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Tetracyanobenzene-Biphenyl Crystals
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Al. Lotnikéw 32/ 46, 02-668 Warsaw, Poland

(Received in final form 11 June 1996)

Singlet and triplet excitonic energy migration in mixed-stack charge-transfer crystals of tet-
racyanobenzene-biphenyl (TCNB-B) doped with anthracene (10°*-10"2 M/M) have been
studied within temperature range 5-300 K by using optical, spectroscopic and kinetic techniques.
1t has been found, that the motion of excitons is thermally activated with the activation energies of
450 + 60 and 550 + 60 cm ~ ! for the singlet and triplet excitons, respectively. The later value differs
from the activation energy in undoped TCNB- B crystals (where it is 360 + 60 cm ™!} and suggests
that doping with anthracene perturbs the host crystal lattice.
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1. INTRODUCTION

Excitation energy transport (exciton migration) is an inherent property of
molecular crystals and has been studied in great detail for anthracene,
naphthalene and other systems [1]. Our knowledge [2,3] about energy
transfer processes in mixed-stack charge-transfer (CT) crystals is however
minor and still requires an experimental verification. There are two interesting
aspects, the dimensionality of migration and possibility of self-trapping, which
are related to a peculiar crystal structure and to a redistribution of the
electronic charge in the excited states. Mixed-stack CT crystals are build of
stacks of alternating donor and acceptor molecules, where the molecular
planes are approximately parallel, thus indicating highly anisotropic, one-
dimensional (1D) energy migration. Excitation of the lowest excited singlet
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(S,) or triplet (T,) states of such crystals induces partial transfer of an
electronic charge from a donor to an acceptor molecule and creation of a ionic
pair within the host, non-ionic crystal lattice. This should result in attraction
of donor and acceptor molecules leading to some relaxation of the lattice
energy and finally, in self-trapping of the excitation at low temperatures.

In the present paper, we study the process of energy migration and exciton
self-trapping in tetracyanobenzene-biphenyl (TCNB-B) crystals. TCNB-B
crystals were already studied by EPR [4-9], zero field ODMR [10] and
optical [9,11-14] techniques. From the previous studies we know, that both,
S, and T, electronic states of TCNB-B have a high contribution of the CT
electronic configuration, approaching full transfer of electron from the donor
to the acceptor molecule for the S, state [2] and the CT character of 0.54 for
the T, state [4]. The activation energy of mobility of singlet excitons was
found to be 300 cm ~! [13] and that for triplet excitons-700 [4] and 250 + 80
cm ™! [15] from the EPR studies and 360 + 60 cm ' [14] from the recent
optical kinetic analysis. The previous studies indicated that the activation
energy of excitonic migration in TCNB-B crystals is very sensitive to the
crystal preparation procedure [4,15]. To go deeper into this problem in the
present work we study the energy migration in TCNB-B crystals doped with
anthracene (A). A is an electron donor, which creates deep, TCNB- A, singlet
and triplet traps acting as sensors for the energy transfer. The aim was to study
activation energies and to estimate the hopping times for the singlet and triplet
excitonic transfer.

2. EXPERIMENTAL

B and A were purified by zone-refining, TCNB was recrystallized from ethanol
and next, vacuum sublimed. Crystals of TCNB-B with different concentra-
tions of A were grown from acetone solution. The dopant concentration was
estimated spectrophotometrically at room temperature, by dissolving the
crystals in toluene and measuring the absorbance and fluorescence spectra.
The procedure is similar to that already presented in ref. [16,17 ].
Spectroscopic studies within the 5-300 K temperature range were done
with the experimental set-up described already in ref. [14,16,17]. Fluo-
rescence, phosphorescence and delayed fluorescence spectra were measured
by using a Parker-type disc-chopper phosphorimeter. Decays of fluorescence
were measured by “time-correlated ” single photon counting technique with
a Coherent 700 dye laser pumped by a mode-locked Anthares 76-YAG laser
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and a Hamamatsu R28090-07 microchannel plate. Time resolution of this
set-up is about 50 ps. Decays of delayed fluorescence were obtained by using
337 nm light pulses emitted by a home-made nitrogen laser which operated in
synchronization with the phosphorimeter disc-chopper, cutting off an intense
prompt fluorescence. Transients, over a period of 5 ms, were accumulated with
the aid of a Stanford SR430 multichannel scaler. Delay time between a laser
pulse and opening of the disc-chopper was about 80 ps.

