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a b s t r a c t

The fluorescence properties of ion pair charge transfer (IPCT) complex with bithiophene group were
studied by steady-state and time-resolved measurements in various solvents. The photophysical proper-
ties of 5,5′-di(4-pyridyl)-2,2′-bithiophene (DPBT) were identical to the unsubstituted bithiophene except
for the peak wavelength. The absorption of polymeric 5,5′-di(4-pyridiniumyl)-2,2′-bithiophene (PBT2+)
salts showed both the locally excited state (LE) and intramolecular charge transfer (ICT) bands in all
eywords:
on pair charge transfer complex
bsorption and fluorescence spectra

CT fluorescence
ithiophene

solvents studied. In less-polar solvents such as cyclohexane and toluene, absorption spectra showed an
IPCT band in addition to the LE and ICT bands. The fluorescence spectra of polymeric PBT2+ salts showed
dual emission which originated from the LE and ICT states in polar solvents. The ICT fluorescence lifetime
strongly depends on the solvent polarity. The fluorescence from the PBT2+ salts was effectively quenched
by their counter ion in less-polar solvent. These results indicate that the counter halide anion affects on

on pr
luorescence lifetime
ounter anion effect

the excited-state relaxati

. Introduction

Thiophenes have remarkable optical and electrochemical
roperties in �-conjugated polymers. Polythiophenes and olig-
thiophenes have been extensively studied not only in materials
hemistry such as organic light emitting diodes [1], field effect
ransistor [2], and photovoltaic cells [3], and non-linear optics
nd chemical sensor devices [4], but also the fundamental chem-
stry, photochemistry and electrochemistry. Therefore it is essential
o study the ground- and excited-state properties of thiophene
erivatives by steady-state spectroscopy and time-resolved mea-
urements. Lap et al. reported femtosecond transient absorption
pectroscopy of oligothiophene in solutions [5,6]. Picosecond flu-
rescence spectroscopy was reported by several groups [7–9]. The
ligothiophene has lower two (��*) states, their energy states
epend on the number of the thiophene rings [7]. The fluorescence

ifetime and fluorescence quantum yield increased with ring num-

er, which is mainly caused by the decrease of nonradiative decay
8]. The changes of electronic state affect the excited-state dynam-
cs and electronic properties, which control the charge transport
nd optical processes in polythiophenes.
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The �-conjugated molecular systems are also important to
all-optical information processing based on the organic materi-
als because the optical telecommunication wavelength locates
in the near-infrared (NIR) region. We have been studying the
ion pair charge transfer (IPCT) complexes based of bipyridinium
derivatives to achieve such purposes [10]. Incorporation of con-
jugated chromophores between two pyridinium units has been
designed and synthesized based on concepts that �-conjugation
throughout three or four chromophores upon one-electron reduc-
tion is effective to achieve a wide range absorption extending
from visible to the NIR region. The expanded �-electron IPCT
complexes with fluorene chromophore between two pyridinium
units showed ultra fast transient absorption change in the NIR
wavelength region, which originates from transitory expansion
of a �-electronic system by photoinduced electron transfer and
reverse reactions between redox-active ion pairs within ps time
region [11]. In addition the IPCT complexes show CT fluores-
cence which is attributed to transitions between the ion pairs
making CT interactions [12]. We also reported the first exam-
ple of fluorescence from IPCT complexes of 4,4′-bipyridinium and
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate ion in organic solu-
tion [13]. The IPCT fluorescence properties strongly depend on
the environmental conditions: phase, solvent, temperature and

counter ion.

Recently we designed and synthesized polymeric 5,5′-di(4-
pyridiniumyl)-2,2′-bithiophene (PBT2+) salts as shown in Fig. 1.
The extended viologen using thiophene units were reported pre-
viously [14–16]. These papers however mainly discussed on the

http://www.sciencedirect.com/science/journal/10106030
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Fig. 1. Molecular structures of DPBT and polymeric BT salt.

hoto-electrochemical properties. In this paper we focus on the
uorescence properties of PBT2+2Br− and PBT2+2I−. The fluores-
ence properties of 5,5′-di(4-pyridyl)-2,2′-bithiophene (DPBT) was
lso investigated as a reference compound.

