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A combined theoretical and experimental study of the structure, optical, and photophysical properties of four
2,7-carbazolenevinylene-based derivatives in solution is presented. Geometry optimizations of the ground
states of PCP, PCP-CN, TCT, and TCT-CN were carried out using the density functional theory (DFT/
B3LYP/6-31G*). It is found that PCP and TCT are nearly planar in their ground electronic states (S0), whereas
the cyano derivatives are more twisted. The nature and the energy of the first singlet-singlet electronic
transitions have been obtained from time-dependent density functional theory (TDDFT) calculations performed
on the optimized geometries. For all the compounds, excitation to the S1 state corresponds mainly to the
promotion of one electron from the highest-occupied molecular orbital to the lowest-unoccupied molecular
orbital, and the S1 r S0 electronic transition is strongly allowed and polarized along the long axis of the
molecular frame. The optimization (relaxation) of the first singlet excited electronic state (S1) has been done
using the restricted configuration interaction (singles) (RCIS/6-31G*) approach. It is observed that all four
investigated compounds become more planar in their S1 relaxed excited state. Electronic transition energies
from the relaxed excited states have been obtained from TDDFT calculations performed on the S1-optimized
geometries. The absorption and fluorescence spectra of the carbazolenevinylenes have been recorded in
chloroform. A good agreement is obtained between TDDFT vertical transitions energies and the (0,0) absorption
and fluorescence bands. The change from phenylene to thiophene rings as well as the incorporation of cyano
substituents induce bathochromic shifts in the absorption and fluorescence spectra. From the analysis of the
energy of the frontier molecular orbitals, it is believed that thiophene rings and CN substituents induce some
charge-transfer character to the first electronic transition, which is responsible for the red shifts observed.
Finally, the fluorescence quantum yield and the lifetime of the compounds in chloroform have been obtained.
In sharp contrast with many oligothiophenes, it is observed that TCT possesses a high fluorescence quantum
yield. On the other hand, the CN-containing derivatives exhibit much lower fluorescence quantum yields,
probably due to the combined influence of steric effects and charge-transfer interactions caused by the cyano
groups.

1. Introduction

Within the last two decades, conjugated organic oligomers
and polymers have reached the role of a major, technologically
important class of materials. Conjugated organic polymers have
the advantages of low cost, ease of modification of properties
by appropriate substitution, and of solvent processability. Major
applications include the development of electronic devices such
as field-effect transistors,1-3 solar cells,4,5 and light-emitting
diodes (LED).6-10 Recently, the synthesis of various well-
defined conjugated oligomers and polymers derived from
phenylene, pyrrole, thiophene, and fluorene moieties has been
achieved. However, the fabrication of novel materials for future
electronic devices from conjugated building blocks is still a
challenge.

Recently, we have reported the synthesis and characterization
of novel well-defined 2,7-carbazole-based oligomers11-13 and

polymers.14-19 Quantum chemical calculations have also been
performed on carbazole-based dyads and triads to gain insight
into the nature of the electronic transitions. Good agreement
has been found between theoretical and electronic transitions
(excitation and emission energies) and experimental spectra
(absorption and fluorescence).11-13 Luminescent materials span-
ning the entire visible range have been prepared from these
polymers,20 which can be useful as LEDs.21,22

The introduction of a vinylene unit into the polymer backbone
is a well-known method to decrease the band gap of aromatic
polymers and to fine tune their electrical properties.23 In
particular, poly(p-phenylenevinylene) (PPV) and its derivatives
have received considerable attention during the last two
decades.24-25 Moreover, to increase the electron affinity of PPV,
CN substituents have been attached either on the double
bonds26-29 or on the aromatic rings.30,31 The introduction of
electron-withdrawing cyano groups on the vinylene moieties
in a PPV reduces the barrier for electron injection into the
polymer and improves the electron-transporting properties.32

