
and the Polack—Ribiere algorithm with an accuracy of
0.001 kcal A=1 mol—L.

The samples with the free surface of the polymer film of the
sandwich structures with the SnO,—In,05 and Al contacts were
prepared by a known procedure.!3 The concentration of the

donor molecules with respect to the PS weight varied from 0
to 30%, that of TENF, from 0 to 20%, and that of the dye,
from 0 to 1%. For the sample with the free film surface, the
spectra of the absorption coefficient (k/x4q) of the polymer film
were measured, where Ky is the absorption coefficient at A =
400 nm. In the sandwich samples, the dark current (j,) and
photocurrent (j,;,) densities under irradiation with monochro-
matic light were measured. The light intensity (/) in the range of
0.2—5.0 W m~2 was varied by neutral light filters. The electric
field intensity (E) in the polymer film varied in the range of
(1—20)-107 W m~!. The current kinetics with time during the
irradiation and after switching off the light was recorded using a
storage oscilloscope. The j; and j,j, values were measured in the
temperature range (7) from 290 to 355 K. The dependences of j;
and j, on T were used to determine the activation energies of
the electrical conductivity (W) and photoconductivity (th),
respectively.

Results and Discussion

The PS films containing no additives do not absorb
visible light in the region of A > 400 nm, while in sand-
wich structures, they do not display the photoconductiv-
ity effect over the whole range of E. If the films contain
the acceptor TENF, the long-wavelength edge of the
proper absorption of TENF becomes visible in the PS
spectrum at A > 400 nm (Fig. 1, curve ). The PS + EPC
(1—30% (w/w)) films containing no additives do not ab-
sorb light in the visible region and do not exhibit photo-
conductivity in the sandwich samples. The PS + Dl
(1—30% (w/w)) and PS + D2 (1—30% (w/w)) films ab-
sorb at A > 400 nm, due to the edge of proper absorption
of D1 and D2 (see Fig. 1, curves 2 and 3). As the concen-
tration of the donors increases, k increases proportion-
ally, but the shape of the absorption bands does not
change. This attests to low tendency of EPC, D1, and D2
molecules for aggregation in the PS films. However, the
optical absorption spectra of the PS + EPC, DI, D2
(1—30% (w/w)) + TENF (1—20% (w/w)) films contain
new broad absorption bands absent from the spectra of
the above-mentioned films (see Fig. 1, curves 4—6). As
the TENF concentration increases, x for the visible and
near-IR ranges increases, but the shape of the absorption
bands does not change. This indicates that the absorption
bands are due to the formation of CTC between the do-
nors EPC, D1, and D2 and the acceptor TENF. The
bathochromic shift of the long-wavelength absorption edge
for the films upon the replacement of EPC by D1 or D2 is
dictated by the decrease in E 4 in this sequence of donors
and the decrease in the light quantum energy (#v,,) needed
for complete electron transfer from the donor to the ac-
ceptor in the CTC30

Wy =Eqg—Aea— 0, 1)

where Q is the interaction energy between the separated
charges in the CTC. This is confirmed by comparison of
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Fig. 1. Spectra of the absorption coefficient («/x4qq) of the films:
PS + TENF (10% (w/w)) (I), PS + D1 (20% (w/w)) (2),
PS + D2 (20% (w/w)) (3), PS + EPC (20% (w/w)) + TENF
(10% (w/w)) (4, PS + DI (20% (w/w)) + TENF
(10% (w/w)) (5), PS + D2 (20% (w/w)) + TENF
(10% (w/w)) (6), PS + D2 (20% (w/w)) + TENF (10% (w/w)) +
HITC (1% (w/w)) (7), and PS + D2 (20% (w/w)) + TENF
(10% (w/w)) + HITBS (1% (W/W)) (8). K4 is the absorption
coefficient at A = 400 nm.

the experimental E; 4 values for EPC, D1, and D2 and by
the results of quantum-chemical calculations of the
HOMO and LUMO energies. The |E, 4| value for carba-
zole is 7.6 eV, according to the photoelectron spectros-
copy data,25 while for D1 and D2, these values are 6.7—6.9
and 6.25 eV, respectively, as estimated from the absorp-
tion spectra with various acceptors.26 The results of our
quantum-chemical calculation of the HOMO and LUMO
energies for the donor, the acceptor, and the dyes used
are shown in Fig. 2. Note that the results of these calcula-
tions are inapplicable for highly accurate numerical de-
termination of the ionization potentials and the electron
affinities of molecules. However, one can draw quite reli-
able qualitative conclusion on whether or not relation (1)
holds upon replacement of the dopants in the PS films. It
can be seen that the |E; 4| value decreases in the series
EPC, DI, D2.

