
LIQUID CRYSTALS AND POLYMERS

ISSN 2071-0186. Ukr. J. Phys. 2018. Vol. 63, No. 1 25

doi: 10.15407/ujpe63.01.0025

YU.A. SKRYSHEVSKII, A.YU. VAKHNIN
Institute of Physics, Nat. Acad. of Sci. of Ukraine
(46, Nauky Ave., Kyiv 03028, Ukraine; e-mail: skrysh@iop.kiev.ua)

COMPARISONS OF THE EFFICIENCY
OF EXCITATION ENERGY TRANSFER
BY SINGLET AND TRIPLET EXCITONS
IN CARBAZOLYL-CONTAINING POLYMERS

Luminescence spectra of poly-N-epoxypropylecarbazole (PEPC), poly-N-epoxypropyle-3,6-
dichlorocarbazole (DClPEPC), and poly-N-epoxypropyle-3,6-dibromocarbazole (DBrPEPC)
films, both pure and with the bis[2-(2′-benzothienyl)-pyridinato-N,C3′](acetylacetonate) irid-
ium (Btp2Ir(acac)) admixture, polystyrene (PS) films with the Btp2Ir(acac) admixture, and
composite films of PEPC with the benzophenone and Btp2Ir(acac) admixtures have been stud-
ied. Those polymers are promising for their application in optoelectronic devices. It is found
that, in the case of PEPC matrix, the excitation energy is transferred both via singlet excitons
(through migration and long-range dipole-dipole interaction) and triplet ones (due to the mi-
gration and short-range electron exchange interaction). At the same time, in the films based
on phosphorescent DBrPEPC, the energy transfer is only provided by triplet excitons. It is
found that the quantum yield of the sensitized phosphorescence for Btp2Ir(acac) molecules in
the carbazolyl-containing polymer matrix is lower than that under their direct excitation in the
PS matrix. For the PEPC-based composite, this parameter is found to be three and five times
higher than that for the DClPEPC and DBrPEPC matrices, respectively. The additional dop-
ing of the PEPC-based composite with benzophenone gave rise to the transformation of some
singlet excitons into triplet ones and, as a result, to a reduction of the sensitized Btp2Ir(acac)
phosphorescence intensity. A conclusion is drawn that, during the migration, some of both
singlet and triplet excitons became localized in the tail energy states, and a certain fraction of
triplet excitons is trapped by polymer oxidation products.
K e yw o r d s: carbazolyl-containing polymers, sensitized phosphorescence, energy transfer,
singlet and triplet excitons.

1. Introduction

Photoconducting soluble polymers are extremely
promising for their practical application as a ba-
sis of light-emitting diodes [1–7] and color displays
[8, 9]. This fact is associated with a possibility to de-
posit layers directly from solutions by watering, as
well as using hi-tech methods of ink-jet [7] and screen
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[5, 8] printing, which considerably reduces the cost of
products in comparison with the case where organic
compounds with a low molecular weight are deposited
in vacuum [10].

The development of polymer light-emitting diodes
for “white” light – for example, for the illumination
in liquid-crystal displays or as light sources – is chal-
lenging. To obtain “white” light, three (red, green,
and blue) or two (yellow and red) colors have to be



Yu.A. Skryshevskii, A.Yu. Vakhnin

Fig. 1. Chemical formulas of researched polymers and admixtures

mixed. For this purpose, a conducting polymer, which
emits blue or more short-wave light, is doped with flu-
orescent or phosphorescent admixtures [1, 2, 5].

From a statistical analysis [11], it follows that
3/4 of excitons that are created at the recombina-
tion of injected charge carriers are triplet ones. Wi-
thout special means, they disappear nonradiatively
at room temperature. Therefore, in order to enhance
the quantum efficiency of light-emitting diodes, phos-
phorescent admixtures (the so-called triplet emitters)
were proposed for the insertion into the emitting
layer. In particular, these are metal porphyrins and
organic heavy metal complexes [2–6,11–13]. Owing to
the strong spin-orbit interaction induced by a metal
atom, the phosphorescence quantum yield ΦPh for
those molecules considerably increases. For example,
for the solid solution of bis[2-(2′-benzothienyl)-pyri-
dinato-N,C3′](acetylacetonate) iridium (Btp2Ir(acac)
in 4,4′-bis(N-carbazolyl)-diphenyl, ΦPh = 0.51 at
room temperature [3]. As a basis of active layers,
compounds were also proposed to be used [12], in
which the excitation gives rise with a high probabil-
ity to the intercombination conversion 𝑆1 → 𝑇1 from
the first excited singlet 𝑆1 state into the triplet 𝑇1

one, followed by the transfer of triplet excitons to the
triplet emitter.

