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The light generation possibility in an optochemotronic device of liquid phase optoelec -
tronics with the working electrode modified by means of Langmuir-Blodgett technique for
thin-film deposition has been studied using mathematical simulation. The kinetics of the
emitting centers and photons flux density have been calculated for so configured opto-
chemotronic emitter with 9,10-diphenylanthracene as the working electrochemiluminophor
being in the film and in the bulk of solution. The possibility to obtain the inversion of
electronic level population in the organic luminophor molecules and laser generation under
non-optical electrochemical excitation in the optochemotronic emitter has been shown.

MeTomomM MaTeMaTH4ECKOTO MOIEJMPOBAHWS H3yueHa BO3MOYKHOCTL TeHepalluy CBeTa B
ONITOXEMOTPOHHOM YCTPOICTBE JKUIKOGMA3HON OMTO9JEKTPOHUKHU ¢ PAGOUYUM 3JIEKTPOAOM, MO-
IN(GUITUPOBAHHLEIM IO TexHoJoruu Jlenrmiopa-BiaomkeTT HaHeceHHs TOHKMUX ILJIEHOK. Pac-
cumTaHa KWHETHKa W3JIyYaTeJbHBIX IIEHTPOB M IIJIOTHOCTH IOTOKA (POTOHOB AJSA IOAOOGHOM
KoH(UTypanuy KOTePeHTHOT'0 OINTOXEeMOTPOHHOTO manayudarens ¢ 9,10-gudennsaHTpaiieHoOM B
KauecTBe pabouero sJaeKTpoxeMuJIoMuHOMGOpa, HaXOAAIIerocs B IJieHKe U B pacTBope. IIoka-
3aHa BO3MOYKHOCTBH ITOJIYUEHUS WHBEPCHOH HACEJEHHOCTH JJEKTPOHHBIX YPOBHEH MOJIEKYJ
OpraHMYecKuX JIOMHHOGOPOB U JIa3epPHOM TeHepaluy MPU HEONTUYECKOM 3JIEeKTPOXUMUYE-

© 2004 — Institute for Single Crystals

CKOM BOBﬁyDKI[eHI/II/I B OIITOXEMOTPOHHOM H3Jiy4dyaTeJie.

Optochemotronics denotes the liquid-
phase optoelectronics branch that investi-
gates and utilises the luminescence excited
non-optically by electrochemical processes
in solutions of organic luminophors. The es-
sence of such excitation of electrochemical
luminescence (ECL) consists in sequential
formation of anion- and cation-radicals of
organic luminophor on the optochemotronic
emitter (OCE) electrode surface during elec-
trolysis, with subsequent biradical recombi -
nation and formation of emitters — mole-
cules in electron-excited state [1]. Among
various applications of OCE are liquid-phase
light emitting devices, analysis of liquids,
information processing, etc. [1]. The possi-
bility to attain the lasing effect in those
devices is especially attractive. This prob-
lem was theoretically considered in litera-
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ture at the early 70-s of the last century,
however, no certain answer was then ob-
tained [1-3]. At present, there are confir-
mations of such device realization [4], i.e.
coherent OCE, however, there are still exist
gaps in understanding of physical, chemi-
cal, and technological aspects of this prob-
lem, design of the appropriate models and
emitters themselves.

The work is devoted to diffusion transfer
and radiative processes study in OCE with
working electrode modified by Langmuir-
Blodgett (LB) technique [5] in pre-threshold
mode by means of simulation. The OCE elec -
trode modification using above mentioned
technique has some peculiarities and posi-
tive features [6]. At the same time, it is to
emphasise that this approach was never con-
sidered before for coherent OCE and, in out-

241



D.AVasyanovitch et al. /| Simulation of processes in ...

look, for OC quantum generator. This also
confirms the topicality of the offered ap-
proach and investigations carried out in the
work.