The sandwich samples with the PS + EPC, D1, D2
(1—-30% (w/w)) + TENF (1—20% (w/w)) films were
found to exhibit photocurrent in the absorption regions
corresponding to the CTC (bathochromic shift upon the
replacement of EPC by D1 and D2). When the E and /
are constant, the j,;, value increases with an increase in
the donor and/or acceptor concentration and does not
depend on the polarity of the electric voltage applied, but
decreases with an increase in A in proportion to the change
of x. In addition, the dependences of j;, on [/ are straight
lines, while the dependences of j,, on £ can be approxi-
mated by straight lines in the logj,, vs. E'/2 coordinates
(Fig. 3). From the slope ratio of these straight lines, one
can calculate the Pool—Frenkel constant, and the result-
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Fig. 2. HOMO (continuous horizontal lines) and LUMO (dashed
horizontal lines) energies of the molecules under consideration.
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Fig. 3. Dark current (/—4) and photocurrent (5—§&) densities ()
vs. electric field intensity (£) in the sandwich samples with the
films: PS + EPC (20% (w/w)) + TENF (10% (w/w)) + HITB5
1% (w/w)) (1, 5), PS + D1 (20% (w/w)) + TENF
(10% (w/w)) + HITC (1% (w/w)) (2, 6), PS + D2 (20% (w/w))
+ TENF (10% (w/w)) + HITC (1% (w/w)) (3, 7), and PS + D2
(20% (w/w)) + TENF (10% (w/w)) + HITB5 (1% (w/w)) (4, 8);
A =760 nm, T=293 K.

ing value, equal to 4.5- 105 eV V-1/2m~1/2_is close to the
theoretical one.®!7 The dark current and the photocur-
rent increase with an increase in the temperature. This
implies that the photoconductivity of the samples is due
to the bulk photogeneration of charge carriers and their
transport in the polymeric films, the mechanism of carrier
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photogeneration being similar to that accepted for poly-
N-epoxypropylcarbazole films with TENF:8:17 CTC are
the photogeneration centers in the EHP; the dissociation
of the EHP in an external electric field occurs through the
intermolecular transfer of holes over the donor molecules
(EPC, D1, D2) and the transfer of electrons over the
acceptor molecules (TENF).

In the sandwich samples with films containing do-
nors, TENF, and dyes, both the dark current and the
photocurrent are much higher than those in similar
samples without the dyes (see Fig. 3). However, the
samples with the PS + EPC (1—30% (w/w)) + TENF
(1—-20% (w/w)) + HITC, HITB5 (1% (w/w)) films de-
velop a relatively low photocurrent in the dye absorption
range (A > 700 nm), which increases as EPC is replaced
by D1 or D2. In addition, the photocurrent observed in
the absorption range of the dye increases upon the re-
placement of HITC by HITBS, although the absorption
coefficient in the case of HITBS is lower than for HITC
(see Fig. 1). The dark current and the photocurrent do
not depend on the polarity of the electric voltage applied.
The highest rate of the building-up and relaxation of the
photocurrent, which characterizes the velocity of non-
equilibrium charge carriers in an electric field,$ is found
for samples with the films containing D2, TENF, and
HITBS (Fig. 4). The dependences of j, and Jon on T are
linear in the Arrhenius coordinates, and the calculated

Jpn+104/A m=2 6

—-—

12

0 20 40 60 80 1/s

Fig. 4. Photocurrent density (j,;) vs. time (7) of the irradiation
with light with A = 760 nm in sandwich samples with the films:
PS + D1 (20% (w/w)) + TENF (10% (w/w)) (I), PS + D2
(20% (w/w)) + TENF (10% (w/w)) (2), PS+ D2 (20% (w/w)) +
HITC (1% (w/w)) (3), PS + D2 (20% (w/w)) + TENF
(10% (w/w)) + HITC (1% (w/w)) (4), PS + D2 (20% (w/w)) +
HITBS (1% (w/w)) (5), and PS + D2 (20% (w/w)) + TENF
(10% (w/w)) + HITBS5 (1% (w/w)) (6). The vertical arrow shows
the instant the light is switched off (E = 1.1-108 Vm~!, I =
1 Wm~2, T=293 K, polymer film thickness 1.5 pm).