The aim of the work is to compare the efficiency
of the electron excitation energy transfer by sin-
glet and triplet excitons to the triplet emitter in
poly-N-epoxypropylecarbazole (PEPC). Photophysi-
cal properties of this polymer are very close to those
of poly-N-vinylcarbazole [14], which is often used as
a basis for polymer light-emitting diodes [1, 2, 4–
7]. For this purpose, we have measured the lumi-
nescence spectra for films of pure PEPC and its
dihalogen derivatives poly-N-epoxypropyle-3,6-dich-
lorocarbazole (DClPEPC) and poly-N-epoxypropyle-
3,6-dibromocarbazole (DBrPEPC), and have deter-

mined ΦFl and ΦPh; we have measured ΦPh for
Btp2Ir(acac) molecules in polystyrene (PS) films and
films of carbazolyl-containing polymers. We have also
studied the spectra of PEPC films with two admix-
tures: Btp2Ir(acac) and benzophenone. The chemical
formulas of the polymers and admixtures concerned
are depicted in Fig. 1.

2. Experimental Technique

The PS polymer was obtained from BASF (Ger-
many); the PEPC, DClPEPC, and DBrPEPC
polymers from the Institute of Electrophotogra-
phy (Vilnius); Btp2Ir(acac) from American Dye
Source Inc. (USA); and benzophenone from Sigma-
Aldrich. The polymers and admixtures were dissolved
separately in tetrahydrofuran (to the polymer concen-
tration 𝐶 = 5÷10 wt.%), mixed, and held at room
temperature for several hours. Films 20–30 𝜇m in
thickness were deposited by watering solutions on
substrates fabricated from fused quartz. Afterward,
the specimens were dried at room temperature.

Luminescence spectra were excited by applying the
radiation of a high-pressure mercury lamp DRSh-250-
3 through a glass absorption filter for the line group
at 𝜆exc = 313 nm and measured on a spectrometer
SDL-1. In low-temperature measurements, an opti-
cal helium cryostat with the automatic control and
a temperature stabilization unit was used, which was
developed and produced at the Institute of Physics of
the NAS of Ukraine.

The absolute value of the fluorescence quantum
yield ΦFl at 𝑇 = 295 K was determined by com-
paring the integral fluorescence (FL) intensities of
the specimen and the solution of Tri-p-tolylamine
(𝐶 = 10−5 M) in toluene, for which ΦFl ≈ 0.045
[15]. At the temperature 𝑇 = 5 K, the value of ΦFl

was obtained by comparing the integral fluorescence
intensities of the specimen measured at 𝑇 = 295 and
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5 K. The ΦFl and ΦPh values for DClPEPC and DBr-
PEPC were determined with respect to the ΦFl value
obtained for the PEPC film at 𝑇 = 5 K. The mea-
surement accuracy amounted to ±10%.

3. Experimental Results

It is well-known [16] that a Btp2Ir(acac) molecule
phosphoresces owing to the radiative transition from
the triplet 3LC(btp-𝜋𝜋*)/3(MLCT-d𝜋*) state into
the ground one. This triplet state was formed by mix-
ing the 3(btp-𝜋𝜋*) state, which was centered at the
(btp)-ligand (3LC state), and a state with charge
transfer from the 5𝑑 orbital of an iridium atom to the
3𝜋* orbital of the (btp)-ligand (3MLCT state). Owing
to the strong spin-orbit coupling, the 𝑇1 state induced
by an iridium atom was mixed with singlet states lo-
cated higher, and the probability of the intercombi-
nation conversion 𝑆1 → 𝑇1 amounted to 100%, with
the molecule only phosphorescing [16, 17].

At room temperature, the phosphorescence spec-
trum of the Btp2Ir(acac) solution in PS (𝐶 = 3 wt.%)
consisted of three bands with maxima at 𝜆max ≈ 618,
670, and 740 nm (Fig. 2, curve 1 ). If PS was sub-
stituted by PEPC or its dihalogen analogs, the po-
sitions of phosphorescence maxima did not change,
but their intensities significantly decreased (Fig. 2,
curves 2 to 4 ). The quantum yields amounted to
ΦPh = 0.50, 0.27, 0.08, and 0.05 in the cases of
PS, PEPC, DClPEPC, and DBrPEPC matrices, res-
pectively.