Along these lines, Leclerc’s research group has reported the
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synthesis and characterization of novel 2,7-carbazolenevinylene-
based conjugated derivatives and polymers (with and without
cyano groups).33 To learn more about the structure-property
relationships in this new class of materials and particularly the
role played by the cyano group, we report herein the ground
and excited-state properties as well as the optical and photo-
physical properties of four 2,7-carbazolenevinylene-based con-
jugated compounds, namely, PCP, PCP-CN, TCT, and TCT-
CN, which are illustrated in Figure 1. First, a ground S0 state
geometry optimization is performed using the density functional
theory (DFT/B3LYP/6-31G*). Next, the energy of the S1 r S0

transitions are computed by time-dependent density functional
theory (TDDFT) calculations performed for the ground-state-
optimized geometries. Then the S1 excited states are optimized
using the restricted configuration interaction (singles) (RCIS/
6-31G*) approach, and the S1 f S0 electronic transitions from
the relaxed excited states are obtained from TDDFT calculations
using optimized excited states as inputs. Finally, the optical
properties and the photophysics of these derivatives have been
measured in chloroform. The absorption and fluorescence
spectra of the carbazolenevinylenes (the ethyl chains are replaced
by hexyl groups in the actual compounds) are correlated to the
theoretical results. Good agreement is obtained between the
computed electronic transitions and the optical data. The
photophysical results are discussed in terms of the relative
importance of the radiative and nonradiative processes occurring
in these materials.

2. Experimental Section

2.1. Computational Methodology.The optimization of the
ground-state geometry of the four carbazolenevinylenes inves-
tigated was performed by DFT.34,35 The DFT method, imple-
mented in the Gaussian 03W software,36 was chosen because
of its good compromise between computational time and

accuracy. In this work, the DFT calculations were performed
using the hybrid Becke3 (exchange)37 and the Lee-Yang-Parr
(correlation)38 functionals (B3LYP) in conjunction with a modest
6-31G* split-valence polarized basis set.39 It is well understood
that, in general, DFT/B3LYP/6-31G* calculations provide
accurate geometries for conjugated derivatives.40 The geometry
optimization was carried out by changing the atom coordinates
until the total energy was minimized. Standard options were
used for the self-consistent field (SCF) convergence and
threshold limits in the optimization. In all cases, the geometry
was fully optimized without any geometrical restrictions, and
it was considered to be adequately concluded when the analysis
of the vibrational frequencies did not give any imaginary
frequency.

The molecular orbital energies and the S1 r S0 electronic
transitions were calculated from the optimized geometry of the
S0 state by TDDFT,41,42 supplied in Gaussian 03W, with the
hybrid B3LYP functional and the 6-31G* basis set. Some studies
have indicated that hybrid functionals give better performance
for evaluating the transition energies of organic molecules.43-45

In particular, Yu et al. have suggested that B3LYP is the optimal
functional to use for excited-state calculations on PPV poly-
mers.46 Moreover, recently we have compared excited-state
properties of ladder oligo(p-aniline)s as obtained by TDDFT/
B3LYP/6-31G*, which use an atom-centered basis set, with
those calculated from a DFT approach based on a plane-wave
basis set, with the local density approximation (TDDFT/LDA/
PW).47 It was observed that the electronic excitations of these
derivatives obtained by the two TDDFT calculations are close
in energy. This is a clear indication of the robustness of the
TDDFT approach, regarding the basis set used in the calcula-
tions.

The geometry optimization of the first excited S1 state was
carried out using the ab initio method restricted configuration
interaction singles (RCIS)48 incorporated in the Gaussian 03W
software. The 6-31G* basis set was chosen for all derivatives.
TDDFT/B3LYP/6-31G* calculations were used to calculate S1

f S0 electronic excitations from the optimized (relaxed) S1 state.
These calculations were performed over geometries optimized
by the RCIS method.

2.2. Materials and Methods.The 2,7-carbazolene vinylene
compounds, shown in Figure 1, were synthesized and purified
following similar procedures than those reported earlier.33

Chloroform was supplied by A&C American Chemicals Ltd.
(spectrograde) and used without any further purification. Prior
to use, the solvent was checked for spurious emission in the
region of interest and found to be satisfactory.

All experiments were carried out at room temperature. UV-
Vis absorption spectra of the derivatives in chloroform were
recorded on a Varian Cary 1 Bio UV/Vis spectrophotometer
using 1-cm quartz cells and solute concentrations of (1-3) ×
10-5 M. The molar extinction coefficients (ε) at absorption
maxima were obtained from the slope of the absorbance vs the
concentration using seven solutions of different concentrations.
Fluorescence excitation and emission spectra were recorded on
a Fluorolog-2 spectrofluorometer, with correction for instru-
mental factors by means of a rhodamine B quantum counter
and correction files supplied by the manufacturer. Excitation
and emission band-passes used were 2.6 and 1.9 nm, respec-
tively. Each solution was excited near the wavelength of the
absorption maximum using a 1-cm path length quartz cell.
Solution concentrations used were (1-3) × 10-6 M, giving
absorbances always less than 0.1 to avoid any inner-filter effects.
For all molecules, a study of the concentration (C) effect has