activation energies W, and W, are close to each other.
For example, the W, and W, values found for the sand-
wich samples with the PS + D2 (20 % (w/w)) + TENF
(10% (w/w)) + HITBS (1% (w/w)) films at low E are
equal to 0.23%0.01 eV, while those for the samples with
the PS + D2 (20% (w/w)) + TENF (10% (w/w)) + HITC
(1% (w/w)) films are 0.45+0.02 eV. This means that the
photoconductivity and the electrical conductivity in these
films at A > 700 nm are mainly due to the bulk generation
of charge carriers from the dye molecules. The HITBS
and HITC molecules serve as the photogeneration cen-
ters for nonequilibrium charge carriers and the centers of
thermofield charge carrier generation.

An increase in the electrical conductivity and photo-
conductivity in the polymeric films containing EPC, DI,
D2, and HITC indicates that the energy difference
|E; | — |E; 4 increases for this series of donors and the
conditions for the formation of mobile charge carriers
(holes) improve. It can be seen from Fig. 2 that the neces-
sary condition of hole formation from excited dye mol-
ecules, |E; | > |E; 4, holds for HITC and HITBS with the
donors we used, while the condition of electron genera-
tion, |4, .| <A |, holds only for HITBS with the TENF
acceptor. This means that, unlike HITC, the HITB5 mol-
ecules can function as photogeneration centers for not
only holes but also electrons. This can be confirmed ex-
perimentally, because the photocurrent in the PS films
with D1 and D2 containing HITB5 and TENF (see Fig. 4,
curve 6) is much higher than the sum of the photocurrents
in similar samples containing either HITBS5 or TENF, all
other factors being the same. The photocurrent in the
samples with PS films with D1 and D2 containing HITC
and TENF is close to the sum of photocurrents in
analogous samples containing either HITC or TENF
(see Fig. 4).

However, an increase in the photoconductivity of films
with HITB5 with respect to analogous films containing
HITC has one more reason, in particular, the replace-
ment of HITBS by HITC results in higher W, and W .
Within the model that implies two-step photogeneration
of the carriers via the formation and dissociation of EHP,
the Wy, value calculated from the plots for the variation
of jon vs. T at low E values can be identified with the
energy of Coulomb interaction between the electron and
the hole in the EHP

Woph = q%/4neger, 2)
where ¢ is the electron charge, g, is the dielectric con-
stant, e is the dielectric permittivity, 7, is the distance
between the oppositely charged carriers in the EHP. The
nonexcited dye molecules can be represented in the sim-
plified form as (D—A) for HITB5 and (D—D...An") for
HITC, where An is the colorless counterion of the ionic
dye. The formation of the EHP in the PS films with D2,
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TENF, and HITBS or with D2, TENF, and HITC can be
represented by the following reactions with electron
transfer.

D2 + (D—A) + TENF S, D2 + (D*—A")* + TENF —»
—» D2'*+(D"—A") + TENF —»
— D2'*+ (D—A) + TENF'~ 3)

D2 + (D—D*...An") + TENF D D2 + (D*—D...An")* +
+TENF — D2°* + (D'—D...An") + TENF 4)

Here, we took into account the fact that immediately
after absorption of the light quantum, redistribution of
the electron density takes place within the dye molecules
to give their excited states, (DT—A~)* for HITB5 and
(D*—D...An")* for HITC. The relaxation of the excited
states of the photogeneration centers gives rise to charge
carriers. In the samples with PS films containing D2,
TENF, and HITBS, the excited state of the dye molecule
gives rise to a hole, represented by the D2 radical cation
(D2°*%) and the HITBS radical anion (D°—A~), which
can further give off the electron to the TENF molecule to
yield the radical anion (TENF " 7). In the samples with PS
films containing D2, TENF, and HITC, absorption of
light by the cationic dye molecule gives only a hole (D2° %)
and a radical anion contact pair (D" —D...An™) consist-
ing of a neutral radical and the counterion.