The luminescence spectra of PEPC and its
dihalogen-substituted analogs measured at 𝑇 = 5 K
are depicted in Fig. 3. In the spectrum of PEPC
film, three photoluminescence bands can be distin-
guished at 𝜆max ≈ 360, 375, and 390 nm, and
a structured phosphorescence spectrum starting at
𝜆max = 419 nm (curve 1 ), which are associated with
the 𝑆1 → 𝑆0 and 𝑇1 → 𝑆0 transitions, respectively,
in the lateral carbazole groups [18]. When chang-
ing from PEPC to its dihalogen-substituted analogs,
substantial modifications take place in the spectrum
structure and its quantitative characteristics. In par-
ticular, the low-intensity photoluminescence of the
DClPEPC film included three bands with maxima
at 𝜆max ≈ 380, 395, and 415 nm; the DBrPEPC film
did not fluoresce at all; and the structured phospho-
rescence spectra of those polymers began by bands
at 𝜆max ≈ 450 and 435 nm, respectively (curves 2

Fig. 2. Phosphorescence spectra of films of PS (1 ), PEPC (2 ),
DClPEPC (3 ), and DBrPEPC (4 ) with Btp2Ir(acac) (concen-
tration 𝐶 = 3 wt.%) measured under identical excitation and
registration conditions: 𝑇 = 295 K and 𝜆exc = 313 nm

Fig. 3. Luminescence spectra of PEPC (1 ), DClPEPC (2 ),
and DBrPEPC (3 ) films measured under identical excitation
and registration conditions: 𝑇 = 5 K and 𝜆exc = 313 nm

and 3 ). Besides the structured spectrum, the films of
PEPC and its dihalogen-substituted analogs demon-
strated a wide unstructured phosphorescence band in
the green spectral interval at 𝜆max ≈ 500 nm. This
band belongs to oxidation products, which are always
available in carbazolyl-containing polymers [19, 20].

After introducing two chlorine atoms into lateral
carbazolyl groups in PEPC, the quantum yield ΦFl

was 20 times lower, whereas the quantum yield ΦPh

higher by almost the same factor. At the same time,
after the chlorine atoms were substituted by bromine
ones, ΦFl vanished, whereas ΦPh increased by only
25% (Table 1). The indicated changes of ΦFl and ΦPh

are related to the probability growth for the intercom-
bination transitions 𝑆1 → 𝑇1 and 𝑇1 → 𝑆0 under the
influence of internal heavy halogen atoms [21].
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Fig. 4. Normalized luminescence spectra: benzophenone so-
lution in PS (the concentration 𝐶 = 5 wt.%) (1 ), pure PEPC
film (2 ), and film of PEPC with the benzophenone admix-
ture (the concentration 𝐶 = 5 wt.%) (3 ). 𝑇 = 5 K and
𝜆exc = 313 nm

When the temperature was increased to room one,
ΦFl decreased approximately twice as much, and ΦPh

decreased to zero. Note that the data in Table 1 con-
cerning the relative variation of ΦFl along the series
PEPC, DClPEPC, and DBrPEPC are in a qualitative
agreement with the literature data on the solutions of
carbazole and its dihalogen-substituted analogs [22].

The PS polymer does not absorb light at 𝜆 =
= 313 nm. Therefore, the 𝑇1 state of Btp2Ir(acac)
can be populated only due to the intercombination
conversion 𝑆1 → 𝑇1 after the direct photoexcitation
of its molecules. In turn, the admixtures at the in-
dicated concentration in the matrices of PEPC and
its dihalogen-substituted analogs were mainly excited
as a result of the energy transfer from the matrix
[20]. The magnitude of the ratio between ΦPh of a
Btp2Ir(acac) molecule at its excitation through the
matrix of the carbazolyl-containing polymer and ΦPh

of this molecule in PS (i.e. at the direct excitation)
can serve as an efficiency criterion for the energy
transfer from the basis to the admixture.

Table 1. Quantum yields ΦFl and ΦPh

for films of pure PEPC, DClPEPC, and DBrPEPC

Polymer
𝑇 = 5 K 𝑇 = 295 K

ΦFl ΦPh ΦFl

PEPC 0.22 0.70× 10−2 0.11
DC1PEPC 0.01 0.12 0.007
DBrPEPC 0 0.15 0

The PEPC polymer both fluoresced and phospho-
resced. Therefore, the excitation energy was trans-
ferred by both singlet and triplet excitons. On the
contrary, the DBrPEPC polymer only phosphoresced,
and, as was found in our previous works [20, 23],
the excitation energy was transferred only by triplet
excitons. The quantum yield ΦPh of a Btp2Ir(acac)
molecule in PEPC was five times as high as in DBr-
PEPC. Therefore. we may assume that the efficiency
of the energy transfer in PEPC by singlet excitons is
higher than by triplet ones. To prove this hypothe-
sis directly, we compared the intensities of the sen-
sitized phosphorescence by Btp2Ir(acac) molecules in
two matrices: pure PEPC and PEPC with the ben-
zophenone admixture.