Figure 1. Molecular structure of the 2,7-carbazolene-vinylenes.
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been done on the fluorescence intensity (IF), and all measure-
ments have been performed in the linear region of theIF vs C
curve. The corrected fluorescence excitation spectra were found
to be equivalent to the respective absorption spectra. Moreover,
the fluorescence and excitation spectra were found to be
independent of the excitation and emission wavelengths,
respectively. Fluorescence quantum yields were measured
relative to 9,10-diphenylanthracene in cyclohexane (φf ) 0.90)
as standard.49 Fluorescence lifetimes were determined by single-
photon counting using a commercially available Edinburgh
Instruments, model 299T spectrometer equipped with a hydrogen-
filled nanosecond flashlamp and the analysis software supplied
by the manufacturer. Details on the instrument have been
published elsewhere.50 Theoretical equations were fitted to
experimental data by means of a nonlinear weighted least-
squares routine based on the Marquardt algorithm. The kinetic
interpretation of the goodness-of-fit was assessed using plots
of weighted residuals, reducedø2 values, and Durbin-Watson
(DW) parameters.

3. Results and Discussion

3.1. Ground-State Geometries.The ground-state geometries
of carbazolenevinylene derivatives are the outcome of a tricky
balance between steric and electronic (conjugation) effects.
Table 1 lists some representative dihedral angles and bond
lengths between the subunits of the compounds (Figure 1). In
the case of PCP, it is expected that steric interactions between
the vinylene hydrogen atoms and the adjacent H atoms in the
ortho positions of the phenyl rings are weak and can be easily
overcome by conjugation effects, which favor planarity. There-
fore, a slightly nonplanar structure is found for PCP (see Table
1). The computed geometry is relatively close to those obtained
from geometry optimizations oftrans-stilbene at theoretical
levels such as MM3,51 PM3,52 CASSCF,53 and DFT/B3LYP,54,55

leading to nearly planar geometries. At such levels, the energy
difference between these practically planar and fully planar
structures is very small (of the order of 0.03-0.06 kcal mol-1).

Table 1 shows that the ground-state geometry of TCT is
slightly less twisted than its phenylene counterpart (PCP).
Accordingly, the bond distanced1 (see Figure 1) is shorter in
TCT than in PCP. As expected, five-membered aromatic rings
create less steric hindrance than six-membered rings. However,
the electron-donating properties of the sulfur atoms should also
play a role in the planarization of the thiophene derivatives.

The cyano-substituted carbazole derivatives are considerably
more twisted, particularly near the cyano groups (θ1), and their
d1 andd2 bond distances are longer. This clearly indicates that
the presence of cyano groups induces significant steric effects
in the molecular frame. Similar theoretical results have been
previously reported for several CN-PPVs.56,57

3.2. Electronic Excitations and Correlation with the
Absorption Spectra.The energy of the molecular orbitals has
been calculated for all the derivatives. Since the first electronic
transition of each compound involves the promotion of an

electron from the highest-occupied molecular orbital (HOMO)
to the lowest-unoccupied molecular orbital (LUMO) (see below),
only the energy of these orbitals has been compiled in Table 2.
One can see that the replacement of phenyl groups by thiophene
units slightly destabilizes the HOMO orbital and stabilizes the
LUMO orbital. This shows that the LUMO orbital is more
concentrated on the carbazole moiety and thus the HOMO-
LUMO transition should possess some charge-transfer (CT)
character. The overall effect is a decrease in the HOMO-LUMO
energy gap of TCT compared to that of PCP. On the other hand,
Table 2 shows that the incorporation of cyano groups in PCP
and TCT derivatives stabilize both HOMO and LUMO orbitals,
but LUMO orbitals show a larger decrease in energy. Conse-
quently, a bathochromic shift is also expected for the HOMO-
LUMO transition of cyano-substituted compounds compared to
unsubstituted ones (see below).

