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Experimental and theoretical studies of the photoconductivity of the polymer layer (PVP) with resaz-
urin solution at two-photon excitation revealed that the two-quantum excitation in 7(cc*)- state which
corresponds to the quantum transition from a deep o-MO on the free o*-MO is the cause of the two pro-
cesses: the electron transfer from the matrix to the dye molecule and dissociation of the dye molecules with
the release of oxygen anion. Two-quantum excitation of the molecules in the triplet state which is lower
than said T(oc*)- state prevents dissociation of the molecule, however, significantly increases the acceptor
dye properties, enabling electron transfer from the matrix to the photoconductive dye and a hole matrix.
The resulting radical anion dye eventually gives extra electron matrix, where it can recombine with a hole

or captured by the trap.

Keywords: Resazurin sodium, Two-quantum excitation, Photodissociation, Photoconductive hole matrix,

Polyvinylpyrrolidone.

1. INTRODUCTION

One of the major problems concerning molecules
and molecular systems is the physics of processes
which occurred in highly excited states of these sys-
tems. In spite of many facts were known about the
physical processes in highly excited states of the mole-
cule, including well-known fact of dyes fading on fabrics
under action of ultraviolet solar radiation, so up today
this problem has not received enough attention.

The set of other facts is known also. For example,
studies of photoconductivity for representatives polya-
cenes linear crystals (anthracene, tetracene, pentacene)
[1] has shown that its high quantum efficiency is ob-
served only at irradiation of highly excited states of mol-
ecules in which the birth of holes and free electrons is
possible. Thus, in the process of relaxation of highly ex-
cited state the excitation of the molecule can stop at an
intermediate state which is corresponding to the electron
transfer between the molecule and the crystal. The pro-
cesses of charge separation at the non-equilibrium relax-
ation of highly excited state have been considered theo-
retically in the works of Onsager [2, 3] based on the clas-
sical (thermodynamic) representations.

This situation has stimulated our studies of molecu-
lar relaxation processes of highly excited states using
the quantum mechanics approaches. For research we
chose a solution of resazurin sodium (RNa) in a solid
polymer matrix.

On the other hand, resazurin is a promising com-
pound of general-purpose, particularly for the analysis
of bacterial contamination of milk [4] also as the work-
ing substance of dye laser [5, 6], as sensitizer sensitivi-
ty of photographic materials, as materials for optical
recording media [7] etc.

Thus, this dye can be used as a model object for
basic research highly excited states physics.

At the interpretation of electro-physical properties
of organic compounds the issue of electric conductivity
mechanism is a central one because a precise under-
standing of this mechanism allows a number of other
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physical and chemical properties. For the organic semi-
conductors this issue is quite complex and so far not yet
fully understood.

This work is a continuation of research initiated by us
in [8-10], and is dedicated to the study of photoconductivi-
ty of solid polymer solution of RNa at two-quantum excita-
tion (irradiation has been occurred through YG-18 filter
(4> 500 nm, v < 20000 cm 1) (Fig. 1).
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Fig. 1 — The absorption spectrum (D) for resazurin sodium in
PVP (1) and transmittance (7) for optical filter YG-18 (2)

2. THE METHODOLOGY OF THE RESEARCH

Work was carried out both in experimental and in
theoretical terms.

As excited molecules of resazurin can exist in different
forms [10] (anionic, neutral or cationic) for anionic forms
we used RNa, which in the polymer matrix was not disso-
ciated into ions. The polyvinylpyrrolidone (PVP) served as
polymer matrix to create a light-sensitive layer.

Photosensitive samples were prepared with 5 % solu-
tion of PVP in ethanol with addition of the dye with
count to get the dye concentration in a dried layer near
10-4-10-2 mol/l. The solution was poured on a horizontal
glass surface and dried.
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The absorption spectra of the dried samples were
studied by spectrophotometer Specord 210.

Installation for photovoltaic research is described in
[10]. Lighting of sample was carried out with light of a
mercury lamp DRSH-250-2 through the filter YG-18.
The change in light intensity on the sample was carried
out by reducing with non-selective reducer (metal
mesh). The initial intensity was considered as equal to
unity (in non-dimensional units).

Photoconductivity of prepared samples was investi-
gated under excitation by a rectangular pulse of light.
Initially, samples were kept at a constant high voltage
(for most of them was taken U = 80 V) for some time up
to achievement of stationary dark current. Then the
pattern was irradiated by light from a mercury lamp
through the transparent electrode of cell. It was record-
ed by registrator the appearance of photocurrent, which
was growing exponentially up to the constant value of
ip. Time of stationary photocurrent achievement was
depended on the concentration of the dye and was
equal from one to several minutes.

Theoretical calculations included both phenomeno-
logical approaches and quantum program, including the
program AM1 [11] (software package HyperChem 7.0).
Since semiempirical methods for calculating of energy
structure for molecules give deviation of theoretically
obtained values of quantum transitions energy from ex-
perimental one, we have used the procedure to conform
the calculation results with the experimental data, as
proposed in [12]. To describe the quantum transitions it
was used additionally the elements of group theory.