The luminescence spectra of benzophenone in PS,
as well as films of pure PEPC and PEPC with the
benzophenone admixture, which were measured at
𝑇 = 5 K, are exhibited in Fig. 4. After the excita-
tion of benzophenone in the PS matrix, the inter-
combination conversion 𝑆1 → 𝑇1 took place with a
probability of about 100% [21], so that the molecule
only phosphoresced. The spectrum of this phospho-
rescence began by a band with 𝜆max ≈ 415 nm
(curve 1 ). Hence, in the PEPC matrix, the energy
of benzophenone 𝑇1 level is higher that the energy
of PEPC 𝑇1 level by about 230 cm−1 (𝐸𝑇 ≈ 24100
and 23870 cm−1, respectively). Since the distance be-
tween the 𝑆1 and 𝑇1 levels in benzophenone amounted
to 𝐸ST ≈ 1600 cm−1 [21], the 𝑆1 level of benzophe-
none is located below the 𝑆1 level of PEPC by about
2100 cm−1 (𝐸𝑆 ≈ 25700 and 27800 cm−1, respec-
tively). Therefore, the following processes are possi-
ble when exciting a PEPC film with the benzophe-
none admixture: 1) transfer of the singlet exciton en-
ergy to benzophenone, 2) intercombination conver-
sion 𝑆1 → 𝑇1 in the benzophenone molecule, and
3) transfer of the triplet excitation energy from ben-
zophenone to the PEPC carbazolyl group. As a result
of those processes, some singlet excitons transformed
into triplet ones, which was evidenced by a growth in
the relative intensity of the PEPC phosphorescence
signal (Fig. 4, curves 2 and 3 ).

After the Btp2Ir(acac) admixture was introduced
into the PEPC film to the concentration 𝐶 =
= 0.1 wt.%, the matrix fluorescence intensity became
half as high, and the sensitized phosphorescence of
a Btp2Ir(acac) molecule appeared (Fig. 5, 𝑎, curves
1 and 2 ). In the case where two admixtures were
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added to PEPC – Btp2Ir(acac) to the concentra-
tion 𝐶 = 0.1 wt.% and benzophenone to the con-
centration 𝐶 = 5 wt.% – not only the matrix fluo-
rescence intensity decreased by a factor of one and a
half, but also the sensitized phosphorescence intensity
of Btp2Ir(acac) diminished almost twice (Fig. 5, 𝑎,
curve 3 ). When the Btp2Ir(acac) concentration was
increased to 𝐶 = 3 wt.%, the matrix fluorescence was
completely extinguished, and only the sensitized fluo-
rescence of Btp2Ir(acac) was observed (Fig. 5, curves
1 and 2 ). The additional introduction of benzophe-
none to the concentration 𝐶 = 5 wt.% resulted in
a reduction of the Btp2Ir(acac) sensitized fluores-
cence intensity by almost a factor of one and a half
(Fig. 5, curve 3 ). Therefore, the Btp2Ir(acac) sensi-
tized fluorescence intensity considerably decreased af-
ter molecules of the benzophenone admixture trans-
formed some singlet excitons in PEPC into triplet
ones.

4. Discussion of Experimental Results

Hence, both the singlet-singlet and triplet-triplet
transfers of the electron excitation energy took place,
when an acceptor of singlet and triplet excitons
was introduced into fluorescent and phosphorescent
PEPC and DClPEPC, and only the triplet-triplet
one, when the acceptor was introduced into phos-
phorescent-only DBrPEPC. When the distance be-
tween the chromophores in the basis (donor) and ad-
mixture molecules (acceptor) several times exceeded
the sum of their van der Waals radii, the radiation-
less energy transfer at dipole-allowed transitions took
place owing to the resonance dipole-dipole interac-
tion, i.e. following the Förster mechanism [24]. In this
case, the molecular spin state was preserved, and only
the singlet-singlet transfer was allowed. The rate con-
stant of the energy transfer process 𝑘DA depended on
the distance 𝑅DA between the donor and the accep-
tor, the transfer critical radius 𝑅0, and the donor
fluorescence decay time in the acceptor absence, 𝜏D:

𝑘DA = (𝜏D)
−1(𝑅0/𝑅DA)

6. (1)

The value of the parameter 𝑅0 was given by the ex-
pression [17, 25]

𝑅6
0 =

9000𝜒2ln 10

128𝜋5𝑁0𝑛4
ΦD

∫︁
𝐹D(𝜈)