Table 3 lists the energy and oscillator strength (f) for the S1

r S0 electronic transition of the carbazolenevinylene derivatives.
From these calculations, it is found that, for all the carbazole
derivatives, the first electronic transition is dipole allowed and
polarized along the long axis (x) of the molecules. Moreover,
the lowest transition is in all cases dominated by a configuration
in which an electron is excited from the HOMO to the LUMO.
Similar theoretical results were obtained from TDDFT/B3LYP/
6-31G* calculations performed on oligo(p-phenylenevinylene)
(OPV).58

For PCP, our theoretical calculations predict one intense
electronic transition (S1 r S0) at 25 119 cm-1 (398 nm) with
an oscillator strength of 2.12. The replacement of the phenylene
rings by thiophene moieties induces a red shift in the S1 r S0

electronic transition of TCT compared to that of PCP. According
to the optimized geometries reported above, TCT is slightly less
twisted than PCP in its ground electronic state (see Table 1).
This effect should contribute to the S1 r S0 bathochromic shift
calculated for TCT. But to our opinion, the calculated shifts
are too large to be attributed solely to these small conformational
changes. Thus, as mentioned above, we believe that the electron
donor properties of the thiophene rings induce some CT
character to the HOMO-LUMO transition, giving rise to the
red shift observed for the first electronic transition of TCT.

Table 3 shows that the singlet excitation energies for the
cyano derivatives are significantly smaller than those obtained
for the unsubstituted derivatives. Introduction of cyano groups
in the vinylene moieties of PPV analogous compounds also lead

TABLE 1: Dihedral Angles and Bond Distances between
Subunits of Carbazolenevinylene Derivatives in Their S0
Ground Electronic State as Calculated by the DFT/B3LYP/
6-31G* Method

dihedral angles (deg) bond distances (Å)

molecules θ1 θ2 d1 d2 d3

PCP 4.7 3.8 1.466 1.348 1.463
PCP-CN 28.5 6.1 1.489 1.364 1.457
TCT 1.6 2.9 1.450 1.352 1.461
TCT-CN 23.8 5.8 1.470 1.367 1.455

TABLE 2: HOMO and LUMO Energies and the
HOMO -LUMO Energy Gap of Carbazolenevinylene
Derivatives as Obtained from DFT/B3LYP/6-31G*
Calculations

molecule
HOMO

(eV)
LUMO

(eV)
HOMO-LUMO

(eV)

PCP -4.994 -1.628 3.366
PCP-CN -5.621 -2.434 3.187
TCT -4.897 -1.738 3.159
TCT-CN -5.518 -2.537 2.981

TABLE 3: Electronic Transition Data of S 1 r S0 for
Carbazolenevinylene Derivatives as Obtained by TDDFT
Calculations Performed on DFT/B3LYP/6-31G*-Optimized
Geometries

molecule energy (cm-1) fa Ea (cm-1)

PCP 25119 2.12 25600
PCP-CN 23680 1.85 23600
TCT 23764 2.10 24500
TCT-CN 22237 1.89 22900

a Oscillator strength of the S1 r S0 electronic transition.
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to a lowering of the S1 r S0 excitation energy.59,60Two effects
might be responsible for this behavior: (1) an increase of the
molecular planarity of these compounds and (2) a charge-transfer
interaction due to the electron acceptor properties of the cyano
groups. As mentioned above, PCP-CN is significantly more
twisted than PCP in its ground state. This sole effect should
induce a hypsochromic shift in the S1 r S0 electronic transition
of PCP-CN compared to that of PCP. Thus, the decrease of the
excitation energy observed for the cyano-substituted compounds
clearly shows the strong electron-withdrawing properties of the
cyano groups, which more than cancel the blue shift caused by
the steric effects and are responsable for the red shift observed.
This goes along with the molecular orbital energies reported
above, showing that the LUMO orbitals are more strongly
stabilized than the HOMO orbitals by the presence of cyano
groups. Finally, TCT-CN exhibits the smallest S1 r S0

excitation energy, due to the combined effect of the electron-
donor properties of the thiophene rings and the electron-acceptor
properties of the cyano groups.

The absorption spectra of the 2,7-carbazolenevinylene-based
conjugated compounds (the ethyl chains have been replaced by
hexyl groups to achieve a better solubility) in dilute chloroform
solution are shown in Figures 2 and 3. All spectroscopic data
of the derivatives are listed in Table 4.