The coherent OCE model under consid-
eration represents a planar ECL cell con-
fined with two flat electrodes in one direc-
tion and two-mirror reflective system in an-
other direction normal to the first one. The
linear dimensions of cell electrodes exceed
the interelectrode space considerably and
the cell can be considered as a thin-layer
one. The interelectrode volume is filled with
solution of active agent-electrochemilumino -
phor. The calculations were carried out for
9,10-diphenylanthracene (DPA) that is
among the promising luminophors. Anode is
chosen to be the working electrode and the
emitter formation processes take place on
its modified surface. The anode surface is
coated by thin electrochemiluminophor film
by means of LB technique. The film may
consist of either the same luminophor, dis-
solved in the cell volume, or any other. (In
the latter case, so-called "mixed” ECL
mechanism involving formation of ion-radi-
cal reagents from different precursors can
be realized). The chosen film deposition
technique allows to control strictly the film
thickness and spatial molecular orientation
therein. The reagent molecular orientation
control during biradical recombination is
important for reaction rate rise, because it
increases the so called pre-exponential ori-
entation factor in the expression for recom -
bination rate constant [1]. The fixing of
reagent molecules with their reacting cen-
ters oriented towards the cell volume filled
with electrochemilumonophor solution is the
most preferable one. The chosen luminophor
molecules does not possess amphiphilic
properties typical for LB technique, and
their chemical modification can be neces-
sary to attain a reliable electrode coating.

The physical model of processes in the
device under consideration includes the fol -
lowing stages:

— the luminophor anion-radical (AR)
formation in the course of Faraday electron
transfer from electrode surface after the
reduction potential is applied to the cell
cathode;

— the immobilized luminophor molecules
oxidation and its cation-radicals (CR) for-
mation at the cell anode simultaneously
with AR formation at the cathode;

— transfer of the luminophor AR from
the cathode into the cell volume towards
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anode due to electrostatic interaction and
diffusion;

— biradical recombination between elec-
trochemiluminophor AR and CR at the
anode surface resulting in formation of
ground and excited state molecules (the lat-
ter can be singlet and triplet excited mole-
cules. Unlike optical excitation, in the elec-
trochemical excitation mechanism, the prob -
ability of excited triplet state formation is
high [1]. For energy considerations, the ex-
citation energy localization at the preceding
CR molecules immobilized in the film is the
most probable at the electron transfer reac-
tion. At the same time, AR are oxidized and
turn to ground state and diffuse back to
cathode);

— radiative and nonradiative deactiva-
tion processes of luminophor molecules in
electron-excited state generated in the LB
layer;

— formation of inverse population of lu-
minophor molecules singlet energy levels in
the film and subsequent light generation.

It is to note that, depending on the depo-
sition method of LB layers, the film struc-
ture and thickness, additional processes
may arise that are to be considered (nonra-
diative Forster excitation energy transfer
[7], tunnel electron transfer, excimer for-
mation, luminescence quenching, etc.). A
special attention should be paid for electron
transfer possibility from excited singlet
level of luminophor molecule to energy lev-
els of metallic electrode possessing continu -
ous spectra, that results in luminescence
quenching [1]. To prevent this process, a
through selection of working electrode ma -
terial possessing appropriate energy levels
configuration is necessary. In our case, the
cell anode is supposed to be made of p-type
semiconductor with such configuration of
energy bands that the luminophor excited
singlet state energy would fall into semicon -
ductor electrode bandgap, thus avoiding the
quenching. For good-quality deposition of
DPA layers by means of LB technique, the
electrode surface modification by coating
with ordered monolayer of fatty acid or its
salt can be used. In this case, a correct
account for electrolysis current through
monolayer that has tunneling nature is of
importance [8].

It is important to notice that presence of
wide bands of vibrational-rotational sub-
structure of the luminophor molecule elec-
tron levels and account for intramolecular
electron transition rules leads to four-level
OCE generation scheme. As a rule, the four-
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level scheme has low threshold pump power
and is easy to achieve population inversion
of working levels. For organic luminophors
with wide electron levels, this means that
the complete inversion of electron levels is
not necessary to obtain positive gain in the
active medium. To start generation, it is
enough to provide only partial inversion of
working vibrational-rotational sublevels of
excited and ground singlet states in the lu-
minophor molecule.

The appropriate choice of working elec-
trochemiluminophor is also necessary for
successful solution of the problem; in our
case, we use DPA with luminescence peak
about 430 nm. This luminophor has a high
luminescence quantum yield in different
solvents amounting about 0.9 to 1, accord-
ing to different sources [9]. The yield of
singlet-excited molecules in the biradical re -
combination process for DPA is also one of
the highest among known electrochemilumi -
nophors and reaches 20 % [10]. Unlike
most other anthracene derivatives, 9,10-
DPA almost never forms excimers and di-
mers due to its nonplanar molecular con-
figuration, that makes in possible to pre-
vent some side routes of excitation energy
transformation competing with the main
one considered above [11]. This, for exam -
ple, allows to use high luminophor concen -
trations in solution, limited only by its
solubility in the solvent used. This fact, as
well as a relatively high AR lifetime in so-
lution ( about 0.1 to 10 s) provide efficient
transfer of electron donors (AR) from cath -
ode to anode in the device. The DPA lumi-
nescence quantum yield is also persistent
enough against quenching with oxygen pre-
sent in solution [11].