𝑑𝜈
𝜈4

. (2)

Here, 𝜒2 is the orientational factor (𝜒2 = 2/3
for the randomly oriented donor and acceptor), 𝑁0

Fig. 5. Luminescence spectra of films of pure PEPC (1 ),
PEPC with the Btp2Ir(acac) admixture (2 ), and PEPC with
the Btp2Ir(acac) and benzophenone admixtures measured un-
der identical excitation and registration conditions (3 ): 𝑇 =

= 295 K and 𝜆exc = 313 nm. Concentration of benzophenone
𝐶 = 5 wt.%. Concentrations of Btp2Ir(acac) 𝐶 = 0.1 (𝑎) and
3 wt.% (𝑏)

the Avogadro constant; ΦD the donor fluorescence
quantum yield, 𝑛 the refractive index of the basis
(for carbazolyl-containing polymers, 𝑛 ≈ 1.62 [26]),
𝐹D(𝜈) the normalized donor fluorescence spectrum
(i.e.

∫︀
𝐹D(𝜈)𝑑𝜈 = 1), 𝜖A(𝜈) the acceptor molar ex-

tinction coefficient, and 𝜈 the wave number. On the
basis of the data available for the absorption by
Btp2Ir(acac) [17] and polymer fluorescence, it was
found that, at room temperature, 𝑅0 ≈ 2.3 and
1.0 nm for PEPC and DClPEPC, respectively.

The Förster mechanism is efficient in the case
𝑅DA ≤ 𝑅0. If the acceptor molecules are distributed
uniformly (this fact was proved for Btp2Ir(acac)
molecules [17]), every of them is surrounded by an
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imaginary sphere, and if the concentration 𝐶 is mea-
sured in mole units, the radius of this sphere (in
nanometers) amounts to [20]

𝑅DA = 107
(︂

3

4𝜋𝑁0𝐶

)︂1/3
=

0.735
3
√
𝐶

. (3)

For the concentration 𝐶 = 0.1÷3 wt.%, i.e. 𝐶 =
= (0.14÷4.23)×10−2 M, we obtain 𝑅DA =
= 2.1÷6.6 nm, and the distance between the
donor and the acceptor can exceed 𝑅0. Therefore,
the energy of a singlet exciton was transferred in
two stages: at first, excitons migrated, and when the
distance to the acceptor diminished to 𝑅0, the energy
was transferred to the acceptor with a probability
of 50%.

If the donor and acceptor molecules approached
each other so that their molecular orbitals became
partially overlapped, the electron exchange interac-
tion prevailed, and the energy transfer was described
by the Dexter theory [24]. In this case, the total spin
of the system was preserved, and both the singlet-
singlet and triplet-triplet transfers were allowed (at a
distance to 1.0–1.5 nm).

Since the polymers examined in this work belong
to disordered systems, the energy states of excitons in
them are characterized by a certain energy distribu-
tion. The motion of excitons has a hopping character
and is accompanied by the relaxation to low-energy
states. For a jump into a state with a higher energy,
the activation energy is required. In the Bassler model
[25, 27], it is supposed that the density distributions
for the energy states of singlet and triplet excitons
(DOSS and DOST, respectively) in disordered sys-
tems are described by Gaussian functions:

DOSS ∼ exp[−(𝜈S − 𝜈)2/(2𝜎2
S)], (4)

DOST ∼ exp[−(𝜈T − 𝜈)2/(2𝜎2
T)], (5)

where 𝜈S and 𝜈T are the Gaussian centers, and 𝜎S

and 𝜎T the Gaussian half-widths.

Table 2. Parameters 𝜎𝑆 and 𝜎𝑇

for PEPC, DClPEPC, and DBrPEPC films

Polymer 𝜎S, cm−1 𝜎T, cm−1

PEPC 330 250
DC1PEPC 500 400
DBrPEPC – 230

Calculations using the Monte Carlo method showed
[27] that, at low temperatures (𝜎S ≫ 𝑘𝑇 and 𝜎T ≫
≫ 𝑘𝑇 , where 𝑘 is the Boltzmann constant), exci-
tons executed several jumps and became localized
in the tail states. The corresponding density distri-
bution functions for the occupied states also ac-
quired the Gaussian form with the half-widths 𝜎S and
𝜎T equal to the half-widths of the functions DOSS
and DOST, respectively. This circumstance allowed
us to determine 𝜎𝑆 and 𝜎T by applying the Gaus-
sian functions (4) and (5) to approximate the short-
wave wing of the initial band in the fluorescence
and phosphorescence spectra of PEPC, DClPEPC,
and DBrPEPC films, which were measured at 𝑇 =
= 5 K. The results of approximation are quoted in
Table 2. As follows from the presented data, 𝜎𝑆 > 𝑘𝑇
and 𝜎𝑇 > 𝑘𝑇 at room temperature (𝑘𝑇 ≈ 210 cm−1),
and no equilibrium between excitons and phonons
was established [27]. As a result, during the migra-
tion, some excitons were localized in the tail states
and did not participate in the further energy trans-
fer. Therefore, when the PS matrix was substituted
by the carbazolyl-containing polymer, the ΦPh-value
for the Btp2Ir(acac) admixture decreased.