. Experimental

The DPBT, PBT2+2Br− and PBT2+2I− were synthesized as
eported in a separate paper [17]. All solvents (Dojin, Wako
nd Nacalai tesque) for the spectroscopic measurements were
f spectroscopic or luminasol grade and were used without fur-
her purification. UV–vis absorption spectra were measured by
itachi U-4100 spectrometer. Fluorescence spectra were recorded
y Hitachi F-4500 spectrophotometer. The concentrations of chro-
ophore units for DPBT, PBT2+2Br− and PBT2+2I− were less than
× 10−5 mol dm−3. The fluorescence quantum yields ˚f were
etermined by quinine bisulfate in 0.05 mol dm−3 sulphuric acid
s a standard (˚s = 0.546). The ˚f-values were estimated by the
ollowing relation:

f = ˚s
Ff

Fs

1 − 10−As

1 − 10−Af

n2
f

n2
s

(1)

here F is the corrected fluorescence peak area, A the absorbance
t the excitation wavelength, n the refractive index of the solvent
sed, ˚ the fluorescence quantum yield and subscripts ‘f’ and ‘s’
re the sample and the standard, respectively. Fluorescence life-
imes were measured by a single photon counting method using
streakscope (Hamamatsu Photonics, C4334-01) [18]. The sample

olutions were excited with SHG of a Ti:sapphire laser (Spectra-
hysics, Tsunami, fwhm: 1.5 ps) equipped with a pulse selector and
harmonic generator. All experiments were carried out at room

emperature.

. Results and discussion

.1. Absorption and fluorescence spectra of DPBT

Fig. 2 shows the UV–vis absorption and fluorescence spectra
f DPBT in DMF solution. DPBT has an absorption band peaked
t � = 385 nm and weak shoulder at � = 410 nm in toluene solu-
ion, which is identical to the previous report [14]. The molar
bsorption coefficient of DPBT in DMF solution is 32,190 M−1 cm−1

t 385 nm, which means this band can be assigned to �–�*
ransition. The absorption peak shifts to red compared with unsub-
tituted bithiophene [7,19]. The fluorescence spectrum of DPBT
as a vibrational structure at � = 430 and 450 nm and shoul-
er at � = 490 nm, meaning that bithiophene rings of DPBT are

elatively planar and rigid, which was reported in the case of
erthiophenes [20]. The Stokes shift was 1350 cm−1 in toluene
olution, which was estimated from the wavenumber of shoulder
n the absorption band and first vibrational band of fluorescence
pectrum. The absorption and fluorescence spectra showed mir-
Fig. 2. Absorption and fluorescence spectra of DPBT in DMF solution. The fluores-
cence spectrum was excited at � = 365 nm.

ror image. It is suggested that the electronic structural change
scarcely occurred in the excited state. The fluorescence quantum
yield (˚f) of DPBT was estimated to be 0.1. The fluorescence life-
time (�) of DPBT was estimated to be � = 280 ps with a single
exponential function. The fluorescence rate constant (kf) is esti-
mated as 3.5 × 108 s−1 from kf = ˚f�. The intrinsic radiative lifetime
�0

f was calculated from the absorption spectra using the modified
Strickler–Berg relation [21]. The kf is estimated to be 2.97 × 108 s−1

from �0
f . The kf value from the fluorescence lifetime and quan-

tum yield is comparable to the calculated value. We measured
the absorption, fluorescence spectra and fluorescence lifetime of
DPBT in various solutions. No remarkable changes of absorption
and fluorescence spectra together with fluorescence lifetime were
observed. These findings indicate that DPBT has mainly �–�*
character rather than intramolecular charge transfer (ICT) charac-
ter.

