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The excitation decay kinetics of polar Indandione-1,3 Pyridinium Betaine (IPB) molecules in various
environments: solvents, films and crystals, were studied using time-resolved luminescence and tran-
sient absorption measurements. A red-shift, depolarization and fast decay of the luminescence inten-
sity were observed on a femtosecond time scale in dilute solutions and explained by excitation
relaxation from the initially created intramolecular charge transfer state to the lower energy excited
state of the indandione moiety. The first fast relaxation stage is followed by a slower one responsible
for the relaxation to the ground state stage with the rate depending on the viscosity of the surround-
ing. By comparing the excitation properties of IPB in solution and those in the crystal form, the influ-
ence of the intermolecular interactions on the excited state dynamics is revealed. Excitation
relaxation in the IPB deposited films of different thickness and in a single crystal is described as a
competition between different relaxation paths of nonradiative recombination, these paths being the
high lying Frenkel exciton states and the low lying intermolecular charge transfer states.

Keywords: molecular crystal; Indandione-1; 3-Pyridinium Betaine; ultrafast spectroscopy; charge
transfer
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I. INTRODUCTION

Organic molecules containing electron-donor and electron-acceptor moieties
attract much attention as model systems for investigation of the electron transfer
reaction 12l and as an active medium for construction of non-linear optical
materials |31, Solids built up by dipolar organic molecules can be attributed to a
new class of polar organic crystals 151 polar crystals often show significant
photocurrent and well-pronounced non-linear-optical effects [6-91 However, the
origin of excited states and their relaxation mechanism in these materials are not
well defined so far. Large dipole moments in the ground and excited states of the
molecules evidently create strong intermolecular interactions and can enhance
exciton-phonon coupling in polar organic solids. These interactions manifest
themselves in the spectral and dynamic properties of excitons, which can be sig-
nificantly different from those of excitations of separated molecules.

Solids of Indandione-1,3 Pyridinium Betaine (IPB) can be considered as a typ-
ical system of this class of organic crystals. IPB compounds belong to series of
highly polar intramolecular salts in which the cation and anion are covalently
bound in one molecule:

SCHEME |

Quantum chemical calculations have shown that the IPB molecule itself is
almost flat due to a strong m-electron conjugation 16,101, Owing to the strong
interaction between the donor and acceptor moieties, a partial intramolecular
charge transfer from the indandione anion to the pyridinium cation takes place in
the molecular ground state. As a result of the asymmetry of charge distribution,
the IPB molecule possesses a considerable static dipole moment, dy=4.1-4.5
D% Such a permanent dipole moment can considerably enhance the coupling
between molecules in comparison with that in classical organic crystals. After
photoexcitation, the optically induced changes in the magnitude and sign of the
dipole moment of the IPB molecule in the excited state (d,, = —3.6 D'V cause a
large polarization effect of the surrounding. In accordance, an unusually large



Downloaded by [University of California, San Diego] at 02:55 16 August 2012

EXCITATION DYNAMICS IN PYRIDINIUM BETAINE 107

luminescence Stokes shift, reaching 1.0eV, which was attributed to the lattice
reorganization effects was observed for IPB solids (121 A large value of the exci-
ton-phonon coupling constant, estimated for the IPB crystal of a-modification (g
=193 allows us to expect peculiarities of IPB crystals characteristic for
organic systems with a strong exciton-phonon interaction 4],

IPB crystals and deposited films may be regarded as excellent photoconduc-
tors. The quantum efficiency of photoconductivity (B) of thin IPB layers is elec-
tric field dependent and reaches the value of p = 0.2 — 0.85 el./phot. at £ > 10° v
/cm ), The top of the energy gap of the IPB (£ = 2.1 eV) is found to be below
the main long-wavelength electronic absorption band (at about 3.0eV 61y in con-
trast with non-polar organic crystals, such as e.g. polyacenes, in which the
Eg-value is usually larger than the energy of the first singlet Sg — S,
transition [°!. This observation was accounted for high polarity of the IPB mole-
cule and an essential intermolecular interaction 1.

The optically induced change in sign of the electric dipole moment of the IPB
molecule is of a considerable interest to possible optoelectrical effects in molecu-
lar assemblies of these polar molecules. Reversible changes in the refractive
index caused by light or an electric field have been observed in the IPB crystals
[15.16] " Extended studies of linear and nonlinear optical properties of Lang-
muir-Blodgett films of the amphiphilic IPB molecules have demonstrated that
films of the dipolar IPB molecules are promising candidates for possible applica-
tions in molecular optoelectronics [6, 17, 18].