All compounds show a broad low-energy absorption band
around 400-450 nm, typical of theπ-π* transition of the
conjugated PPV backbone.61-63 The first absorption band of
PCP exhibits two vibronic bands at 25 600 and at 26 800 cm-1,
showing that this molecule possesses some rigidity in its ground

state. According to these experimental results, the optimized
geometry of this molecule should not be much twisted, which
agrees with the DFT results (see Table 1). The band located
around 25 600 cm-1 (0,0 vibronic peak) is in good agreement
with the S1 r S0 electronic transition calculated at 25 119 cm-1.
It is worth pointing out that all theoretical calculations give the
(0,0) transition energy equivalent to that in the gas phase. For
this type of molecule, a bathochromic shift of about 1000-
2000 cm-1 has to be assumed for the solvent shift. A good
correlation is also obtained between the 0,0 absorption maximum
and the computed S1 r S0 transition energy of PCP-CN (see
Table 3). Thus the significant bathochromic shift computed for
the first electronic transition of PCP-CN is reproduced experi-
mentally. Similarly, it was observed that the incorporation of
cyano substituents in the vinylene moieties of phenylene
vinylene compounds result in red shifts of their absorption and
fluorescence spectra.64,65Table 4 also shows that the absorption
band of PCP-CN is wider than that of PCP and does not show
any vibronic peaks. The lack of vibronic resolution would
suggest the existence of torsional motions in the main chain,
which probably originates from the addition of the bulky cyano
group on the vinylene units, as has been previously reported
for several CN-PPVs.56,57 This interpretation is in good agree-
ment with the calculated geometry of PCP-CN reported in Table
1.

The replacement of the phenyl groups by thiophene rings
provokes a red shift of the first absorption band in TCT.
Moreover, the absorption spectrum of TCT exhibits a slightly
better vibronic resolution and is slightly sharper than that of
PCP (Table 4). This goes along with the better molecular
planarity achieved for TCT. Finally, the energy of the first
absorption band of TCT-CN is in good agreement with the
computed S1 r S0 electronic transition, confirming the important
role played by the thiophene rings and the cyano groups in the
decrease of the transition energy.

3.3. Geometry of the First Excited-State S1. Table 5 lists
some representative geometrical parameters for the optimized
S1 geometries. For all four derivatives,d1 andd3 are significantly
shortened, andd2 significantly increases, compared to the
respective bond lengths computed for the molecules in their

Figure 2. Absorption and fluorescence spectra of PCP (solid line) and
PCP-CN (dashed line) in chloroform. The fluorescence intensities have
been normalized relative to the absorption bands.

Figure 3. Absorption and fluorescence spectra of TCT (solid line)
and TCT-CN (dashed line) in chloroform. The fluorescence intensities
have been normalized relative to the absorption bands.

TABLE 4: Spectroscopic Parameters of
2,7-Carbazolenevinylenes in Chloroform at Room
Temperature

molecule
νA

a

(cm -1)
εb

(M-1 cm-1)
fwhmA

c

(cm -1)
νF

d

(cm-1)
fwhmF

e

(cm-1)

PCP 25 600 69 700 4400 24 100 3100
PCP-CN 23 600 58 800 4700 21 300 3300
TCT 24 500 62 700 4200 23 400 2800
TCT-CN 22 900 55 700 4900 21 300 2900

a Absorption wavenumbers taken at the maximum of the 0-0
vibronic peak.b Absorption coefficient at the maximum of the absorp-
tion band.c Full width at half-maximum (fwhm) of the absorption band.
d Fluorescence wavenumbers at the maximum of the 0-0 vibronic peak.
e Full width at half-maximum (fwhm) of the fluorescence band.

TABLE 5: Dihedral Angles and Bond Distances between
Subunits of Carbazolenevinylene Derivatives in Their S1
Electronic State as Obtained by RCIS/6-31G* Theoretical
Calculations

dihedral angles (deg) bond distances (Å)

molecules θ1 θ2 d1 d2 d3

PCP 0.2 0.1 1.452 1.358 1.432
PCP-CN 26.8 7.9 1.475 1.370 1.429
TCT 0.26 0.34 1.437 1.361 1.430
TCT-CN 20.0 6.4 1.455 1.374 1.425
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ground state (Table 1). In other words, the conjugation along
the vinylene segments is enhanced in the S1 state. It is therefore
not surprising to observe that the overall geometry of each
derivative is more planar in S1 than in S0 (see Tables 1 and 4).
It is worth pointing out that PCP-CN and TCT-CN remain
considerably twisted in the S1 state, showing the very strong
steric effects caused by the presence of cyano groups.