3.2. Absorption spectra of polymeric PBT salts

We measured absorption spectra of the polymeric IPCT com-
plexes. Fig. 3 shows absorption spectra of PBT2+2Br− in various
solvents. The well-defined absorption band around � = 450 nm
was observed in addition to the absorption band of DPBT around
� = 380 nm. The absorption band around � = 380 nm can be assigned
to the LE band of the bithiophene moiety with �–�* char-
acter. The pyridine rings at both sides of bithiophene possess
electron accepting ability by the quarternization. The new absorp-
tion band is most likely due to ICT absorption band between
bithiophene as a donor and pyridinium part as an acceptor. This
assignment will be discussed later including the fluorescence
properties. Fig. 4 shows the absorption spectra of PBT2+2I− in
various solutions. The two absorption bands at � = 385 nm and
shoulder at � = 410 nm were observed in all solutions, which is
similar to the absorption character of PBT2+2Br−. The absorp-
tion spectra of PBT2+2Br− and PBT2+2I− in cyclohexane indicated
absorption tailing up to � = 700 nm, which are relatively weak as
compared with LE and ICT bands. Eigen and Fusso formulated
the association constant of ion pairs by electrostatic interac-
tion in a dielectric constant of solvent [22,23]. It is suggested
that the extent of ion pairing increases in less-polar solvents
and at low ionic strength. Thus PBT2+2Br− and PBT2+2I− were
dissolved most probably as contact ion pairs in cyclohexane.
These findings indicate that the absorption at longer wavelength

region can be assigned to ion pair charge transfer (IPCT) com-
plexes between the counter anions to PBT2+. The spectral shape
of PBT2+2I− in DMF solution is unclear in comparison with other
solutions.
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Fig. 3. Absorption spectra of PBT2+2Br− in various solvents.

Fig. 4. Absorption spectra of PBT2+2I− in various solvents.
Fig. 5. Fluorescence spectra of PBT2+2Br− in various solvents. The excitation wave-
length was 365 nm.

3.3. Fluorescence properties of polymeric PBT salts

Figs. 5 and 6 show fluorescence spectra of PBT2+2Br− and
PBT2+2I− in various solvents, respectively. The fluorescence spec-
tra of both PBT2+2Br− and PBT2+2I− in cyclohexane and toluene
shows two vibrational structures around � = 430 and 450 nm, which
are almost identical to the fluorescence of DPBT. The fluorescence
excitation spectra monitored at � = 500 nm fit to the absorption
spectra of the LE absorption with ��* character (� = 380 nm) as
described in a previous section. This band can be assigned to
the LE band of bithiophene. A new structureless emission band
around � = 530 nm built up with increasing the solvent polarity.
The fluorescence excitation spectra in polar solvents from THF to
acetonitrile agree with the absorption band around � = 450 nm cor-
responding to ICT absorption band. We attribute this emission band
to a species having pronounced ICT character. Thus the polymeric
PBT2+ has a potential minimum of the CT state both in the ground
and excited states. The IPCT absorption was observed in cyclohex-
ane and toluene solution. However the IPCT fluorescence was not
observed in such solution. In the case of IPCT with halide ions,
the IPCT fluorescence scarcely observed at room temperature [10].
These findings strongly supported that the polymeric PBT salts dis-
solved as contact ion pair in non-polar solvents.

To investigate the fluorescence dynamics of the polymeric PBT2+

salts, fluorescence decay profiles in different solvents were mea-
sured. The fluorescence decay around � < 430 nm shows single
exponential decay about 0.3 ns in less-polar solvent (cyclohexane
and toluene), which is similar to the LE fluorescence decay time

constant of DPBT as shown in Tables 1 and 2. Thus, the fluores-
cence decay time constants about 0.3 ns around � < 430 nm can be
assigned to the LE fluorescence lifetime. The fluorescence decay
profiles in polar solvent could not be separated between the LE
and ICT fluorescence because the ICT fluorescence is much stronger
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Fig. 6. Fluorescence spectra of PBT2+2I− in various solvents. The excitation wave-
length was 365 nm.