3. RESULTS AND DISCUSSION

3.1. Singlet Energy Transfer

Fluorescence spectra at 5 K of TCNB-B crystals doped with different concen-
tration of A are shown in Figure 1. The shape of the spectra clearly confirms
the prediction that molecules of A replace the donor, B, and form CT
complexes of TCNB-A in the host crystal lattice. The spectra of doped crystals
(b—e) are composed of two, overlapping componeats, one corresponding to
the host TCNB-B (a) and second, to the TCNB-A trap (f). The trap fluo-
rescence spectrum has the onset at 17800 cm ~ ! and two maxima, at 17200 and
15700 cm ~ ! (see Fig. 1f). This spectrum is shifted to lower energy as compared
with the corresponding fluorescence band of single TCNB-A crystals (onset
at~ 19000 cm~*, [18]) and as compared with the fluorescence band of
TCNB-A trap in crystals of TCNB-naphthalene (onset at 18950 cm ™!, [19])
and TCNB-2,3dimethylnaphthalene (onset at 18400 cm™!, [17]). With
increasing dopant concentration a contribution of the host fluorescence
(observed in the spectral range 18000-22500 cm ~ !) is decreasing at the cost of
increasing contribution of the sensitized guest (trap) fluorescence (observed
below 17800 cm ™ 1).

In TCNB-B crystals doped with A, the intensity of the host fluorescence
relative to that of the guest fluorescence decreases with increasing temperature
above 100 K. Such a behavior reflects temperature dependence of the singlet
energy transfer.

Decays of the host fluorescence (observed at 21700 cm~!) are non-
exponential at nearly all studied temperatures—see Figure 2. Only at lowest
temperatures (5-60 K) and small dopant concentrations of the host fluo-
rescence decays can be well approximated by the mono-exponential depen-
dence, with the decay time of 100 ns. These decays become continuously
shorter with increasing temperature above 60 K, as a consequence of the
host — guest energy transfer. Decays of the guest fluorescence (observed at
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FIGURE 1 Fluorescence spectra at 5 K of undoped TCNB-B crystals (a) and TCNB-B crystals
doped with: (b} 5.107%, (¢) 10~ %,(d) 2.10~ % and (¢) 5.10~ M/M of A. Dopant, guest fluorescence
spectrum (f) was obtained for a TCNB-B crystal doped with 5.10™3 M/M of A when this crystal
was excited directly to its ST"™ state by using 20000 cm ™" light.

17200 cm ~ ') are also non-exponential, with well distinguished rise, extended
over a 5 ns time range. Long time tails of the guest fluorescence decays are
slightly longer as compared with the decays of the host fluorescence at the

same temperature.
Singlet energy transfer can be studied by the kinetic analysis of the host

fluorescence, as it was successfully done for some other CT crystals [16,17,19].
A time scale of the host fluorescence decay in TCNB-B crystals is approxi-
mately one order of magnitude longer than in majority of other CT crystals.
Thus, imperfections of the lattice structure of TCNB-B crystals can contribute
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FIGURE 2 The host fluorescence decays of a TCNB-B crystal doped with 5.1072 M/M of A at
some temperatures. Observation at 21700 cm ™ !,

more efficiently to the singlet energy migration and may lead to non-exponential
fluorescence decays in undoped and doped TCNB-B crystals. To deal with the
problem, in the present work we applied a general approach [19,17], which is to
consider the experimental ratio of the time averages of the host-guest transfer
rate constant,{ k>, to the host decay rate constant, {ky):

Chgd | Kk = (J10P () dt — [I1°%%(z) dr) | I (t)dt (1

In the above equation, I""*™%(r) and I9P() are the experimentally detected
decays of the host fluorescence of undoped TCNB-B crystals and TCNB-B
crystals doped with A, respectively. The dependence (1), as a function of
temperature for the two different concentrations of A, is shown in Figure 3.
A characteristic feature of this dependence is approximately constant value of
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the Ckye> / <kg) at low temperatures and its increase at temperatures above
100 K. The decay of the host fluorescence of undoped TCNB-B crystals (given
by {kgy») is only weakly dependent on temperature and therefore, the depen-
dence (1) defines first of all a temperature behavior of the host-guest energy
transfer rate constant ({kyg)). According to the polaron model [1, 20],
a temperature dependence of the host-guest transfer rate is proportional to
T~ exp(— AE/kT), where AE is the activation energy of the polaron motion.
Using this formula, it was possible to plot the solid curves presented in Figure 3,
which lead to the activation energy AE = (450 + 60) cm ™ *.

In a simple diffusion, hopping model (in a cubic lattice} the energy transfer
rateis ky; = 0.66¢;/t,, where c is the dopant concentration and t,, the singlet
exciton hopping time. Using this last formula and <(ky>=10" s~! the
hopping time at 300 K is:

ty=(1.1+0.5)-107 1%,

Alternative way to study the singlet energy transfer in TCNB-B crystals
seemed to be a kinetic analysis of the rise of the guest fluorescence. It appeared
however, that the rise time of this emission is only weakly dependent on

10
<kHG> :
<kH> Q a 5
1t
5] b ol

0.1 N 1 N N -
/T K

FIGURE3 Temperature dependence of the ratio <k, >/<k,> for TCNB-B crystals doped with
10~ % (circles) and 2.10~* M/M of A (squares).