3. RESULTS OF INVESTIGATION

Study of the photocurrent dependence on the light
intensity at use the optical filter YG-18 has shown that
in parallel with the photochemical transformations of
resazurin the generation of charge carriers occur, and
in both cases the speed of the process depends quadrat-
ically on the intensity of light (Fig. 2).

This dependence of photocurrent on the light inten-
sity indicates that we deal with the occurrence of two-
quantum processes [8, 13].
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Fig 2 — Relative change of photocurrent in PVP mixed with
RNa (10-3 mol/L) in dependence on the lighting intensity

It was found that increasing the concentration of
dye in PVP increases the relative change photocurrent
in relation to dark current io.

Replacement the yellow optical filter on the orange
led to the disappearance of photochemical process,
however photoconductivity clearly was recorded.

To elucidate the mechanisms of photoconductivity
we explored the energy structure of the dye in different
ionic conditions.

If RNa molecule was dissociated into ions, then pho-
totransfer of electron from the anion to the matrix
would lead to the creation of radical which would be
able to intercept a hydrogen atom from the matrix. In
this case we would get a neutral form resazurin. So,
resazurin is not converted into a molecule of a different
nature. On the other hand, electron transfer from the
matrix to anion of resazurin with a creation of dianion-
radical of resazurin is impossible because the energy of
affinity for the anion of resazurin with respect to elec-
tron is negative (Fig. 3a).

However, it turned out that electron transfer to the
molecule RNa was possible since the energy of affinity
for electron with respect of molecule is positive.

In [14] it is shown that the anion of resazurin and
the molecule RNa are characterized by the same mech-
anism of photochemical transformations in highly ex-
cited state, i.e., dissociation of molecules occurs at exci-
tation of molecules into dissociative T (oc*)-state. The
settlement of this state in the process of quasi-
equilibrium relaxation of excitation causes the process-
es of electron transfer between the matrix and mole-
cules of resazurin. However, the mechanism of the cur-
rent carriers generation has not been described.

Investigation of energy structure of resazurin has
shown that at two-quantum excitation by light of the
visible spectrum the 7T1-state is populated primarily,
from here the higher triplet states are populated by
additional excitation via the T'— T-absorption. T1-state
corresponds to the quantum transition of an electron
from the highest occupied molecular orbital (HOMO
number 42) to the lower free molecular orbital (LUMO
number 43).

In this regard, it is important that higher triplet
states can be obtained not only at the excitation of elec-
tron from HOMO to the higher unoccupied MO, but
also from profound busy MO.
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Fig. 3 — A dependence of the ground state energy for the
three-charge states of resazurin anion (a) and sodium resaz-
urin (b) on the length of the dissociative connection N-O

Comparison of the anion resazurin and RNa struc-
tures has shown that the atom of sodium is localized
above the plane of the molecule near one of the phenyl
rings, lowering its symmetry. In this connection the
shape and symmetry of individual molecular orbital
(MO) becomes significantly skew although is slightly
similar to shape MO of resazurin anion. The atomic
orbital of sodium is part of the MO molecules beginning
from the MO number 46. The MO which are important
for the further description are looking like to the shown
below (atoms indicated by the value of the charge in
units of electron charge):

7%-LUMO number 43
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0373 0.177

o-MO number 36

At the two-photon excitation we deal with a triplet-
triplet absorption, so we have optimized the geometry of
the molecule in the triplet state and made calculation
the position of the bands 71 — Tr-absorption. The corre-
sponding calculated data are presented in the Table 1.
The positions of the relevant bands has been corrected
according to the procedure of coordination [12].

As can be seen from the Table 1, the nature of
T1 — Tr-absorption consists in the simultaneous
change of both MO, on which the electrons of triplet
state creation are localized. Therefore, in the third col-
umn of the Table 1 the pairs of MO are shown both for
the initial and final states. Thus, the dipole moment of
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Table 1 — Position of the bands 71— Tr-absorption, their
assignment to the MO and the oscillator strength of the corre-
sponding quantum transitions

A, nm v, cm'? T1(42—43)— T — T
968 10332 (41 — 43) 0.0072
773 12935 (41 — 44) 0.0340
645 15509 (42 — 47) 0.0041
632 15812 (36 — 43) 0.0064
621 16110 (38 — 45) 0.0029
562 17809 (37 — 44) 0.0188
525 - 17850 - (36 — 47) 0.0008
560 19000
528 18933 (41 — 43, 0.0020

41 — 45)

quantum transition in this case will be determined at
once by the overlapping of four MO. In particular, for
two-quantum excitation of the molecule in T(co*)-state
a dipole moment can be written as:

r
d (T1 —>T ) =I Y (7 o745)erY(0,450,,)AV

where W(mams) is the multi-electron wave function of
molecule in the corresponding triplet state; its im-
portant element is W(mems) = 036(3) 036(4) [ m42(1) 743(2) —
— m2(2)m3(1)], in brackets — number of electrons. Simi-
larly for W(os60u7).