Table 1
Fluorescence properties of PBT2+2Br− in various solvents.

Solvent �fa �f
b Fluorescence lifetime

� < 430 nm � > 450 nm

� (ns) �1 (ns) �2 (ns) �avg (ns)

Cyclohexane −0.00131 0.062 0.31 0.16 0.98 0.30
Toluene 0.01314 0.070 0.28 0.32 1.42 0.58
THF 0.14816 0.103 0.36 2.36 1.82
DMF 0.16690 0.141 – 2.39 2.39
Ethanol 0.20959 0.172 – 2.23 2.23

t
w
b
s

T
F

Acetonitrile 0.30457 0.156 – 2.38 2.38

a Solvent parameter: �f(ε, n) = ((ε − 1)/(2ε + 1)) − ((n2 − 1)/(2n2 + 1)).
b Total fluorescence quantum yield both the LE and ICT fluorescence.
han the LE band in polar solvents and the ICT fluorescence tail
as overlapped at the LE band. Thus, the apparent LE fluorescence

ehavior cannot be observed by time-resolution of the present
ystem is about 300 ps. Fig. 7 shows the fluorescence decay pro-

able 2
luorescence properties of PBT2+2I− in various solvents.

Solvent �fa �f
b Fluorescence lifetime

� < 430 nm � > 450 nm

� (ns) �1 (ns) �2 (ns) �avg (ns)

Cyclohexane −0.00131 0.045 0.31 0.15 0.98 0.26
Toluene 0.01314 0.048 0.33 0.25 1.44 0.48
THF 0.14816 0.092 0.45 2.32 1.59
DMF 0.16690 0.162 – 2.16 2.16
Ethanol 0.20959 0.194 – 2.18 2.18
Acetonitrile 0.30457 0.185 – 2.19 2.19

a Solvent parameter: �f(ε, n) = ((ε − 1)/(2ε + 1)) − ((n2 − 1)/(2n2 + 1)).
b Total fluorescence quantum yield both the LE and ICT fluorescence.
Fig. 7. Fluorescence decay profiles of PBT2+2Br− (a) and PBT2+2I− (b) in various sol-
vents excited at � = 420 nm laser pulse monitored at � > 500 nm. Solid lines indicate
the fitting curves based on the exponential function.

files of PBT2+2Br− and PBT2+2I− excited at � = 420 nm laser pulse
and monitored at � > 500 nm. It is clearly shown that the decay
is single exponential in polar solvents, but it becomes faster and
non-single exponential in less-polar solvents. Tables 1 and 2 sum-
marized the fluorescence lifetime (�) of PBT2+2Br− and PBT2+2I−.
In the case of a double-exponential decay, the averaged fluores-
cence lifetime (�avg) was calculated by �avg = (A1�1 + A2�2)/(A1 + A2),
where A1 and A2 are pre-exponential factors. In less-polar solvent
such as cyclohexane and toluene, the fluorescence decays show
two components, which reproduced as double-exponential func-
tion. These faster and slower components probably assigned to
the tail of the LE fluorescence and ICT fluorescence quenched by
their counter ion, respectively. In polar solvents the fluorescence
intensity shows very fast rise and decays with a single exponen-
tial function. It is difficult to determine the rise time constant by
our experimental setup. These findings indicate that the ICT state
is rapidly generated from the LE excited state in polar solvents.
In THF having an intermediate-polarity, the fluorescence decay
slightly indicates double-exponential decay with a very fast rise
component. The fluorescence lifetime of PBT2+2Br− and PBT2+2I−