A comparative study of the excited state relaxation dynamics of the IPB mole-
cules in various environments, — dilute solutions, polymeric matrix, films depos-
ited in vacuum and in the crystal form — is presented in this paper. Ultrashort
excitation kinetics was examined by means of time-resolved luminescence and
transient absorption measurements, briefly described in Secll. These two
time-resolved methods supplement each other usefully, enabling us to distinguish
different excited state relaxation stages. Excitation dynamics of IPB in solution
and in a polymer matrix are considered in Sec.III. The ultrafast non-monotonous
excited state deactivation process observed in IPB solutions is attributed to the
relaxation within two molecular excited states. The origin of these states is dis-
cussed taking into account the results from quantum chemical calculations. A
study of the exciton dynamics in IPB solids is presented in Sec.I'V. By comparing
the excitation properties of the IPB molecules in solution and those in the crystal
form, the influence of the intermolecular interactions on the excited state dynam-
ics is revealed. Excitation relaxation in IPB films of different thickness and in a
single crystal is described by the competition of nonradiative relaxation of the
Frenkel-like and of the low energy intermolecular charge transfer states. The
properties of excited states of IPB in various environments are summarized in
Sec.V.
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Il. MATERIALS AND METHODS

All samples have been prepared at the Institute of Physical Energetics in Riga
(Latvia). The Indandione-1,3 Pyridinium Betaine was purified by the gradient
sublimation technique 1191 All solvents used for preparation of the IPB solutions
were reagent grade and used without additional purification. A polymeric film of
IPB was prepared by dissolving polyvinylbutyral (PVB) in an ethanol-butanol
mixture and then adding IPB/EtOH solution (10_4m01/1). The solution was
finally poured on a quartz substrate and left to dry. A polycrystalline IPB film
was deposited in vacuum on a quartz substrate at room temperature and at p
=107 Torr. The deposition rate was about 15 A/s and the average thickness (d)
varied from 0.1pm to 1.6pum. For photocurrent measurements the sandwich-type
samples were prepared with Au bottom and Al top electrode.

Crystals of the most stable a-modification, having the form of rectangular
flakes of dark yellow colour up to 2x3x5mm? in size, were obtained from solu-
tion according to the technique described in ref. (o1, According to the X-ray dif-
fraction data, the a-modification of the IPB crystals belongs to the monoclinic
system of the centrosymmetric space group P2,/a, with 4 molecules per unit cell
120211 In the crystal structure, [PB molecules are almost flat and form molecular
stacks (see Figure 1). There is a compromise between two typical molecular
arrangement types in stacks. The first one is typical of weak donor-acceptor crys-
tals, when a stacked structure is created by alternating donor and acceptor frag-
ments of the molecules. The second one is similar to ion radical salts, when
stacks are created by similar donor and acceptor fragments of the molecules 51,

40

30
oL
N

20

10

FIGURE 1 Structure of the IPB crystal a modification for different crystal planes depicted from
X-ray diffraction data and molecular arrangement for different crystal planes (points reflect the center
position of C, N and O atoms; lines denote the unit cell)
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Steady state absorption spectra of the solutions, films and crystals were
obtained by the Beckman spectrophotometer (UV 5270). Steady state lumines-
cence spectra were obtained under cw Ar* laser excitation at 2.54eV by using a
photomultiplier operating in photon-counting regime and a double grating mono-
chromator DFS 52.

The spectral dependence of photoconductivity of the vacuum deposited thin
film Au/IPB/AI were measured in the spectral range from 1.24eV to 4.27eV for
irradiation applying a xenon lamp. The irradiation of the sample was a through
bottom positive Au electrode. The intensity was of the order of 10'# phot/cm?s.
The value of the applied electric field was of the order of E=2 10*V/cm, where
the injection of charge carriers from electrodes did not accur (221,

Femtosecond time-resolved emission spectra and their kinetics were obtained
by the luminescence upconversion technique. The experimental set-up has
already been described (231 The femtosecond laser source was a Ti:sapphire laser
(Coherent MIRA 900) pumped by a 8W cw Art laser (Coherent INNOVA 310).
The samples were excited at 3.15eV by the second harmonic of the Ti:sapphire
laser radiation. After passage through a delay-line, the residual fundamental radi-
ation was focused into a 0.2mm BBO upconversion crystal, thus serving as the
gating pulse for sum-frequency generation. The luminescence was collected with
a parabolic mirror and focused into the upconversion crystal together with the
gating pulse. The upconverted UV-light was focused onto the entrance slit of a
monochromator (Jobin-Yvon HR250) and the spectrally selected upconversion
light was detected by a photomultiplier connected to a lock-in photon-counter.
Time resolved luminescence spectra were recorded directly by simultaneously
changing the monochromator wavelength, rotating the upconversion crystal and
changing the delay line position in order to compensate for the group velocity
dispersion. The luminescence kinetics was measured by changing only the delay
line position.

