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Abstract—The external magnetic field effects on the spectral and luminescent propertiesief film,cemposites
based on photoconductive poly(N-epoxypropylcarbazole) doped with cationiggpolymethine andymerocya-
nine dyes have been studied. The magnetic field effects on the intensity and kinetics of delayed fluorescence
and recombination luminescence have been revealed. These effects are explainedby partieipation in the pho-
togeneration of charged pairs of singlet—triplet intersystem crossing in excited dyesmelecules.
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Films based on a polymethine-dye doped photo-
conductive polymer are promising for the manufac-
ture of electroluminescent devices [ 1, 2]; solar cells [ 3,
4]; and optical information recording, storage, and
processing systems [5—7]. Photogeneration of charge
carriers in such films comprises the stages of photoge~
neration, annihilation of electron—hole pairs (EHP),
and dissociation of EHP into free charge carriefs by
applying an external electric field [8]. The formation
and annihilation of EHP involves -eleetronically
excited states of dye molecules. Increasifig the EHP
lifetime favors an increase in the carfier formation
probability. In this regard, the nature ofithe€)spin state
in which the dye molecule appears after\photoexcita-

tion is ofarticular importance [9, 10]. However, the
role of@xciteéd\spin states of polymethine dyes in pho-
toconductivity. of colored photoconductive polymer
compositesthas been barely considered in the litera-
fite. The aim of the present study was to clarify this
role:

EXPERIMENTAL

Poly(N-epoxypropylcarbazole) (PEPK) was used
as a photoconductive matrix. The following cationic
polymethine dye (PD) and neutral merocyanine dye
(MC) were used as centers of photogeneration of
charge carriers:

Colofed polymer films were obtained by drying
ethanol, solutions of PEPK + PD (1 wt %) and
PEPK +MC (1 wt %) applied on a glass surface.

The samples of the polymer films were photoex-
cited by the second harmonic of a LCS-DTL-374QT
neodymium laser (at a light wavelength of 532 nm, a
radiation pulse duration of 7 ns, and an energy per
pulse of 20 pJ). The spectral and kinetic characteris-
tics were measured in the single-photon counting
mode. The emission intensity (/) was measured 10 ps
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after switching off the exciting light. At each time
interval, acquisition of the signal was performed as the
number of electron pulses coming from the photomul-
tiplier. To obtain a satisfactory kinetic signal from the
sample, the signal of no less than 500 acquisitions was
summed (on the average, 1000 pulses were acquired).
The spectral and kinetic measurements were carried
out at different temperatures (7) both in the absence
and in the presence of an external magnetic field. For
the measurements at different temperatures, the sam-
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Fig. 1. (1, 2) Absorption and (/', 2') fluorescence spectra of
the (I, I') polymethine and (2, 2') merocyanine dyes
in ethanol solutions. The concentration of the dyes was
107> mol L.

ple to be studied was placed in an evacuated optical
cryostat. The temperature was controlled with a cop-
per—constantan thermocouple. The external mag-
netic field strength (B) was varied in the range of 0—
0.5 T. The value of the magnetic effect was estimated
from the relative change in the intensity of long-time
fluorescence in the magnetic field (/) and in the
absence of the field (/) using the formula g(B) = ({3 —

1))/ 1.

The quantum-chemical calculations were per-
formed by the DFT/B3LYP semiempirical method
with the 6-31G(d,p) basis, using thel\ PC
Gamess/Firefly program package.

RESULTS AND DISCUSSION

Figure 1 shows the absorption and fluorescence
spectra of solutions of the dyes in“ethanol. The table
presents the characteristic§’of the absérption and fluo-
rescence spectra of the dyes in\€thanol and polymer
films.

abs

Maximums of the"absorption (A,

) and fluorescence

( kﬂmax ) spectra ofithedyes in an ethanol solution and PEPK
films

kabs 7\.ﬂ
Dye Medium max max
nm
PD Ethanol 545 565
PEPK 563 600
MC Ethanol 525 560
PEPK 550 610

IBRAYEV et al.

In(7/1)
0%

0.4 0.6
t, ms

1.0

Fig. 2. Delayed fluorescencedeeay Kincti¢s for the (/)
PEPK + 1 wt % PD and (2) PEPK % 1 wt% MC films.