Equations (3) and (4) show the major difference be-
tween neutral and ionic dyes as regards photogeneration
of charge carriers. This difference is in the fact that reac-
tions (3) afford electrically charged radical ion pairs, which
provide transport of the carriers, and electrically neutral
molecules of photogeneration centers, whereas reactions
(4) give electrically charged radical ion pairs to transport
the carriers and the colorless counter-ions of the photo-
generation centers. Since in the second photogeneration
step, i.e., dissociation of charge pairs, the mobile charge
carriers move away from the oppositely charged centers,
it can be stated that the activation energy of photo-
generation Woph in the films with ionic dyes, unlike the
films with neutral dyes, is determined by the energy of
Coulomb interaction between the mobile charge carrier
and the electrically charged colorless counterion; in this
case, the r; value in Eq. (2) corresponds to the distance
from the photogenerated carrier to this counterion.

Our assumption concerning the difference between
the neutral and ionic dyes as photogeneration centers
provides an interpretation for the increase in Woph upon
the replacement of HITBS5 by HITC. This interpretation
is as follows. In the PS films with donors, acceptors, and
HITBS, the spatial distribution of the dopant molecules is
isotropic and no admixed ions are present. Therefore,
during photogeneration of charge carriers from the HITB5
molecules, any direction of the radius-vector between the
charges in the EHP can be considered to be equally prob-
able for each particular molecule of the photogeneration

center. In the PS films with donors, acceptors, and HITC,
the spatial distribution of the dopant molecules is also
isotropic but they contain colorless ions whose concen-
tration is equal to that of the photogeneration centers.
The molecules of ionic organic dyes in the PS films may
occur both as separated and contact charge pairs. This
means that during the EHP formation, the outflow of the
charge carriers from (D*—D...An™)* onto the donor mol-
ecules would be mainly directed toward the nearest An—
counterion. In this case, the distance r; should be shorter
and the energy of the Coulomb interaction between the
opposite charges should be higher. Note also that, since
the electric charge in the colorless counterion of the ionic
dye is highly localized, this energy increases to even a
greater extent compared to that involved in the formation
of EHP by reaction (3).16 The thermal generation of charge
carriers from dye molecules also yields pairs of opposite
charges and, therefore, the W, and W), values are close to
each other, but they are different for different types of dyes.

Tetrathiafulvalenes can be used as electron donors to
produce polymer films that exhibit photoconductivity on
exposure to near-IR radiation. For increasing their solu-
bility and decreasing the aggregation, which results in a
higher electric conductivity of polymeric compositions,
the donor molecules must be provided with bulky sub-
stituents, for example, aliphatic radicals (D1 and D2 mol-
ecules). Aggregation can also be prevented by their cross-
linking to the polymeric chain. Organic dyes should be
used preferably as the photogeneration centers of charge
carriers in the IR region of the spectrum. It should be
borne in mind that the use of cationic dyes in polymeric
films with a high concentration of the donors results in a
monopolar photoconductivity, due to more efficient
photogeneration of the holes. The less mobile electrons
that remain in the cationic dye molecules after photo-
generation of the EHP are efficient capture and rcombi-
nation centers for charge carriers. In the films with ionic
dyes, which function as photogeneration centers for charge
carriers, the electric charge of the colorless counterions
influences the photogeneration of the mobile charge car-
riers. At the first step of photogeneration, the photo-
generated carriers are concentrated near these counterions.
The electrostatic interaction in these charge pairs deter-
mines the activation energy for the photogeneration and
the electrical conductivity. Since the distances between
the charges in these pairs can be short, the experimental
results obtained previously on the influence of the counter-
ion type on the spin effects of the photoconductivity3!
and recombination luminescence3? become interpretable.
The photogeneration of charge carriers of both signs is
ensured in the polymer films containing donors, accep-
tors, and neutral dyes. High photoconductivity is attained
due to the fact that both the holes and the electrons are
mobile in EHP photogeneration and their recombination
in the dye molecule is hampered. In these films with
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neutral dyes, photogeneration of the mobile charge car-
rier takes place in the electrostatic field of the ionized
photogeneration center and, hence, the spatial distribu-
tion of the radius-vector between the charges in the EHP
appears isotropic, and the energy of electrostatic interac-
tion between the charges in the EHP can be lower than
that in the case of ionic dyes, all other factors being
the same.
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