The luminescence kinetics on a longer time scale were measured with a
time-correlated single-photon counting system. The excitation light source was
the second harmonic of a dye laser pumped by a mode-locked and fre-
quency-doubled Nd**: YAG laser. The luminescence was detected by a
micro-channel plate photomultiplier (Hamamatsu R1564U) using time correlated
single photon counting. The FWHM of the instrumental response function was
about 60ps, and the excitation photon energy was 4.22eV.

The picosecond transient absorption study was performed by using a
pump-probe spectrometer based on a homemade low repetition rate Nd:Glass
laser delivering pulses of 2ps duration. Second (2.33eV) and third (3.50eV) har-
monics of the fundamental light were used for excitation, and a white light con-
tinuum was generated in a water cell to probe samples. The continuum light was
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split into two parts which passed through the sample at different positions, one
overlapping with the excitation pulse, the second a few mm beside, serving as
the reference. Both pulses were focused onto the monochromator entrance slit
and their energies at selected wavelengths were measured using photodiodes
positioned behind the exit slit. Transient absorption kinetics at a selected wave-
length were measured by changing the delay time between the excitation and
probe pulses. Transient absorption spectra at a fixed delay time were recorded by
changing the monochromator wavelength and simultaneously changing the delay
line in order to compensate for the group velocity dispersion.

lll. EXCITED STATE DYNAMICS OF IPB MOLECULES IN SOLUTIONS

Steady-state absorption and luminescence spectra of IPB in ethanol are shown in
Figure 2. Steady-state spectral properties of IPB in solvents of various polarities
were studied in Ref. 2%, Analysis of the spectra and the quantum chemical cal-
culations 23 have shown that the broad lowest energy electronic absorption
band at 2.9-3.3eV is due to two transitions to different excited states of roughly
similar energy. The main absorption band should be related to the intramolecular
electron transfer from the indandione anion to the pyridinium cation reducing the
dipole moment of the molecule (241 This is in agreement with a blueshift of the
absorption band of molecules in polar solvents. Hidden under this main absorp-
tion band is a weaker absorption band which is due to excitation of the indandi-
one fragment of the IPB molecule (24251 'IPB molecules in solutions show a very
weak, broad, luminescence band, which is strongly Stokes-shifted (AE = 1.06eV
for IPB in ethanol). Excited state dynamics were monitored by time resolved
luminescence spectroscopy. The time-resolved luminescence spectra of IPB in
ethanol are presented in Figure 3. Here the high energy band at 2.78eV is caused
by the Raman scattering of the excitation light in ethanol (CH5 vibrations) thus,
it is observable only in the presence of the pump pulse. The low energy band is
due to the luminescence of the IPB molecules. In order to characterize the spec-
tral dynamics of the luminescence, each time-resolved spectrum was fitted by
two Gaussian bands, as shown in Figure 3. The energy position and the width of
the Raman band as well as the width of the luminescence band were kept con-
stant. This procedure reveals the time dependencies of the integral intensity and
of the luminescence peak position. It is evident (Figure 4a) that during the first
hundreds of fs after photoexcitation, a rapid shift of the luminescence maximum
from 2.65eV at zero delay to 2.25eV occurs, followed by a slower shift on the
picosecond time scale. It is worthwhile to note that the luminescence band has
not yet attained the steady-state value, 2.145eV, after 8ps. Concurrently a rapid
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evolution in time of the integral luminescence intensity is observed: a rapid
decay during the first hundred of fs is followed by a considerably slower relaxa-
tion process occurring on the picosecond time scale (Figure 4b). Figure 4c
depicts the anisotropy decay of the luminescence obtained by measuring perpen-
dicular and parallel polarized components of radiation at 2.58 eV photon energy.
The luminescence anisotropy has the maximum value (0.4) at zero delay time
and decays with the time constant of 0.6ps that is close to the characteristic red-
shift time of the luminescence. Qualitatively similar spectral dynamics were also
obtained in dimethylsulfoxide solution (not shown).