Upon excitation jofy,PD-"and MC-containing
PEPK films with 532=am laser pulses, delayed fluores-
cence (DF) was observeéd. The DF spectra coincided
with thé*Corrésponding fluorescence spectra of the
dyes in palymersiupon the stationary photoexcitation.
Figure2 shows\the' DF decay curves for the dyes in the
polymerfilms. The lifetimes calculated from the long-
timeyportions of the kinetic curves are 2.5 and 0.6 ms
fon,PDland MC, respectively.

To compare peculiarities of the PD and MC effects
onsthe EHP formation efficiency and to elucidate the
reasens for the difference in the DF lifetimes for PD
and MC, we performed quantum-chemical calculations
of the PD, MC, and N-methylcarbazole (Cz-NMe)
molecules (Cz-NMe was taken as a model monomer
of PEPK). The calculated values of the energy of the
highest occupied molecular orbital (HOMO) for
Cz-NMe, PD, and MC were —5.328, —8.093, and
—5.38 eV, respectively. Since the HOMO energy of PD
is lower than that of Cz-NMe, electron transfer from
the HOMO of Cz-NMe to the semioccupied HOMO
of the excited PD molecule is quite possible. For MC,
the difference between the HOMO energies is smaller.
Therefore, the probability of electron transfer from the
HOMUO of Cz-NMe to the semioccupied HOMO of
the excited MC molecule is also smaller than that in
the case of PD. As a result of such electron transfer,
EHP is formed: the radical cation of the carbazole
moiety and the electroneutral PD radical or the MC
radical anion. Hence, the different DF lifetimes of
cationic PD and merocyanine MC in PEPK films can
be due to the difference in the EHP formation and
annihilation probabilities because of different HOMO
energies. Note, however, that the DF lifetime in the
films with PD and M C is much longer than that of sin-
glet excited states of organic dyes. Therefore, to clarify
the reasons for the delay of the relaxation of PD and
MC excitation, we performed more thorough studies.
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Fig. 3. Time-dependent phosphorescence spectra of the
MC dye in PEPK. Inset: logarithmic dependences of the
RL and phosphorescence intensities on the detection time.

Figure 3 shows the time-dependent phosphores-
cence spectra of MC in PEPK, and the inset shows the
phosphorescence decay curves measured at the maxi-
mums of the spectra. The DF rate curves for the dyes
in the films doped with KI are close in shape to the
phosphorescence curves of the dyes. The DF lifetimes
almost coincide with the phosphorescence lifetimes of
the dyes. We may conclude from this fact that the
delayed fluorescence of the dyes observed in PERK
films is due to reverse intersystem crossing from the 7
to the 9, state. The probability of this processyis'quite
high, because the energy of the .5,— 7 splitfing calct=
lated from the maximums of the delayed fluorescence
and phosphorescence spectra is about %000 em!.
Hence, the spectral and kinetic méasurements show
that the long-lived emission of theyfilmsstudied is due
to intersystem crossing from thg triplet state 7 to the
lowest excited singlet state Syfollowed'by the emission
of a light quantum.

The properties of, recombination luminescence
(RL) of the PD anddM @dyesiift PEPK were studied at
temperatures belowproomitemperature. Lowering the
temperature slews,down the EHP recombination pro-
cess to the resolution time of the luminescence excita-
tion afid'detection system used. Furthermore, accord-
ingfto Parker [T, lowering the temperature should
decteasel the contribution of thermally activated
delayed.fluorescence to the total emission intensity. It
is known that an external magnetic field has no effect
on the intensity of thermally activated delayed fluores-
cence from the 7 to the S, state [12]. However, it
should have an effect on the intensity of RL, which is
in fact the case observed in the test samples.