70010



Downloaded by [University of California, San Diego] at 22:16 20 August 2012

ENERGY TRANSFER IN A MOLECULAR CRYSTAL 253

temperature and much shorter than the decay time of the host fluorescence,
being4.6 and 3.6 ns at 80 and 300 K, respectively. The observed rise of the guest
fluorescence should be therefore related to the long-range dipole-dipole
energy transfer (within the Forster model) between the host-guest pairs,
created already by a laser excitation, and not to the excitonic energy transfer.

3.2. Triplet Energy Transfer

Phosphorescence and delayed fluorescence spectra of TCNB-B crystals
doped with some different concentrations of A at 5 K are shown in Figure 4.
The main component of these spectra, which can be related to the TCNB-A
dopant, has the high energy maximum at 17200 cm ~ ! (see Fig. 4¢) and closely
resembles the guest fluorescence band (see Fig. 1f ). Such the spectral behavior
indicates that the efficient channel of the host-guest triplet energy transfer is
the intersystem crossing T,TN8-B  § TCNB-A Eyrthermore, the phosphores-
cence quantum yield of TCNB-A trap is very small. A weak intensity an-
thracene-like phosphorescence band, with the maximum at 14920 cm ™!, can
be observed at 5 K (Fig. 4f) if the sample is excited directly to the lowest excited
singlet state of the TCNB-A guest (S,7“NB-4). Under this condition, a ratio of
the quantum yield of the guest fluorescence to that of the guest phosphores-
cence was estimated to be 0.0075. Temperature evolution of the long-lived
emission spectrum of TCNB-B crystals doped with 21073 M/M of A is
shown in Figure 5. With increasing temperature, above 40 K, a contribution of
the host phosphorescence (observed between 20500—18500 cm ~!) decreases
and simultaneously, a contribution of the intensity of the delayed sensitized
fluorescence (which originates from the guest S,T°N®-Astate) increases. With
a further temperature increase, above 100 K, a dominating component of the
long-lived spectra becomes a weak anthracene-like phosphorescence, ori-
ginating from the T,™N®-A state. Finally, above 200 K, the intersystem
crossing process, T,TENB-A o § TCNB-A g thermally activated and the guest,
E-type delayed fluoresence dominates in the spectral range below 18000cm ™!
At low temperatures, the host, P-type delayed fluorescence can be observed in
the spectral range 20500-22500 cm ™, as shown in Figures 4 and 5. Intensity
of this last emission depends non-linearly on the intensity of exciting light and
its decay is complicated and dependent on temperature. Decays of delayed
fluorescence of a TCNB-B crystal doped with 5.107* M/M of A for some
temperatures are shown in Figure 6. Temporal behavior of the host, P-type
delayed fluorescence depends on spatial separations between annihilating
triplet pairs, migrating within the crystal lattice. Therefore, in the present
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FIGURE4 Long-lived emission spectra at 5 K of undoped TCNB-B crystals (a) and TCNB-B
crystals doped with different concentrations of A (d-e). Concentrations of A are: 5.10™#(b), 103
{c), 2.1073 (d) and 5.10~3 M/M (e). Phosphorescence spectrum (f) was obtained for a TCNB-B
crystal doped with 5.10™3 M/M of A when this crystal was excited by a 20000 cm ™! light. To
visualize the presence of a weak (P-type) delayed fluorescence, the high energy part of the spectra
(20500-23000 cm ') is also shown with the x 10 magnification.

contribution we analyze the decay shape of the host delayed fluorescence to
extract an information about the migration of triplet excitons. It has been
shown [14], that triplet excitons in undoped TCNB-B crystals are self-
trapped below 30 K and they become mobile at higher temperatures.
Between 60 and 100 K, decays of delayed fluorescence (I, (t)) are well
approximated by the dependence predicted by the theoretical model [21],
which assumes that excitons move by hopping between neighboring crystal
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FIGURES Long-lived emission spectra of TCNB-B crystals doped with 2.107* M/M of A at
different temperatures, indicated at the right side of the spectra. Relative intensities of the spectra
are given in respect to the intensity at 5 K.

sites along a 1D chain, caged by randomly distributed traps (or reflecting
barriers). According to the model, the (long-time) decay formula is given by

Ipp(f)octt®-exp(—b-t'> —2-B-1) 2

where: § is the inverse of the triplet lifetime and b is a fitting parameter. The
best fits of the delayed fluorescence decay curves by the formula (2) are given
by the solid lines in Figure 6. The parameter b in eq. (2) depends on a trap
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concentration ¢; and on a probability W, that triplet exciton hops to neighbor-
ing site. Wis the reverse of the exciton hopping time. The theoretical model
{21] provides:

b=3/2-(10-n?-cz2-W)'/3 3)