) l L l Ll l v l L] l L4 '

06 eV IPB/EtOH

absorbance, arb. units

luminescence intensity, arb. units

l L l A I 'y J

16 20 24 28 32 36 40

photon energy, eV

FIGURE 2 Steady-state absorption and luminescence spectra of the IPB solution in ethanol

Excitation relaxation studies of IPB in alcohols, dimethylsulfoxide, benzoni-
trile, toluene and benzene were also carried out by means of picosecond transient
absorption spectroscopy. The transient absorption spectra of IPB in ethanol
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IPB/EtOH

luminescence intensity, arb.units

20 22 24 26 28 30 32
photon energy, eV

FIGURE 3 Time-resolved luminescence spectra of the IPB solution in ethanol. Lines display two
Gaussian band fitting results

measured at various delay times after excitation at 3.5eV are shown in Figure 5.
The broad band of the excited state absorption with a maximum at about 2.53eV
dominates in the transient absorption spectrum at zero delay and blueshifts
slightly in time. It is interesting that only induced absorption is observed in a
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spectral region of luminescence where the stimulated emission is expected. How-
ever, no indication of stimulated emission was observed. The transient absorp-
tion spectra of [PB in other solvents and in a PVB matrix are qualitatively similar
(not shown). The time evolution of the transient absorption shows a short decay
component of a few tens of ps, which is observed for all solvents, and a
long-lived component of approximately 1ns, which is observed only in nonpolar
solvents. The femtosecond process observed in the time-evolution of the lumi-
nescence spectrum is evidently too fast to be observed in transient absorption
measurements. No distinct correlation between the relaxation rate and the solvent
polarity was obtained. On the other hand, important changes in the excited state
absorption decay were obtained by changing the solvent viscosity. The transient
absorption evolution in time of IPB in various alcohols is shown in Figure 6.
Relaxation times in alcohols increase with the viscosity, i.e. in methanol the
induced absorption is characterized by 40ps decay time, while in decanol this
decay time is about 140ps (see the insert in Figure 6). The induced absorption
relaxation slows down to 200ps in the rigid PVB matrix. A solvent viscosity
dependence of the relaxation rates implies that some solvent viscosity-controlled
conformational reaction might be responsible for the excited state relaxation.
Such a photoreaction leads to the ultrafast nonradiative excited state relaxation,
which is often observed in organic charge transfer molecules. Usually it might be
rationalized in terms of a twisted intramolecular charge-transfer reaction [26-281,
For the majority of simple organic molecules, containing electron donating and
accepting parts, the charge separation is more favourable in the twisted confor-
mation, where the two moieties involved in the charge transfer are orbitally
decoupled, i.e. they are positioned in the nearly perpendicular planes. Our quan-
tum chemical calculations indicate that such a process is possible for the IPB
molecule as well. The IPB molecule in the excited state has a free energy mini-
mum in a twisted configuration. Thus, the excited state twisting should lead to a
decrease in the lowest transition energy (from 2.7 to 1.5eV) and in the relevant
oscillator strength (from 0.55 to 0), what is in qualitative accordance with the
observed luminescence dynamics (the details of the calculations will be pub-
lished elsewhere). With this model in mind, it is tempting to attribute the fast
relaxation component of less than 0.6ps, as obtained from the time-resolved
luminescence experiment, to the twisting reaction. The slower relaxation compo-
nent, of tens to hundreds of ps, observed both in the luminescence and in the
excited state absorption decay may be attributed to the nonradiative decay from
the twisted molecular configuration to the electronic ground state.

However, there are several arguments against the twisting model. First of all, a
luminescence evolution with a characteristic time less than 0.6ps is too fast for
the rotation of the large molecule fragment. Secondly, the viscosity dependence
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FIGURE 4 Time dependences of the luminescence peak energy position (a), luminescence and
Raman signal intensity, solid and open points, respectively (b), and the anisotropy of the lumines-
cence obtained at 2.58 eV photon energy (c) measured for IPB solution in ethanot

of the relaxation rate is relatively weak. In particular, the relaxation rate slows
down too little in PVB matrix, where the large conformational changes should be
strongly suppressed. Moreover, according to this model the observed large value
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of the Stokes-shift (about 1.0eV) for the luminescence of IPB in a PVB matrix,
should be attributed to the twisted conformation, that hardly can be reached in a
rigid matrix.