3.4. Emission Transition Energies and Correlation with
the Fluorescence Spectra.From the optimized (relaxed) S1 state
geometries, the S1 f S0 transition energies were calculated and
the results are compiled in Table 6. For all the carbazole
derivatives, it is observed that, after relaxation (optimization)
of the S1 excited state, the energy of the first electronic transition
significantly decreases (see Tables 3 and 6). This transition
should correspond to the emission energy of the derivatives.
The absorption of a photon excites the molecules to the S1

Franck-Condon state, which possesses the ground-state (S0)
geometry. After excitation, the molecules usually relax to their
most stable geometry before the emission process occurs that
leads to the FC region on the S0 surface, which has the geometry
of the relaxed S1 state.

Figures 2-5 show the fluorescence spectra of the four
compounds in dilute chloroform solution. Their spectral char-
acteristics are reported in Table 4. One can see that the
fluorescence peaks of the carbazole derivatives are in relatively
good agreement with the computed emission energies (see Table
6). It is also observed that the fluorescence spectra of the four
compounds are sharper and show a better-resolved vibronic
structure compared to their respective absorption spectra (see
Figures 2-5 and Table 3). These results give rise to the
assumption of a more planar geometry of the molecules in their
S1 relaxed singlet state, an assumption that is in good agreement
with the S1 optimized geometries described above. However,
the vibronic structure of the fluorescence spectrum of PCP-CN
is very poor, which clearly shows that this carbazole derivative
remains twisted in the relaxed S1 state, as found from the
theoretical calculations. It is worth pointing out that the
fluorescence spectrum of this compound is very noisy since its
fluorescence quantum yield is very low (see next section).

3.5. Molecular Photophysics.A summary of the photo-
physical parameters of the 2,7-carbazolenevinylenes in dilute
chloroform solutions is given in Table 7, including fluorescence
quantum yields (φF) and lifetimes (τF), and radiative (kF) and

nonradiative (knr) decay constants for the lowest excited singlet
state. The latter were calculated as (kF ) φF/τF) and (knr ) kF

(1 - φF)/φF)). In all cases, the fluorescence decays are well
modeled by single-exponential functions, as shown by the usual
statistical criteria of ‘‘goodness-of-fit” (ø2 < 1.3 and DW≈
1.7).

One can observe in Table 7 that PCP possesses a highφF

value. The corresponding phenylenevinylene oligomer is also
highly fluorescent with a quantum yieldφF close to unity.32,66

This shows that the replacement of a phenyl ring by a carbazole
moiety does not significantly affect the photophysical properties
of this phenylenevinylene derivative. Table 7 also shows that
the luminescence efficiency of TCT is rather similar to that of
PCP (φF ) 0.89), but itsτF value is shorter. This gives rise to
higher kF and knr values for TCT compared to the respective
photophysical constants of PCP. The increase inknr observed
for TCT is probably caused by the presence of heavy sulfur
atoms. Indeed, for many oligothiophenes, it has been shown
that the main deactivation pathway of the S1 state involves a
significant intersystem crossing process (kisc) due to the presence
of heavy sulfur atoms, which causes a decrease of their
fluorescence quantum yields.67-69 On the other hand, the
electron donor properties of the thiophene groups are probably
responsible for the higherkF value obtained for TCT.

The CN-containing derivatives exhibit much lower solution
fluorescence quantum yields than their CN-free counterparts (see
Table 7). A similar behavior has been reported for several CN-
OPVs66 and CN-PPVs56,70,71 and interpreted in terms of the
noncoplanarity of the molecular backbones.56,66 Indeed, non-
planarity of the molecules enables torsional induced nonradiative
deactivation by avoiding the planar quinoidal mesomeric
structure in the S1 state. In agreement with this statement, the
nonradiative (knr) deactivation constants of the cyano derivatives
are more than 1 order of magnitude higher than those of the
unsubstituted compounds (see Table 7). This clearly shows the
consequence of the twisted S1 excited states on the nonradiative
properties of these derivatives. However, internal CT interactions
from the vinylene segments to the cyano groups could also
contribute to the fluorescence quenching of the CN-substituted
derivatives. Indeed, Jenekhe et al. have shown that strong
intramolecular charge transfer in several donor/acceptor con-
jugated polymers is a major source of dramatic luminescence
quenching in such materials.72

It is worth pointing out that the incorporation of cyano groups
on the vinylene moieties also induces an important decrease of
the kF values, which can also be related to the nonplanarity of
the molecules in the S1 state. The overlap of pz orbitals is
reduced in nonplanar conjugated systems, thus diminishing their
radiative properties. Recently, similar photophysical results were
reported for cyano-substituted phenylenevinylene derivatives.32

Since kF is proportional to the oscillator strength (f) at the
equilibrium geometry of S1, a decrease in thesef values should
be found for CN-substituted compounds. Indeed, one can see
in Table 6 that a small reduction inf values for the S1-optimized
geometries of PCP-CN and TCT-CN is calculated, but the
magnitudes of the decrease obtained are much smaller than those
expected from experimentalkF values.

