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Electronic absorption and fluorescence transitions in fluorene oligomers of differing lengths are
studied experimentally and using density functional theory �DFT� and time-dependent DFT.
Experimental values are determined in two ways: from the measured molar absorption coefficient
and from the radiative rate deduced from a combination of fluorescence quantum yield and lifetime
measurements. Good agreement between the calculated and measured transition dipoles is achieved.
In both theory and experiment a gradual increase in transition dipoles with increasing oligomer
length is found. In absorption the transition dipole follows an �n0.5 dependence on the number of
fluorene units n for the range of 2�n�12, whereas a clear saturation of the transition dipole with
oligomer length is found in fluorescence. This behavior is attributed to structural relaxation of the
molecules in the excited state leading to localization of the excitation �exciton self-trapping� in the
middle of the oligomer for both twisted and planar backbone conformations. Twisted oligofluorene
chains were found to adopt straight or bent geometries depending on alternation of the dihedral
angle between adjacent fluorene units. These different molecular conformations show the same
values for the transition energies and the magnitude of the transition dipole. © 2009 American
Institute of Physics. �doi:10.1063/1.3244984�

I. INTRODUCTION

Conjugated polymers show attractive optical and electri-
cal properties for applications in optoelectronic devices.
Among them, polyfluorenes are efficient blue emitters,1–5

also showing ambipolar charge transport6 and strong two-
photon absorption.7,8 Their application in light emitting
diodes,2–5 field effect transistors,9,10 polymer lasers,11–14 and
optical amplifiers15 has been demonstrated. Polyfluorenes
can form liquid crystalline phases, which can be aligned on
oriented substrates and show highly polarized fluores-
cence.4,16,17 Films with a controlled fraction of a planar con-
formation �so called �-phase� can be prepared by spin coat-
ing from solutions using different additives, by exposing the
prepared films to solvent vapors or by thermal treatment.18–21

This phase shows a better photochemical stability,22,23 faster
charge transport,24 and could have advantages in polymer
laser applications.25 Despite the vast technological interest in
this material and its photophysical properties, the micro-
scopic understanding of excitations is still not complete. The
effective conjugation length in polyfluorene has been esti-
mated to be about 12 fluorene units,26 whereas the extent of
the excited state delocalization found by theoretical studies is

only about three repeat units.27 Previous theoretical and ex-
perimental studies of oligofluorenes with up to seven repeat
units showed a clear convergence of transition energies and a
linear dependence of the oscillator strength on the oligomer
length in absorption.27–31 Experimental reports did not in-
clude the data on the fluorescence quantum yield �QY�,29–31

which are needed to determine the trend in the oscillator
strength of fluorescence transitions.

In this paper we study the dependence of the transition
dipoles and transition energies on oligomer length in a fam-
ily of fluorene oligomers. Transition dipoles in absorption are
determined from the molar absorption coefficient and in
fluorescence from the fluorescence lifetime and QY. Transi-
tion energies and transition dipoles for both twisted and pla-
nar conformations are in good agreement with values ob-
tained using time-dependent density functional theory �DFT�
calculations. We studied the increase in transition dipole with
increasing oligomer length. We found that the increase in
transition dipole deduced from fluorescence saturates at
shorter oligomer lengths than that deduced from absorption.
This result can be explained by exciton self-trapping after
excitation.

The conformations of fluorene oligomers are also stud-
ied theoretically for oligomers with up to 12 repeat units. Wea�Electronic mail: idws@st-and.ac.uk.
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show that fluorene oligomers can adopt significantly differ-
ent molecular conformations depending on the way the fluo-
rene repeat units are twisted. In addition to the obtained in-
sight into exciton self-trapping and conformational disorder
of oligofluorenes, we also report on experimental and theo-
retical results for the planar ��-phase� conformation and on
DFT calculations using periodic boundary conditions �PBCs�
mimicking the fluorene polymers.

The remainder of this paper is organized as follows. In
Sec. II we introduce the experimental and theoretical meth-
ods used in this work. Section III contains the results and
discussion. It starts with a comparison of experimental and
theoretical data for fluorene oligomers and a polymer in the
twisted �also called the �-phase� and in the planar conforma-
tion ��-phase�. Based on additional theoretical data, this is
followed by a discussion of excitation self-trapping in the
excited state relaxed geometry, and different possible mo-
lecular conformations of the oligomers. We conclude with a
discussion of theoretical data obtained from PBC calcula-
tions.