004 T T 4 T T T

IPB/EtOH .

0.03

0.02

0.01

absorbance change

0.00

optical density and luminescence int., arb. units

2.0 25 3.0 3.5
photon energy, eV

FIGURE S Transient difference absorption spectra measured at various delay times (0 ps, 50 ps and
110 ps) after excitation of the IPB solution in ethanol. The steady-state absorption and luminescence
spectra are shown as a reference

Fast luminescence decay, much faster than the transient absorption relaxation,
luminescence depolarization and the absence of the stimulated emission in the
transient absorption indicate that the relaxation from the Franck-Condon excited
state to another electronic state characterized by a lower value and differently
oriented transition dipole moment takes place on the femtosecond time scale. As
was pointed out above, an earlier study of the absorption spectrum of IPB indi-
cates that another weak absorption band corresponding to the excitation of the
indandione fragment of the molecule is present under the strong absorption to the
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FIGURE 6 Transient absorption evolution in time of IPB in methanol, ethanol and decanol. The
insert shows dependences of the relaxation times on the solvent viscosity in various alcohols

Franck-Condon charge transfer state 1241 Thus, the observed rapid red-shift, the
decrease in the intensity and the depolarization of the luminescence occurring on
the subpicosecond time scale, might be attributed to the energy transfer from the
higher energy charge transfer state to the lower energy excited state localized on
the indandione fragment state.

An alternative origin of the low energy excited state may be related with the
proton transfer. A proton transfer from the pyridinium ring to the oxygen atom of
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the indandione moiety can probably occur in the excited state. Ultrafast proton
transfer taking place on a femtosecond time scale has been observed in a number
of simple organic molecules (29-31 " Purther nonradiative relaxation to the
ground state takes place on a time scale of tens of ps. Fast relaxation might be
caused by the vibrational flexibility of the molecule. Such flexibility could prob-
ably also produce the observed viscosity dependence of the relaxation rate due to
the solvent damping of the vibrational motion. Intramolecular twisting is very
probably also involved in the relaxation process, which might explain the occur-
rence of the slow relaxation component observed for IPB in nonpolar solvents.

IV. EXCITATION DYNAMICS OF IPB FILMS AND A CRYSTAL

Steady-state absorption and luminescence spectra of IPB films and crystals were
reported in Ref. 1121 Owing to the excitonic interaction, absorption bands of IPB
solids are broadened and split into several overlapping Davydov components.
Since the crystal of o-modification has four molecules in a unit cell (see
Figure 1), up to four absorption components can be expected. Steady-state
absorption and luminescence spectra of IPB films of various thickness (0.1um,
0.5um and 1.55pm) deposited in vacuum and of the crystal of a-modification are
shown in Figure 7. Because of the high optical density of the crystal, it was only
possible to measure the absorption spectrum in the low energy wing. The main
absorption band of a thin IPB film 1s located at about 3.27eV and is blueshifted
with respect to the molecular absorption of IPB in a nonpolar solvent, which is in
line with the dependence of the charge transfer transition energy on the polarity
of the environment. An increase in the film thickness results in a broadening and
a redshift of the absorption band. A weak absorption shoulder might be resolved
below the main absorption bands in the spectral region around 2.4eV and
towards lower energies.

The luminescence efficiency is very weak for the IPB films (quantum yield
<107). The luminescence band is broad and strongly Stokes-shifted (AE =1.02
eV) with the maximum at about 2.25eV. The luminescence efficiency increases
with the film thickness. The luminescence band of the crystal is even more red-
shifted with the maximum at about 2.12eV, which is very close to the lumines-
cence band of the molecule in solutions. The excited state properties of the IPB
solids are sensitive to the excitation photon energy. Figure 8 displays lumines-
cence spectra of IPB crystal obtained for 3.5¢V and 2.33eV excitation photon
energies. It is evident that, although the luminescence bandshape is similar, the
excitation in the low energy wing of the absorption of IPB solids enhances the
efficiency of the luminescence dramatically (more than 100 times). The linear
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FIGURE 7 Steady-state luminescence (a) and absorption (b) spectra of 1PB films of different thick-
ness (solid lines), crystal (dotted lines) and IPB solution in ethanol (dashed lines). Points represent
the spectral dependence of photocurrent measured for the Au/IPB/AI film



Downloaded by [University of California, San Diego] at 02:55 16 August 2012

EXCITATION DYNAMICS IN PYRIDINIUM BETAINE 119

) ' v

2

=

c .