Finally, Table 7 shows that theφF value of TCT-CN is about
two times larger than that of PCP-CN, which is solely related
to the kF values of these compounds. These results could be
explained by the slightly better planarity achieved by TCT-CN
in the relaxed S1 state, giving rise to a higherkF value compared
to that of PCP-CN.

TABLE 6: Electronic Transition Energies (E(S1fS0)) of
Carbazolenevinylene Derivatives as Obtained by TDDFT
Performed on the RCIS/6-31G*-Optimized Geometries of S1
Excited States

molecule energy (cm-1) fa Ef (cm-1)

PCP 22 914 2.33 24 100
PCP-CN 21 786 2.11 21 300
TCT 22 033 2.29 23 400
TCT-CN 20 610 2.10 21 300

a Oscillator strength of the S1 f S0 electronic transition.

TABLE 7: Photophysical Data for the Singlet States of
2,7-Carbazolenevinylenes in Chloroform at Room
Temperature (298 K)

molecule φF τF (ns) 10-8kF
a (s-1) 10-8 knr

b (s-1)

PCP 0.91 1.54 5.9 0.58
PCP-CN 0.026 0.58 0.45 17
TCT 0.89 1.04 8.6 1.1
TCT-CN 0.058 0.56 1.0 17

a kF ) φF/τF (radiative fluorescence decay rate constant).b knr )
kF(1 - φF)/φF (nonradiative fluorescence decay rate constant).
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4. Concluding Remarks

It is found that PCP and TCT almost reach planarity in their
ground state (S0). Replacement of the phenylene groups by
thiophene moieties slightly decreases the torsional angle between
the subunits. The incorporation of cyano groups in the 2,7-
carbazolevinylene derivatives induces significant steric effects
in the molecular frame. In the lowest excited state (S1), all the
molecules become more planar enhancing the conjugation along
the vinylene segments. However, cyano derivatives remain
considerably twisted in their S1 electronic state.

For all four compounds, the first electronic transition is a
strongly dipole allowed (large values off) π-π* transition
polarized along the long axis (x) of the molecule. The transition
is dominated by the HOMO-LUMO excitation. In cor-
respondence with the theoretical results, the absorption spectra
of the investigated carbazole vinylene derivatives exhibit only
one strong band in the visible region. The agreement between
the calculated and experimental S1 r S0 excitation energies was
found to be excellent.

The relaxation (optimization) of the excited states induces a
significant lowering of the first electronic transition of the
carbazole derivatives. Emission transition energies are relatively
well reproduced by TDDFT vertical transition energies com-
puted from the S1-optimized geometries (RCIS/6-31G*). More-
over, as predicted from theoretical calculations, the overall shape
of the absorption and fluorescence spectra indicates that the
carbazole derivatives are more planar in their S1 state.

The incorporation of cyano groups at the vinylene moieties
induces red shifts in the absorption and fluorescence spectra of
the carbazole derivatives, due to the electron-acceptor properties
of the cyano groups. On the other hand, the addition of CN
substituents causes a strong reduction of fluorescence yields.
The low yields are mainly a consequence of nonplanarity caused
by steric hindrance, which enables torsional induced nonradiative
deactivation, giving rise to very highknr values. However, lower
kF values obtained for CN-substituted derivatives also play a
role in the fluorescence quenching of these molecules.

The replacement of phenyl groups by thiophene moieties
causes significant bathochromic shifts of the absorption and
fluorescence bands, which are mainly due to the electron donor
properties of the thiophene rings. Finally, it is observed that
the fluorescence quantum yield of TCT is high and very similar
to that of PCP. This is in sharp contrast withφF values of many
oligothiophenes, which show smaller values ofφF due to high
intersystem crossing rate constants (kisc) caused by the presence
of heavy sulfur atoms.
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