It is important to notice, that a good fitting by the formula (2) can be obtained
for undoped TCNB-B crystals as well [14]. Hence, the trap concentration in
the eq. (2) is the sum of the concentration of anthracene and a concentration of
contributing, remaining crystal impurities and defects. Under these circum-
stances, the hopping probability is given by

W= 8:(b%2 — b¥2)2/(270-n%-¢4?),

where b, is the fitting parameter b for undoped TCNB-B crystals. The

—
=

S,

=y

% 80 K
g 90 K

4

100K
L A I A A L P R i 4 A " A L " i n . 1 " " A "
0 1 2 3 4 [ms]
FIGURE 6 Decays of delayed fluorescence of a TCNB-B crystal doped with 5.1072 M/M of
A at temperatures between 60 and 100 K. Observation at 21700 cm ~ !, The time 0 corresponds to

a 80 ps delay after a laser pulse. The solid curves present the best fits to the theoretical formula (2),
with the fitting parameter b: 27.3,42.2, 59.2, 84.0 and 102.9 at 60, 70, 80, 90 and 100 K, respectively.
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Arrhenius-type dependence of W, using experimentally determined fitting
parameters b and b, is shown in Figure 7. The already mentioned temperature
dependence of the polaron host-guest energy transfer rate allows to estimate
the activation energy of the triplet exciton motion, (550 + 60) cm !, It is
remarkable to notice that this activation energy is considerably higher than
the activation energy of the triplet exciton motion in pure, undoped TCNB-B
crystals, where it is (360 + 60) cm ~! [14]. (The last activation energy can be
obtained from the temperature dependence of the fitting parameter b,). Hence,
doping with A induces some geometrical rearrangement of the host crystal
lattice, which manifests in higher CT character of triplet excitons and deeper
energy of their self-trapping. This conclusion is in some way unexpected as the
crystal units of pure TCNB-B [22] and TCNB- A [23] crystals are not much
different and one would predict a rather good, substitutional replacement of
B by A.Itis however in agreement with the results of the previous EPR studies
[4,15] which pointed to a very high sensitivity of the activation energy of
mobility of triplet excitons to a quality of TCNB-B crystals. Using the
experimentally obtained parameter b, and the hopping probability W, we can
estimate the concentration of defects in pure TCNB- B crystals. Defect concen-

10°}

0010 0012 0.014 0.016

/T [1/K]

FIGURE7 Triplet excition hopping probability W as a function of temperature (60-100
K range) for TCNB-B crystals doped with 5.10~3 (full circles) and 2.10™3 M/M of anthracene
(open circles). Solid line corresponds to the activation energy AE = 550 cm ™ 1.
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tration was found to change from 10”2 at 60 K to 5 x 107* M/M at 100 K.
The very high concentration of defects, without any doubt, can not be related
to chemical impurities, as we use extensively purified materials. We can also
exclude mistakes in the donor-acceptor alternation order, because their
concentration in the host crystal is independent on temperature. Defects
contributing to the exciton migration are probably analogous to X traps,
well-known in one-component molecular crystals. In crystals under conside-
ration a small change of the complex geometry may strongly influence the
energy of CT state. We postulate that the lattice of TCNB-B crystals is in some
way strained, thus easy creating a high concentration of defects, which can trap
excitons. With increasing temperature some of these traps can be thermally
overcome and therefore their effective concentration is decreasing. The same
conclusion was proposed to explain kinetic behavior of the host fluorescence
in TCNB-B crystals doped with TCNQ [13]. A high disposition of TCNB-B
crystals to create defects was also suggested by the previous EPR studies
[4,15], which showed that the EPR line width is sensitive to a crystal quality.

4. CONCLUSIONS

The kinetic analysis of the prompt and delayed fluorescence in TCNB-B
crystals doped with A confirms the previous observations that singlet and
triplet excitons are self-trapped at low temperatures and mobile at higher
temperatures. The activation energies of mobility were found to be (450 + 60)
and (550 + 60) cm ~ ! for the singlet and triplet excitons, respectively. It comes
clearly, that the activation energy of triplet excitons mobility is higher in
A doped TCNB-B crystals as compared to that in undoped crystals, (360 + 60)
cm™!, obtained by using the same experimental approach. The observation
can be explained by some disturbance of the lattice in TCNB-B crystals doped
with A as compared with the undoped one. Doping leads to higher CT
character of triplet excitons. Optical studies alone cannot provide convincing
arguments for the geometrical rearrangement of the lattice. A detailed X-ray
crystal structure investigation at liquid helium temperatures of TCNB-B
crystals, undoped and doped with A, are needed to elucidate this point.
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