S

o

o |

: 952

< [ 10

-GE) gf"“ 10° 10° 10°
o [ e } J-1{ A VE
3

o & “ ]
D )

£ ® )
=

=

—o—hv=2.33eV 4 x100
[

1.8

—e—hv=3.50 eV
I

L A

¥,

2.0

2.2

2.4

2.6

photon energy, eV

FIGURE 8 Luminescence spectra of the IPB crystal obtained for 3.5 eV and 2.33 eV excitation pho-
ton energy. The insert displays dependences of the luminescence intensity on the corresponding exci-
tation intensity

dependence of the luminescence efficiency on the pump intensity for both
2.33eV and 3.50eV excitation quanta (see the insert in Figure 8) indicates that in
both cases the excited states are created directly by a one photon absorption proc-
ess, and a linear recombination is the dominant path. It should be noted that no
significant luminescence was observed by excitation at 2.33eV of the IPB mole-
cules in solutions and in a polymer matrix. Thus, the origin of the luminescence
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of the IPB molecules in solutions and in the solids is evidently different. The low
lying excited state involved in the red-shifted absorption band (below 2.4eV)
mentioned above is presumable responsible for the luminescence observed in the
IPB solids. The mean lifetime of the luminescence decay in the IPB film and the
crystal slows down to 470ps as is shown in Figure 9. It is almost the same for the
film and the crystal and is independent of the monitoring photon energy. This is
an indication of an intrinsic nonradiative recombination.
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FIGURE 9 Luminescence decays of the IPB vacuum deposited film at 2.3 eV and the a-crystal at 2.3
eV, 2.0 eV and 2.43 eV photon energies. Dotted line shows a response function

The transient absorption spectral dependence reveals significant differences in
the excited states of the IPB molecules and solids as well. Owing to the high
optical density of the crystal it was impossible to measure induced absorption by
excitation at 3.5¢V. However, the crystal shows significant changes in the
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absorption spectrum by excitation on the absorption edge at 2.33eV, i.e. below
the main absorption bands. The transient difference absorption spectra obtained
at various delay times for the IPB crystal are presented in Figure 10. It should be
noted that the transient absorption spectra of the IPB solids are completely difter-
ent from those obtained in solution (cf. Figure 5). They show an induced excited
state absorption in the red spectral region and a stimulated emission in the blue
region, which coincides with the steady state luminescence spectra of the crystal.
No substantial dynamics of the spectral shape is observed, only a decay of the
entire spectrum, which takes place on the picosecond time scale with an average
time constant of 280ps (see insert in Figure 10). Since the observed stimulated
emission spectrum and its decay are similar to the luminescence of the crystal,
one might again assume that the low-lying states situated at about 2.4eV, placing
them below excited state reached in the main absorption band, are responsible for
the luminescence.
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FIGURE 10 Transient difference absorption spectra of the IPB a-crystal measured at various delay
times (0 ps, 100 ps and 300 ps) after excitation. The steady state absorption and luminescence specira
are shown as a reference. The insert depicts decay of the induced absorption signal at 2.07 eV
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These low-lying states may be related to the charge separation and the genera-
tion of free carriers, since the spectral dependence of photocurrent observed in a
Au/IPB/AL film shows a strong peak in the 2.55eV spectral region (see Figure 7).
Such states may be the intermolecular charge transfer (CT) exciton states or
some donor-acceptor CT complexes, which are very likely to appear in a stacked
IPB crystal structure formed by polar molecular fragments (see Figure 1) (30,311
The CT origin of these low-lying states is in line with observed quenching of the
crystal luminescence by applying an electric field (2l