In PEPC, in the case of energy transfer to
Btp2Ir(acac) by a singlet exciton and provided that
𝑅DA > 𝑅0, the exciton, owing to the migration,
passed only some part of the distance. When 𝑅DA

diminished to 𝑅0, the energy was transferred to the
acceptor with a probability of 50%. At the same
time, at the energy transfer by means of the electron
short-range exchange interaction, a triplet exciton
should pass the whole distance to the acceptor follow-
ing the migration mechanism. Carbazolyl-containing
polymers are known to always contain oxidates, which
form deep traps for triplet excitons [19,20]. The prob-
abilities of the exciton localization in the tail states
and the exciton capture by deep traps increase as the
migration path length grows. Therefore, the efficiency
of the energy transfer by triplet excitons is lower than
by singlet ones.

Unlike DBrPEPC, DClPEPC fluoresced (Fig. 3,
curves 2 and 3 ), and the excitation energy was trans-
ferred to Btp2Ir(acac) by not only triplet but also
singlet excitons. Therefore, the quantum yield ΦPh of
sensitized phosphorescence of Btp2Ir(acac) molecules
in the DClPEPC matrix is higher than in the DBr-
PEPC one. At the same time, the value of 𝑅0 for
Btp2Ir(acac) in the DClPEPC matrix is more than
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twice less than in PEPC. Therefore, at the energy
transfer by the migration, singlet excitons passed a
larger, on average, distance than in the PEPC matrix,
and the quantum yield ΦPh of the sensitized phospho-
rescence of Btp2Ir(acac) molecules in DClPEPC was
lower than in PEPC.

In contrast to the results obtained in this work, the
authors of work [28] found that, for typical molecular
crystals, such as durol and diphenyl, the efficiency of
the energy transfer by triplet excitons at room tem-
perature is at least 10 times higher than by singlet
excitons. We explain this distinction as follows. First,
unlike the carbazolyl-containing polymers researched
in this work, molecular crystals have an ordered struc-
ture, and the energy states of excitons form bands in
them. Owing to a very weak intermolecular interac-
tion, the bands of triplet excitons are very narrow
(their width varies from a few to several tens of in-
verse centimeters [29]), and excitons actually migrate
between “isoenergetic” states. Second, the concentra-
tion of uncontrollable admixtures in highly purified
molecular crystals is much lower than in carbazolyl-
containing polymers.

5. Conclusions

To summarize, it is found that the quantum yield
of the sensitized phosphorescence of Btp2Ir(acac)
molecules in the PEPC matrix is half as high as at
their direct excitation in the PS matrix, but more
than three and five times as high as in DClPEPC
and DBrPEPC, respectively. After the second impu-
rity, benzophenone, was additionally introduced into
PEPC with the Btp2Ir(acac) admixture, it trans-
formed some singlet excitons into triplet ones, and
the intensity of the sensitized phosphorescence of
Btp2Ir(acac) also decreased. In PEPC, which both
fluoresced and phosphoresced, the excitation energy
was transferred by both singlet excitons (by means
of the migration and long-range dipole-dipole in-
teraction) and triplet ones (by means of the mi-
gration and short-range electron exchange interac-
tion). In DBrPEPC, which only phosphoresced, the
excitation energy was only transferred by triplet ex-
citons. From the analysis of the luminescence spec-
tra of pure films, it is found that, during the mi-
gration, some singlet and triplet excitons became lo-
calized in the tail energy states. Moreover, the indi-
cated polymers contained uncontrollable admixtures,

namely, oxidates, which form deep traps for triplet
excitons. Therefore, the quantum yield of the sensi-
tized phosphorescence of Btp2Ir(acac) molecules in
the carbazolyl-containing polymers is lower than that
obtained at their direct excitation in the PS matrix,
with the efficiency of the excitation energy trans-
fer by singlet excitons being higher than by triplet
ones. Therefore, the PEPC polymer is more suitable
for the practical application in optoelectronic devices
than its dihalogen-substituted analogs.