The processes concerned with light gen-
eration in the system under consideration
were investigated by means of mathematical
simulation. To simulate processes in the
cell, it is reasonable to subdivide the prob-
lem into two: i) simulation of AR genera-
tion, loss, and diffusion processes in the
solution bulk and ii) simulation of processes
in the luminophor film where CR and elec-
tron-excited centers generated in biradical
recombination are localized. Processes of
the first task are described by the 2nd Fick
law modified equation for one-dimensional
diffusion with appropriate initial and
boundary conditions [1]. The mass transfer
process in OCE is considered to be solely
diffusion, taking into account the fact that
almost all voltage applied to cell electrodes
drops across the double layer (DL) at the
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electrode-solution interface and electrostatic
force in the bulk solution is negligible. In
the OCE model on the base of thin-layer cell
being considered, we can assume diffusion
process to be one-dimensional, because AR
concentration gradient tangential to elec-
trodes surface is negligible.

The luminophor electrolysis kinetics in
thin-layer cell is considerably influenced by
interelectrode capacitance due to DL. The
finiteness of capacitance charging time can
be accounted for in boundary conditions by
a term describing exponential voltage build-
up 1 — exp(—t/1) with time constant T, de-
pending on the DL capacitance. The latter is
important only if the cell capacitance charg -
ing time T is comparable with AR concentra-
tion diffusive stabilization time at the cath -
ode-solution interface. For thin-layer cell,
the AR diffusion time from cathode to
anode is much less than their lifetime, and
AR loss account in our case is not obliga-
tory; nevertheless, this process is taken into
account in our model for better correctness.

Typically, the heterogeneous reaction
rate during organic luminophor electrolysis
is high enough to assume AR concentration
at cathode-solution interface almost imme-
diately reaching the luminophor concentra-
tion in solution volume, c¢y. At the same
time, the latter is not wvalid for the anode
modified with ordered luminophor mole-
cules film on a dielectric subphase layer.
This supposes that the tunneling charge
transfer mechanism from electrode to film
is possible. In any case, the account for
finite heterogeneous reaction rate constant
of electron transfer on cell electrodes is one
of the distinguishing features of the model
being described, that provides obtaining
more adequate physical and mathematical
device model and corresponding results that
are also valid in case of mixed charge and
diffusion controlled kinetics.

Taking into account the above-stated, the
following equations (1), initial (2) and Neu-
mann boundary conditions (3, 4) [12, 13]
can be written for AR diffusion in the cell
volume (x = 0 — cathode, x = L — anode):
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where 1~ is the AR lifetime in solution;
DgzD* = D, diffusion coefficients of the lu-
minophor molecules in ground state and
AR, respectively; Cqr € concentrations of
ground state and AR in solution, respec-
tively; k4, ko, heterogeneous reaction rate
constants with anode and cathode, respec-
tively.

The solution of the system under consid -
eration makes it possible to find AR concen -
tration and flux at the anode surface (x= L)
which determine the emitting centers for-
mation and deactivation kinetics in the lu-
minophor film. These processes can be de-
scribed by rate equations system for main
9,10-DPA energy levels involved in the
stimulated emission process. That is the
second task of OCE processes simulation. As
mentioned above, electron energy levels in
organic luminophors, such as 9,10-DPA, are
a broad band of vibrational and rotational
lines and population inversion is realized
between lower vibrational sublevels of the
excited singlet state and upper sublevels of
the ground one. For convenience of mathe-
matical description, this can be represented
as subdivision of the electron ground state
band into two sublevels. The lifetime of the
higher sublevel ("excited ground”) can be
taken equal to relaxation time within
ground state vibrational sublevels. Since
electrochemical pumping provides a high
probability of triplet states formation [1]
and their lifetime is considerably longer
than that of excited singlet ones, their in-
fluence on emission processes kinetics in
the system cannot be neglected.