The photocurrent is significantly reduced in the spectral region 2.9-3.5eV,
which is attributed to the formation of Frenkel exciton states. Because of the low
optical density of the thin films of polycrystalline IPB, a measurable transient
absorption signal can be obtained by excitation at 3.50eV (Figure 11). The spec-
trum of the induced absorption is very similar to the induced absorption spectra
obtained for IPB molecules in solution. Owing to the excitonic interaction in the
IPB film, the spectrum is slightly redshifted compared to that obtained in solu-
tion. The decay of the transient absorption signal is highly nonexponential. It has
an efficient fast component (<30ps) and a slow one on the nanosecond time scale
(see the insert in Figure 1), Thus, in accordance with the luminescence meas-
urements, the excitation of IPB solids into Frenkel-like excitonic states (excita-
tion at 3.5eV) leads to an enhanced nonradiative excited state relaxation. Since
the spectral and the dynamic behavior of the transient absorption signal is similar
for IPB solutions and films, one might assume that the nonradiative process
responsible for the Frenkel exciton deactivation is determined by a intramolecu-
lar charge redistribution similar to that observed for IPB in solution. On the other
hand, the direct excitation of the intermolecular CT states (excitation at 2.33eV)
produces evidently a different charge redistribution between two IPB molecuies
leading to a relatively slow excitation relaxation. To get a more detailed energy
scheme of the excitonic states, a careful analysis of the luminescence dynamics
on the excitation photon energy is needed. This will be one of our future objec-
tives on the studies of the excitons in the IPB crystals.

V. SUMMARY

We have investigated the excitation dynamics of Indandione-1,3 Pyridinium
Betaine (IPB) intramolecular charge transfer molecules in various environments,
— solution, films and crystals — using time-resolved luminescence and transient
absorption measurements. A rapid nonradiative excited state relaxation is
detected for IPB in solution. The observed spectral behaviors were attributed to a
S, = §; excitation relaxation from the initially created intramolecular charge
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FIGURE 11 Transient difference absorption spectrum of the IPB film deposited in vacuum recorded
at 0 ps delay. The insert depicts decay of the induced absorption signal at 2.3 eV

transfer state to a lower lying excited state of the indandione moiety. This elec-
tronic relaxation, takes place on the subpicosecond time scale. The first fast
relaxation stage is followed by a slower one, corresponding to a relaxation to the
ground state with a rate depending on the viscosity of the environment. In sol-
vents, the average relaxation rate was in the range from 40ps to 150ps, and the
excited state relaxation slowed down to 200ps in a polymer matrix.

The IPB molecules arranged in a regular crystal form also show a rapid nonra-
diative excitation relaxation with an average time constant of 500ps. The inter-
molecular charge transfer exciton states lying below the upper state involved in
the main absorption bands (at about 2.4eV) are supposed to be responsible for
the observed excitation dynamics. The resonance excitation of the CT states
increases luminescence efficiency more than 100 times, indicating that the higher
lying Frenkel exciton states are involved in the rapid nonradiative relaxation. The
long-lived CT exciton states are probably responsible for the efficient photocon-
ductivity in the IPB films and crystals. '



Downloaded by [University of California, San Diego] at 02:55 16 August 2012

124

S. JURSENAS er al.

Acknowledgements

We are thankful to E.A. Silinsh for providing us the samples and fruitful collabo-
ration. We acknowledge S. Marguet for her invaluable help in the measurements
of luminescence kinetics. This research was partially supported by CEA-CIES
(France) and the Lithuanian State Foundation of Science and Studies.

References

H

2
(3

)
(5)
(6)
7

(8)
C))

(10)
(D

(12)
(13)

(14)
(15)
(16)
a7
(18)
(19)

(20
20

(22)
(23)

(24)

(25)
(26)
@n
(28)
(29)
(30

(31

Q. Tan, D. Kuciauskas, D. Gust, S. Lin, S. Stone, A.L. Moore: T.A. Moore,. D. Gust, J. Phys.
Chem. b 101, 5214 (1997).

N.V. Tkachenko, A.Y. Tauber H. Lemmetyinen, J. Phys. Chem. a 103, 3657 (1999).

Nonlinear Optical Properties of Organic Molecules and Crystals (Academic Press, Inc.,
Orlando et al., 1987), ed. D.S. Chemla, J. Zyss, vol. L.

S. Bauer, J. Appl. Phys. 80, 5531 (1996).

E.A. Silinsh, Organic molecular Crystals: Their Elecronic States (Springer, Heidelberg, 1980).
M.A. Rutkis, L.E. Gerca, E.A. Silinsh, O.Y. Neilands, M.P. Rose, E.L. Berzinsh, A.B. Klim-
kans, S. Larsson, Adv. Mat. Opt. Electron. 2, 319 (1993).

L. Valkunas, D. Juodzbalis, A. Urbas, A. Gruodis, A. Durandin, E.A. Silinsh, A. Klimkans, S.
Larssons, Adv. Mater. Opt. Electron. 3,221 (1993).