The work was carried out in the framework of the
project B/180 “Optical, electrophysical, and struc-
tural properties of disordered molecular systems and
nanocomposites” of the NAS of Ukraine.

1. J. Kido, K. Hongawa, K. Okuyama, K. Nagai. White
light-emitting organic electroluminescent devices using the
poly(𝑁 -vinylcarbazole) emitter layer doped with three flu-
orescent dyes. Appl. Phys. Lett. 64, 815 (1994).

2. Y. Kawamura, S. Yanagida, S.R. Forrest. Energy trans-
fer in polymer electrophosphorescent light emitting devices
with single and multiple doped luminescent layers. J. Appl.
Phys. 92, 87 (2002).

3. Y. Kawamura, K. Goushi, J. Brooks et al. 100% phospho-
rescence quantum efficiency of Ir(III) complexes in organic
semiconductor films. Appl. Phys. Lett. 86, 071104 (2005).

4. B.C. Krummacher, V.-E. Choong, M.K. Mathai et al.
Highly efficient white organic light-emitting diode. Appl.
Phys. Lett. 88, 113506 (2006).

5. D.-H. Lee, J.S. Choi, H. Chae et al. Highly efficient phos-
phorescent polymer OLEDs fabricated by screen printing.
Displays 29, 436 (2008).

6. H.A. Al-Attar, A.P. Monkman. Solution processed mul-
tilayer polymer light-emitting diodes based on differ-
ent molecular weight host. J. Appl. Phys. 109, 74516
(2011).

7. Sung Il Ahna, Wan Kyu Kim, Si Hong Ryu, Kuk Joo Kim,
Seong Eui Lee, Sung-Hoon Kim, Jung-Chul Park, Kyung
Cheol Choi. OLED with a controlled molecular weight of
the PVK (poly(9-vinylcarbazole)) formed by a reactive ink-
jet process. Org. Electron. 13, 980 (2012).

8. J. Birnstock, J. Blassing, A. Hunze et al. Screen-printed
passive matrix displays based on light-emitting polymers.
Appl. Phys. Lett. 78, 3905 (2001).

9. C.D. Muller, A. Falcou, N. Reckefuss et al. Multi-colour
organic light-emitting displays by solution processing. Na-
ture 421, 829 (2003).

10. C.W. Tang, S.A. VanSlyke. Organic electroluminescent
diodes. Appl. Phys. Lett. 51, 913 (1987).

11. P.A. Lane, L.C. Palilis, D.F. O’Brien et al. Origin of elec-
trophosphorescence from a doped polymer light emitting
diode. Phys. Rev. B 63, 235206 (2001).

ISSN 2071-0186. Ukr. J. Phys. 2018. Vol. 63, No. 1 31



Yu.A. Skryshevskii, A.Yu. Vakhnin

12. S. Blumstengel, F. Meinardi, R. Tubino. Long-range en-
ergy transfer of singlet and triplet excitations in dye-
doped tris(phenylquinoxaline). J. Chem. Phys. 115, 3249
(2001).

13. H. Xu, R. Chen, Q. Sun et al. Recent progress in metal-
organic complexes for optoelectronic applications. Chem.
Soc. Rev. 43, 3259 (2014).

14. A.V. Vannikov, A.D. Grishina. Photochemistry of Poly-
meric Donor-Acceptor Complexes (Nauka, 1984) (in Rus-
sian).

15. Yu.A. Skryshevskii. Photostability of molecules of aromatic
amines in a polymeric matrix. J. Appl. Spectrosc. 69, 726
(2002).

16. W.J. Finkenzeller, M.E. Thompson, H.Yersin. Phospho-
rescence dynamics and spin-lattice relaxation of the
OLED emitter Ir(btp)2(acac). Chem. Phys. Lett. 444, 273
(2007).

17. Y. Kawamura, J. Brooks, J.J. Brown et al. Intermolecular
interaction and a concentration-quenching mechanism of
phosphorescent Ir(III) complexes in a solid film. Phys. Rev.
Lett. 96, 017404 (2006).

18. Yu.P. Piryatinskii, V.N. Yashchuk, Yu.A. Cherkasov et al.
Luminescence of poly-N-epoxypropylcarbazole. Zh. Prikl.
Spektrosk. 53, 41 (1990) (in Russian).

19. I.S.Gorban’, T.P.Volkova,A.Ya.Kalnitskii, V.N.Yashchuk.
On the nature of structureless phosphorescenceof vinyl
aromatic polymers. Ukr. Fiz. Zh. 29, 1267 (1984) (in
Russian).