was increased about eight times when the solvent changes from
cyclohexane to acetonitrile as represented in Tables 1 and 2, respec-
tively. The fluorescence dynamics strongly depends on the solvent
polarity. In less-polar solvent, the fluorescence from the PBT2+ salts
was effectively quenched by their counter ions. Both PBT2+Br−

and PBT2+I− most probably exist as contact ion pairs in non-
polar solvents judged from the absorption spectra. Therefore the
excited state of PBT2+ is strongly affected by their counter ion. It
cannot be neglected the contribution of ICT fluorescence quench-
ing by the counter ion. These results are distinct from the usual
CT fluorescence [24]. Beaumont and Davis [25] studied the flu-
orescence quenching of N-methylacridinium ion by a range of
counter ions. The quenching efficiency depended on the nature of
anions and on solvents. The quenching constant was higher both in

less-polar solvents and for those anions with positive redox poten-
tials. In addition, association constants for IPCT complex formation
were generally much smaller than the quenching constant which
increased with solvent fluidity. From these results it was indicated
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hat the quenching occurred by three distinct mechanisms, static
uenching due to IPCT complex formation, further complex for-
ation in the excited state, and collisional quenching [25]. These

ndings imply decreasing of the fluorescence lifetime and quan-
um yield of polymeric PBT2+ salts in less-polar solvents. Significant
ifference of fluorescence properties was not observed between
BT2+2Br− and PBT2+2I−.

On the other hand, it is well known that thiocyanate and halide
ons are effective fluorescence quenchers of aromatic molecules
26–29]. The quenching efficiency increases with increasing oxi-
ation potential of the anion. Although the electron transfer from
romatic anion to fluorophore is responsible for quenching, the for-
ation of aromatic radical anion is usually not observed. Watkins

t al. [26–28] proposed that the anion enhances the intersys-
em crossing rate of the fluorophore owing to a perturbation of
ts lowest energy excited state by excited CT state. Shizuka et
l. [30] have examined the effect of quenchers on triplet–triplet
bsorption spectrum of some aromatic molecules and have deter-
ined the rate constants for anion-induced intersystem crossing.

he anion-induced intersystem crossing rate constant obeys the
eavy atom effects, although the fluorescence quenching increases
ith increasing oxidation potential of the anion. The electron

ransfer reaction between neutral fluorophore and anion is respon-
ible for the fluorescence quenching and that the resulting CT
omplex is effective. Recently Horiuchi and Hiratsuka reported
hat photodegradation processes from the triplet state of cyanine
yes (salts) in the film was induced by singlet molecular oxygen
31]. They suggested that the relative reactivity of carbocyanine
yes with the singlet molecular oxygen strongly depended on the
ounterion which induced the heavy atom effects. These findings
ummarized that the lifetime of the excited singlet state is influ-
nced by both electron transfer and the external heavy atom effects.
t is compatible with the electron transfer quenching and the heavy
tom effects at PBT2+ salts, the effects are indistinguishable. It is
ound that the halide ions affect on the fluorescence lifetime of the
BT2+ salts in less-polar media, which exist as contact ion pair. It
ill be necessary to measure and to estimate the quantum yield of

ntersystem crossing in the PBT2+ salts for further discussion.

. Conclusion

The absorption and fluorescence properties of DPBT and poly-
2+ 2+ − 2+ −
eric PBT salts (PBT 2Br and PBT 2I ) were studied. The

bsorption and fluorescence properties of DPBT were identical
o that of bithiophene. The absorption of polymeric PBT2+ salts
howed the LE and ICT band in all solvents. In less-polar solvents
uch as cyclohexane and toluene absorption spectra further indi-

[
[
[
[
[
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cated the IPCT band. The fluorescence spectra of polymeric PBT2+

showed the dual emission originated from the LE and ICT state in
polar solvents. The counter halide anion affects on the excited-state
relaxation process in the non- or less-polar solvents.
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