A. Piryatinski, R.T. Deck, Chem. Phys Lett. 269 156 (1997).

E.A. Silinsh, M.V. Kurik, V. Capek, Electronic Processes in Organic Molecular Crystals.
Localization and Polarization Phenomena (Zinatne, Riga, 1988) (in Russian).

V.E. Kampars, Z.P. Bruvers, O.Y. Neilands, Khim. Gereroc. Soed. 8, 658 (1991) (in Russian).
V.E. Kampars, J.J. Kacens, 1.B. Mazeika, O.Y. Neilands, Izv. AN Latv. SSR, Ser. Khim. §, 541
(1979) (in Russian).

A.D. Durandin, {zv. AN Latv. SSR, Ser. Fiz. Tekh. Nauk 4, 54 (1984) (in Russian).

S. Jursenas, V. Kovalevskij, A. Gruodis, G. Kodis, L. Valkunas, I. Muzikante, E.A. Silinsh,
Lith. J. Phys. 37, 567 (1997).

A H. Matsui, Pure & Appl. Chem. 67, 429 (1995).

J. Eiduss, A. Durandin, A. Gailis, I. Muzikante, L. Taure, Mater. Sci. 14, 25 (1988).

A.K. Gailis, A.D. Durandin, E.A. Silinsh, Izv. AN Latv. SSR, Ser. Fiz. Tekh. Nauk 1, 21 (1989)
(in Russian).

M.A. Rutkis, S.E. Lindquist. E. Wistus, M. Almgren, A.B. Klimkans, S. Larsson, E.A. Silinsh,
Adv. Mater. Opt. Electron. 4,27 (1994).

M.A. Rutkis, E. Wistus, S.E. Lindquist, E. Mukhtar, G. Liberts, V.A. Zauls, A.B. Klimkans,
E.A. Silinsh, Adv. Mater. Opt. Electron. 6, 12 (1996).

S.B. Aleksandrov, G.F. Meiyere, S.P. Yurel, Organic Semiconductor Materials, (Perm univer-
sity, Perm, 3rd ed., Chap. 1, 1980) (in Russian).

S.K. Apinitis, O.Ya. Nejland, Izv. AN LSSR Khim. Seriya 1, 39 (1975) (in Russian).

V.F. Kaminskij, R.P. Shibaeva, O. Ya. Nejland, Zh. Strukturnoj Khim. 17, 902 (1976) (in Rus-
sian).

I. Muzikante, E.A. Silinsh, L. Taure, O. Neilands, Latvian J. Phys. Techn. Sci. 4, 10 (1998).

T. Gustavsson, L. Cassara, V. Gulbinas, G. Gurzadyan, J.-C. Mialocq, S. Pommeret, M. Sor-
gius, P. van der Meulen, J. Phys. Chem. a 102, 4229 (1998).

D.R. Balode, Ya.l. Vercimakha, M.P. Gorishnyj, M.B. Kurik, O. Ya. Nejland, Eh.A. Silin’sh,
L.E. Taure, Izvestiva AN Lat. SSR 4, 8 (1977) (in Russian).

O. Neilands, Izvestiyva AN Lar. SSR Khim. Seriya 1,91 (1971) (in Russian).

K. Rotkiewich, K.H. Grellmann, Z.R.Grabowski, Chem. Phys. Lert. 19, 315 (1973).

Z.R. Grabowski, J. Dobkowski, Pure Appl. Chem. 55, 245 (1983).

W. Rettig, in Topics of Current Chemistry (Springer Verlag, Berlin, 1994), pp. 254-299.

Y.R. Kim, I.T. Yardley, R.M. Hochstrasser, Chem. Phys. 136, 311 (1989).

C. Chudoba, S. Lutgen, T. Jentzsch, E. Riedle, M. Woerner, T. Elsaesser, Chem. Phys. Letl.
240, 35 (1995).

A.H. Zewail, Femtochemistry-Ultrafast Dynamics of the Chemical Bond (World Scientific,
Singapore, Vol. 1,2, 1994).



Downloaded by [University of California, San Diego] at 02:55 16 August 2012

EXCITATION DYNAMICS IN PYRIDINIUM BETAINE 125

(32) V. Bulovic, PE. Burrows, S.R. Forrest, J.A. Cronin, M.E. Thompson, Chem. Phys. 210, |
(1996).

(33) 8. Jursenas, A. Gruodis, G. Kodis, V. Gulbinas, E.A. Silinsh, L. Valkunas, J. Phys. Chem. b
102, 1086 (1998).