Figure 4a shows magnetic effect curves for samples
with the PEPK + 1 wt % PD and PEPK + 1 wt % MC
films at a temperature of 100 K. For both samples, the
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Fig. 4. Dependences of g(B) on (a) the magnetic field
strength and (b) the time after switching on the field for the
samples of (/) PEPK + 1 wt % PD, (2) PEPK + 1 wt %
MC, and (3) KI-doped PEPK + 1 wt % PD at 7= 100 K.

negative magnetic effect is observed. At the same mag-
netic field induction, the value of the magnetic effect
is 26 and 18% for the PD and MC samples, respec-
tively. At times 7,.. = 0.25 ms and longer, the magnetic
effect does not depend on the signal detection time.
Hence, the instantancous values of the intensity of
long-persistent luminescence 0.5 ms after the end of
the laser pulse were used to determine the g(B) value.
At shorter times, g(B) was found to depend on the
detection time (). It canbe seen in Fig. 4b that at the
initial portion of the kinetic curve, the values of the
magnetic effect increase with growing 7... Figure 4b
also shows the time dependence of the magnetic effect
for the PD dye in KI-containing PEPK. The depen-
dence is complex in character. In the region of the fast
drop in the phosphorescence and RL intensities, the
magnetic effect is positive. At = 0.05 ms, the sign of
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Fig. 5. Dependences of g(B) at B = 0.47 T and the RL
intensity on 7 for the samples of (/) PEPK + 1 wt % PD,
(2) PEPK + 1 wt % MC, and (3) KI-doped PEPK +
1wt % PD.

g(B) changes, and the maximum value of the negative
magnetic effect is attained at = 0.6 ms. At a later
time, the g(B) value decreases. Note that the magnetic
effect decreases in the presence of a heavy atom.

The values of the magnetic effect depend on the
temperature of the samples (Fig. 5). With growing®F;
the value of the magnetic effect decreases fon both
dyes. The strongest dependence is observed fof PD. In
the presence of a heavy atom (KI), thegg(B) value
decreases with qualitatively the same trend of the,tem-
perature dependence.

The presence of long-lived RL indieates that triplet
dye molecules participate in the/EHP formation, with
the EHP annihilation rate being lowerithan the decay
rate of the triplet states offthéydyest is particularly
marked at the initial stagelof the, RL decay kinetics.

The formation aftdjyanmihilation of EHP is also
indicated by the data on‘the magnetic field effect on
the RL properties. The field-sensitive stage is the sin-
glet—triplet (§— 7) conversion of EHP. The decrease in
the Rdimgintensity Shows that electron—hole pairs
appéar mainlydvia‘the triplet channel (5, »> T, >
Temp). Almagnetic field decreases the annihilation
probability of triplet electron—hole pairs and increases
the probability of their dissociation into free charge
carriers in an external electric field (upon practical
application of the given film composites).

An external heavy atom is known to increase the
probability of intersystem crossing between singlet and
triplet states [13]. In the presence of a heavy atom, the
number of S| molecules that can return from the 7
state increases. This leads to an appearance of a posi-
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tive magnetic effect at the initial portion of the RL rate
curve (Fig. 4b, curve 3). The large value of the positive
magnetic effect in the presence of a heavy atom
increases the time of attaining the maximum negative
magnetic effect as compared with the situation when
the external heavy atom effect is absent. The decrease
in the g(B) value after 0.6 ms can be due to weakening
RL with respect to thermally activated DE

The temperature dependences of the RL intensity
and the magnetic effect observed (Fig. 5) indicate a
different role of the singlet (S, — Sgyp) and, triplet
channels in the formation and annihilation of EHP, A
temperature rise can enhance the triplet channel indhe
EHP annihilation mechanism by virtug,of increasing
the probability of the nonradiative precessi(7; ~ S).
Furthermore, elevation of temperature can lead to
nonradiative degradation of triplet glectron—hole
pairs.

CONCLUSIONS

The study has shewn that delayed fluorescence is
observed i PEPK films with cationic polymethine
and neutfal merocyanine dyes upon photoexcitation
at the abserptiompyband of the dyes, which is due to
reversegintetsystem crossing from the lowest triplet
state to the singlet excited state. In the presence of the
heavy, atomy(KI) in the polymer films, time-depen-
dent ‘phosphorescence spectra of the dyes were
detected.

PEPK films doped with the PC and MC dyes
exhibit recombination luminescence, whose intensity
depends on the chemical nature of the dye. The high-
est yield of the EHP formation is attained for the cat-
ionic dye PD as compared with merocyanine MC,
since the former dye possesses energetically more
favorable location of HOMO with respect to the
PEPK HOMUO than the latter dye. In an external mag-
netic field, the RL intensity decreases. The magnetic
effect is time-dependent because of competition
between the singlet and triplet pathways of EHP for-
mation.
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