The stimulated emission process in OCE
can be described by equation for photon
flux density averaged over the resonator
length [14]; the excited center distribution
is also averaged over the film thickness.
Such approach makes it impossible to deter-
mine the beam spatial structure and some
other features, but gives enough informa-
tion to determine possibility of population
inversion, kinetic and energy parameters of
the device being considered.
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The second part of the model can be rep-
resented as a system of rate equations (5)
with initial conditions (6):
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where Ng, N, Ng, Ng* — singlet, triplet,
ground and "excited ground” state popula-
tions, respectively; Tg, Tr, Tg*, singlet, trip-
let and "excited ground” state lifetime, re-
spectively; Ny, luminophor molecular con-
centration in the film; I, photon flux
density; Og, singlet state absorption cross-
section; 3, active loss coefficient in the me-
dium; Lz, resonator optical length; ry, ro,
mirror reflectances; c, light speed in the
film; ¢g, singlet yield in the biradical re-
combination process; ¢ (L), AR concentra-
tion at anode surface; Q, spontaneous emis-
sion portion falling into amplified modes.

The presented model was computed ac-
cording to the developed algorithm using
computer simulation and appropriate soft-
ware for numerical solution of systems of
nonlinear partial differential equations
[1, 12, 13]. We should emphasize again that
the distinguishing features of the model
are: the account for the finiteness of DL
charging rate, heterogeneous reaction on
the electrodes surface rate, luminophor AR
lifetime in solution volume; the emission
processes computation in DPA film took
into account the electron donor (AR) trans-
port kinetics through cell volume. As a re-
sult of computation, we have obtained cor-
responding results describing kinetics of excited
states and photon density flux (Figs. 1, 2).

Consideration of the results shows a fun-
damental possibility of threshold population
of excited singlet levels and predominance
of stimulated emission over spontaneous
one (point 0, Fig. 1), which differs in prin-
ciple from known results [1, 2].
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Fig. 1. Kinetics of excited singlet state popu-
lation in OCE with modified electrode. Point
0 is the light generation threshold.

Thus, our calculations show that in the
proposed OCE model with working electrode
modified by means of Langmuir-Blodgett
and immobilized thin film of active sub-
stance — organic luminophor, — it is possi-
ble to achieve laser action with electro-
chemical pumping. It is obvious that a fur-
ther theoretical investigation is urgent
using physical and mathematical models
taking into account all those complex proc -
esses occurring in OCE in stimulated emis-
sion mode, as well as development of real
structures of such devices. Those certainly
will find promising applications in various
areas where coherent versatile, tunable,
compact optical sources are necessary, such
as sensors for biomedicine and ecology, sig-
nal and information converters for telecom -
munications, etc.
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MopgeoBaHHS IPOIECiB B ONTOXEMOTPOHHOMY
BUINIPOMiHIOBaYi 3 eJIeKTpoJgaMu, MOIU(PiKOBAHUMU
3a TexHoJoriew Jlenrmiopa-BiaomxkerT

A.A.Bacanoeuu, I0.T./Konydoe, M.M.Poxcuyvruil

3a MeTooM MaTeMaTHUUYHOTO MOJEJIOBAHHS BUBUEHO MOXKJWBiCTH reHepalii cBiTia B oII-
TOXEMOTPOHHOMY IIPUCTPOi pinmHHODA3HOI OUTOEJEKTPOHIKM 3 POOOUMM €JIEeKTPOJOM, MO-
nudikoBanuM 3a TexHOJOrieo JleHrMopa-BiogikeTrT HaneceHHA TOHKUMX ILTiBOK. PospaxoBa-
HO KiHeTWKY BHUIPOMiHIOBAJBHUX IIEHTPIB Ta I'yCTMHU HOTOKY (POTOHIB Ana mogioHOI KOH-
dirypamnii xorepeHTHOro ONTOXEMOTPOHHOTO BHIpoMiHioBaua 3 9,10-gudeHimaHTpanieHOM Yy
AKOCTi po6oUYoro ejieKTpoxeMisoMiHODOpPAa, IO 3HAXOAUTHCA Yy ILIiBII Ta B po3uwmHi. IIoka-
3aHO MOJKJIMBICTHL OTPMMAaHHSA iHBEPCHOI HACEJIEHOCTi eJIEKTPOHHUX PiBHIB MOJIEKYJ OpraHiu-
HUX JIOMiHOMODiB Ta sasepHOi reHepanii Ipu HEONTUYHOMY €JIEKTPOXiMiuHOMY 30y KIEHHI B
OIITOXEMOTPOHHOMY BUIIDOMiHIOBaUi.
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