II. METHODS

In this study we used fluorene oligomers functionalized
with two hexyl side groups per repeat unit �structure is
shown in Fig. 1�a�� and poly�9,9-dioctylfluorenyl-2,7-diyl�
�PFO� �Fig. 1�b��. Oligofluorenes with up to four repeat units
were synthesized using the previously described method.32

Fluorene pentamer and PFO, which is end capped with dim-
ethylphenyl, were obtained from American Dye Source Inc.

and were used as received. Solutions were prepared in anhy-
drous 2-methyltetrahydrofuran �2MeTHF�, which was ob-
tained from Sigma-Aldrich. Spectroscopic experiments were
performed in 1 cm fused silica cuvettes, and the absorbance
of the samples was less than 1. Frozen solutions at 77 K were
measured in an Oxford Optistat DN liquid nitrogen cryostat
using helium exchange gas.

Absorption and fluorescence spectra were recorded on a
Cary spectrophotometer and JY Horiba Fluoromax 2 fluo-
rimeter, respectively. Fluorescence QY was measured at
room temperature using quinine sulfate in 0.5M sulfuric acid
�fluorescence QY of 0.51� as a reference. Fluorescence life-
times in all oligomers were measured with a streak camera
with a 3 ps time resolution using 100 fs pulses at 380 nm for
excitation, except for the monomer, for which excitation was
at 266 nm.

Absorption transition dipoles �da� in units of Debye have
been determined using the measured molar decadic absorp-
tion coefficient ���̃� integrated over the absorption band,33

�da�2 = 9.186 � 10−3n0� ����̃�/�̃�d�̃ , �1�

where �̃ is the frequency of the transition in cm−1 and n0 is
the refractive index of the medium �in this case the solvent�.
We used the spectrum of ���̃� measured in 2 MeTHF at 77 K
for all oligomers except the monomer, for which the room
temperature spectrum was used. Shrinkage of the solution
volume by 3% with the temperature decrease from 293 to 77
K was taken into account when calculating the molar extinc-
tion coefficient at low temperature.34 Transition dipoles in
fluorescence are determined as detailed below in Sec. III A.

We carried out DFT and time-dependent DFT �TD-DFT�
calculations to determine equilibrium geometries, vertical
transition energies, and transition dipoles of the fluorene oli-
gomer molecules under investigation. For these calculations,
the GAUSSIAN03 package was used. All the data in this work
were calculated using the B3LYP functional together with
the 6-31G basis set, only the CIS excited state geometry
optimizations were done using the smaller 3-21G basis set to
allow for the treatment of oligomer chains containing up to
12 fluorene units, much longer than previously studied.27,28

The CIS calculations have been performed with the frozen
core option. The computational accuracy achieved using the
B3LYP functional together with the above choice of basis
sets has been shown to yield ground and excited state prop-
erties such as molecular geometries and transition energies of
oligofluorenes that are in good agreement with available ex-
perimental data.28,35 Unless otherwise noted, all calculations
in the present work have been done for oligomers with finite
and alternating dihedral angles between adjacent fluorene
units.

For the fluorene monomer, dimer, and trimer we tested
the influence of additional polarization functions in the basis
set. For the ground state equilibrium geometry �optimized
with 6-31G�� of the monomer, dimer, and trimer, the lowest
singlet transition energy with 6-31G� is reduced by 0.5%,
1.6%, and 1.7%, respectively, compared to the 6-31G result,
and the corresponding transition dipole is increased by 0.2%
and 0.4% for the monomer and trimer, respectively, and re-
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FIG. 1. �a� Molar extinction coefficient �solid lines� and fluorescence
�dashed lines� spectra of the fluorene oligomers with n fluorene units �nF� in
2MeTHF at 77 K. Excitation was at the peak of absorption. Spectra are
offset vertically for clarity. Panel �b� shows absorption spectrum of PFO in
2MeTHF at 77 K �solid line� and fluorescence spectra at 77 K �dashed line�
and at 293 K �dotted line�. Chemical structures are shown in the insets.
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duced by 0.16% for the dimer. These results confirm earlier
findings28 that additional polarization functions in the basis
set do not seem to play a crucial role for the molecules stud-
ied.