20. Yu.A. Skryshevskii. Electronic excitation energy transfer
in poly-N-epoxypropyl-3,6-dibromocarbazole. Phys. Solid
State 52, 1308 (2010).

21. S.P. McGlynn, T. Azumi, M. Kinoshita, Molecular Spec-
troscopy of the Triplet State (Prentice-Hall, 1969).

22. S.M. Bonesi, R. Erra-Balsells. Electronic spectroscopy of
N- and C-substituted chlorocarbazoles in homogeneous me-
dia and in solid matrix. J. Luminesc. 97, 83 (2002).

23. Yu.A. Skryshevski. Energy transfer by singlet and triplet
excitons in carbazole-containing polymers. J. Appl. Spec-
trosc. 79, 559 (2012).

24. M. Pope, C.E. Svenberg, Electronic Processes in Organic
Crystals (Oxford Univ. Press, 1982).

25. H. Bassler. Excitons in conjugated polymers. In Pri-
mary Photoexcitations in Conjugated Polymers: Molecu-
lar Exciton versus Semiconductor Band Model. Edited by
N.S. Sariciftci (World Scientific, 1997).

26. E.A. Akimova, A.V. Stronskii, A.P. Payuk et al. Recording
of holografic diffraction gratings on carbazole-containing
polymer thin films. Optoelektron. Poluprovodn. Tekhn. 49,
31 (2014) (in Russian).

27. H. Bassler. Exciton and charge carrier transport in random
organic solids. In Disorder Effects on Relaxational Pro-
cesses, edited by R. Richert, A. Blumen (Springer, 1994).

28. N.D. Zhevandrov, T.V. Ilyinykh. Study of the ratio of the
energy transfer efficiencies for triplet and singlet levels in
impure molecular crystals. Izv. Akad. Nauk SSSR Ser. Fiz.
42, 334 (1978) (in Russian).

29. J. Jortner, S.A. Rice, J.L. Katz, S. Choi. Triplet excitons
in crystals of aromatic molecules. J. Chem. Phys. 42, 309
(1965). Received 23.05.17.

Translated from Ukrainian by O.I. Voitenko

Ю.А.Скришевський, О.Ю.Вахнiн

ПОРIВНЮВАННЯ ЕФЕКТИВНОСТЕЙ
ПЕРЕНОСУ ЕНЕРГIЇ ЗБУДЖЕННЯ СИНГЛЕТНИМИ
I ТРИПЛЕТНИМИ ЕКСИТОНАМИ
В КАРБАЗОЛIЛВМIСНИХ ПОЛIМЕРАХ

Р е з ю м е

Дослiдженi спектри люмiнесценцiї чистих плiвок полi-
N-епоксипропiлкарбазолу (PEPC), полi-N-епоксипропiл-
3,6-дiхлоркарбазолу (DClPEPC) i полi-N-епоксипропiл-
3,6-дiбромкарбазолу (DBrPEPC) та з домiшкою бiс[2-(2′-
бензотiенiл)-пiридинато-N,C3′](ацетилацетонату) iридiю
(Btp2Ir(acac)), плiвок полiстиролу (PS) з домiшкою
Btp2Ir(acac), а також плiвок PEPC з двома домiшками –
бензофенону i Btp2Ir(acac). Зазначенi полiмери перспе-
ктивнi для практичного використання в оптоелектронних
пристроях. Визначено, що у PEPC енергiя збудження
переносилася як синглетними екситонами шляхом мiграцiї
i далекодiючої диполь-дипольної взаємодiї, так i трипле-
тними через мiграцiю i короткодiючу обмiнну електронну
взаємодiю, а у випадку DBrPEPC, який лише фосфоре-
сцiював – тiльки триплетними екситонами. Встановлено,
що квантовий вихiд сенсибiлiзованої фосфоресценцiї мо-
лекул Btp2Ir(acac) в матрицi карбазолiлвмiсного полiмеру
нижчий, нiж при прямому їх збудженнi в матрицi PS,
при цьому в PEPC вiн був, вiдповiдно, у три i п’ять
разiв вище, нiж у DClPEPC i DBrPEPC. Показано, що
пiсля трансформацiї молекулами бензофенону частини
синглетних екситонiв PEPC у триплетнi, iнтенсивнiсть
сенсибiлiзованої фосфоресценцiї Btp2Ir(acac) зменшува-
лась. Зроблено висновок про те, що в процесi мiграцiї
частина синглетних i триплетних екситонiв локалiзувалася
в хвостових енергетичних станах, i, крiм того, частина три-
плетних екситонiв захоплювалася продуктами окислення
полiмеру.
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