Since the overlap between the z- and c-MO is weak,
the value of the oscillator strength for the 71 — Thn-
absorption is small.

Regarding the position of the absorption band,
which gives the final state (36 — 47), i.e. corresponds to
the formation of T(co*)-state, we could only estimate it.
Therefore, the Table 1 gives the wavelength interval
within which it is necessary to find the relevant quan-
tum transition.

As it can be seen, at the excitation of molecule in
T(oo*)-state the position becomes free for the electron
in a deep MO number 36 o-type. In other words, signi-
ficantly increase the acceptor properties of molecule
RNa. Since RNa even in unexcited state had a consi-
derable energy of affinity with respect to the electron
(2.63 V) the excitation into 7(cc*)-state will lead to
the possibility of electron transfer from the matrix to
the molecule RNa, which causes hole photoconductivity
of samples under investigation. In this case, after the
completion of the relaxation of the excited state mole-
cule the extra electron is localized in the molecule RNa
7%-MO number 43. Thus, the MO number 43 becomes
half-occupied while the n-MO number 46 becomes the
free lower MO (in the anion this MO was number 44).
Thus the charge on the atom of sodium increases to
+0.666e. Sodium atomic orbital includes into MO of
molecules beginning from MO number 48.

If the transfer of an electron would place from the
molecule RNa on the matrix, the MO number 42 would
be half occupied and MO number 43 would remain as
LUMO. The charge of the sodium atom would partially
shifted to resazurin and would be equal to + 0.754e.

The above analysis shows that the electron transfer
from the matrix to the molecule or vice versa is actually
without sodium cation. Thus, the role of sodium cation is
limited to stabilization of electronic system in the mole-
cule RNa.
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Relaxation of the neutral molecules excitation from
highest triplet state occurs exclusively with all electronic
states of molecules which lie between T(cc*) and Ti-
states. Of course, the lifetime of a molecule in a given in-
termediate state will depend on the distance to the near-
est lower state and on the probability of nonradiative
quantum transition between these states. So it is possible
to expect that in some areas the relaxation of excitation
will be presented by quasi-equilibrium process, and on the
others — by non-equilibrium one. Electron transfer from
the matrix to the MO number 36 is possible only in the
quasi-equilibrium state. A dissociation of RNa will not
stop here. However, at break of N-O-connection the oxy-
gen anion will be created but not atom.

Since T(ooc*)-state of RNa is dissociative state the
excitation into this state will not lead to relaxation of
excitation to the Ti-state taking part all intermediate
triplet states.

As can be seen from Table 1, the illumination of the
sample through the orange filter (filter OG-13 trans-
mits a long-wavelength region since A =560 nm), exci-
tation RNa is possible in the triplet 7(o7*)-states
(36 — 43) and (38 — 45). These states are not dissocia-
tive, but they provide a significant increase in energy of
affinity RNa to the electron. As a result, the quasi-
equilibrium relaxation of excitation with 7T(oz*)-states
will cause the possibility of electron transfer from the
matrix to RNa and appearance of the hole conductivity
in the polymer layer. As a result of this process the
radical-anion RNa will be formed. The transfer of a
hydrogen atom from the matrix formed radical anion
will be impossible. Therefore, the extra electron will be
forced back into the bulk of the polymer layer and
make recombination with holes or to be admired by the
corresponding trap.

4. CONCLUSIONS

On the based of results obtained at the study of
photoconductivity of PVP polymer layer with dissolved
resazurin sodium at two-quantum excitation, it was
shown that:

1. In solutions that provide electrolytic dissociation
resazurin sodium the process of electron transfer from
matrix to the dye molecules is impossible due to nega-
tive energy of affinity for anion of resazurin with re-
spect to electron.

2. In polymer matrix the electrolytic dissociation is
few probable, so in the result of two-quantum excita-
tion of the molecule to higher triplet states which cor-
respond to the quantum transition of an electron from
the deep occupied MO to the higher free MO, the accep-
tor properties of resazurin sodium increase significant-
ly. That provides the possibility of electron transfer
from the matrix to the dye and existence of the hole
photoconductivity of matrix.

3. Dissociative potential surface corresponds to the
highly excited 7(coc*)-state. This surface causes the
100 % probability of molecule dissociation into to the
oxygen atom and molecule of resorufin. On the other
hand, this state is formed due to the quantum transi-
tion of an electron from the deep occupied o-MOs into
the free o*-MO, what significantly increases the accep
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tor properties of excited molecules of resazurin sodium.
As a result, the fast process can occur of electron trans-
fer from the matrix to the dye molecule with following
dissociation of the dye and release of the oxygen anion.
4. At the two-quantum excitation of resazurin sodi-
um molecules into triplet state, which lies below
T(oo*)-state the process of dissociation of molecules is
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