III. RESULTS AND DISCUSSION

A. Transition dipoles and transition energies

The absorption and fluorescence spectra of the oligomers
are shown in Fig. 1�a�. All spectra show vibronic peaks
spaced by �0.16 eV, which is a characteristic energy of the
vibrational modes of the carbon-carbon bonds and is gener-
ally observed in conjugated polymers. When oligomer length
increases, the spectra shift to the red and the 0-0 vibronic
transition becomes dominant. The molar absorption coeffi-
cient increases by about 10% at the peak when the tempera-
ture is decreased from 293 to 77 K, which can be explained
by reduction in conformational disorder at low temperature.
The 0-0 transition energies and spectra are similar to those
reported previously.30 The absorption spectrum of the frozen
solution of the polymer �Fig. 1�b�� shows a 0-0 peak at 3 eV
and a vibronic progression to higher energies as in the earlier
report,30 and it also shows an additional peak at 2.82 eV,
which is not observed at room temperature. The position of
this low energy peak agrees very well with the 0-0 transition
of the �-phase conformation previously reported in films17–21

and in a poor solvent.36 The polymer fluorescence spectrum
at 77K shows a narrow 0-0 peak at 2.8 eV, which is charac-
teristic of the �-phase comformation and two 0-1 peaks,
which are redshifted by 0.15 and 0.19 eV relative to the 0-0
peak and attributed to stretching modes of single and double
carbon-carbon bonds, respectively. The room temperature
fluorescence spectrum peaks at 2.98 eV and corresponds to
the twisted backbone conformation. Our observation of the
redshifted absorption and fluorescence peaks in a frozen so-
lution, which are characteristic of the �-phase optical transi-
tions, suggest that the planar backbone conformation can
form in isolated conjugated chains under the strain imposed
by the solidification of the matrix. It is consistent with recent
experimental reports of the formation of the planar backbone
conformation in the short-chain oligomers dispersed in poly-
�methyl methacrylate� matrix21 and in polyfluorene chains on
the single molecule level in the zeonex matrix.22,23 This sug-
gests that the results obtained on isolated conjugated chains
with the planar backbone conformation can be used to un-
derstand the photophysical properties of the � phase in the
neat films.

In Fig. 2 we show different sets of measured data for the
lowest optically active electronic transition in a series of oli-
gofluorenes in solution. Time-resolved fluorescence mea-
surements gave decays that were monoexponential and inde-
pendent of the detection energy. There is a clear trend of
decreasing lifetime with increasing oligomer length. The
measured fluorescence QY increases with the length of the
oligomers and saturates at about 0.8 for the longest oligo-
mers and PFO. To make these measured data comparable to
theoretical data obtained from TD-DFT calculations on
single molecules, the next step is to determine how the tran-
sition dipole changes with the oligomer length. In an earlier

study this has been done directly by calculating the transition
dipoles from the measured lifetimes,28 however, this is not
sufficient as the transition dipole is a function of both the
fluorescence QY and lifetime. Here, the transition dipole in
fluorescence �df� has been determined using33,37

�df�2 =
3��0�4c3�E−3	

n0	R
, �2�

where �E−3	=
E−3I�E�dE /
I�E�dE is obtained from the
fluorescence intensity I�E� in units of the relative number of
quanta at the photon energy E, �0 is the vacuum dielectric
constant, �=h /2� is Planck’s constant, c is speed of light,
and 	R is the radiative lifetime, which is obtained from the
measured fluorescence QY and fluorescence lifetime 	 f using

	R = 	 f/QY . �3�

The QY values vary for the different oligomers, which leads
to distinctive differences between the fluorescence lifetime
and the radiative lifetime of the oligomers. Therefore, it is
obvious that experimentally the dependence of the transition
dipole on the oligomer length cannot be determined accu-
rately from the fluorescence lifetime alone.28,31

In Fig. 3�a� we compare the experimentally determined
and calculated transition dipoles. A strong increase in transi-
tion dipole both in absorption and emission with oligomer
length is found in experiment and theory. Taking the finite
fluorescence QY into account in determining the transition
dipole in fluorescence, we find very good agreement between
theory and experiment in absolute numbers �much better
agreement than reported earlier�.28 We note that our theoret-
ical results show small �and insignificant� deviations from
the calculated data in Ref. 28, which is due to the slightly
smaller basis set used. Absorption dipoles are by about 20%
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FIG. 2. �a� Fluorescence decays of oligofluorenes and PFO in solution at
room temperature. �b� Fluorescence QY and lifetime measured in oligomers
and in the different phases of PFO. Oligomer and �-phase data are at room
temperature, the �-phase data are in frozen solution at 77 K.
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higher than the previously reported experimental values for
oligofluorenes with up to seven repeat units,31 the origin of
this difference is currently unknown. Fluorescence dipoles of
the planar backbone conformation are within 10% of the
reported values in ladder-type oligo-para-phenylenes for the
same number of benzene rings �two rings per fluorene repeat

unit�,38 which indicates that the photophysical properties of
these two materials are similar. To deepen the insight ob-
tained from the present work, in the calculations, we ex-
tended the series of studied oligomers to much longer oligo-
mers than experimentally and previously theoretically
studied containing up to 12 fluorene repeat units. Based on
these extended calculations, in the following, we are able to
address physical aspects �the existence of different molecular
conformations, exciton self-trapping and its role in the satu-
ration of transition dipoles with increasing oligomer length�
that are important to the photophysics of oligo- and polyfluo-
renes, and which have not been discussed and were not ac-
cessible in previous work.28 The data are summarized in
Table I together with the experimental data.

In Fig. 3�b� experimental and calculated transition ener-
gies are given. Here the experimental transition energies rep-
resent the spectral position of the 0-0 vibronic peak in ab-
sorption and fluorescence. The calculated energies are the
vertical transition energies Evert for the equilibrium geom-
etries of the S0 and S1 electronic states. In all the different
sets of data a clear decrease in transition energy with increas-
ing oligomer length is visible which appears to converge to a
constant value, when the oligomer length increases. Conver-
gence is already visible in the pentamer �n=5� with longer
oligomer chains showing only a slight decrease in the tran-
sition energy. It is interesting to compare this with the con-
vergence of transition energies in oligo-para-phenylenes, oli-
gophenylenevinylenes, and oligothiophenes, which is
generally observed at the length of 18–22 double bonds
along the shortest path of the conjugated backbone �see the
review paper of Gierschner et al.�.39 As the fluorene pen-
tamer has 20 double bonds along the shortest path of the
conjugated backbone, similar behavior is found as for other
oligomers of this class.
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FIG. 3. �a� and �b� show experimental �open symbols� and calculated �solid
symbols� transition dipoles, d, and the 0-0 transition energies. The arrows
indicate the experimental data in PFO for glassy ��-phase� and planar
��-phase� conformations. All experimental values are obtained at 77 K,
except for fluorescence dipoles of the oligomers and of the polymer in
�-phase, which are at 293 K. Calculated energies are vertical electronic
transition energies in S0 and S1 equilibrium geometries, respectively.

TABLE I. Vertical transition energies Evert, transition dipoles �d�, radiative lifetime 	rad, and energies of the 0-0
vibronic transitions E0-0 obtained from experiment and theoretical calculations.

Oligomer length

Evert

�eV�
Trans. dipole �d� /e0

�Å�
E0-0

�eV�
E0-0

�eV�
	rad

�ns�Abs. Em. Abs. Em Abs. Em.

1 Experiment 4.64 3.91 0.9 0.22 4.09 4.07 23
Theory 4.70 4.24 0.7 1.1 ¯ ¯ ¯

2 Experiment 3.82 3.23 2.2 2.1 3.55 3.44 1.4
Theory 3.86 3.31 2.0 2.4 ¯ ¯ ¯

3 Experiment 3.49 2.99 2.9 2.7 3.25 3.20 1.1
Theory 3.51 2.98 2.7 3.1 ¯ ¯ ¯

4 Experiment 3.34 2.88 3.3 2.9 3.11 3.05 1.0
Theory, twisted 3.35 2.88 3.2 3.5 ¯ ¯ ¯

Theory, planar 3.07 2.79 3.4 3.7 ¯ ¯

5 Experiment 3.28 2.87 3.6 3.4 3.05 3.00 0.75
Theory 3.27 2.85 3.6 3.8 ¯ ¯ ¯

8 Theory, twisted 3.17 2.82 4.6 4.3 ¯ ¯ ¯

Theory, planar 2.86 2.69 5.0 4.7 ¯ ¯ ¯

12 Theory, twisted 3.13 2.82 5.5 4.4 ¯ ¯ ¯

Theory, planar 2.79 2.69 6.4 5.2 ¯ ¯ ¯

n Exper., twisted 3.19 2.87 ¯ 4.0 3.01 2.98 0.54
Exper., planar �2.9 2.77 ¯ 4.8 2.82 2.80 0.45
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We also estimated the experimental vertical transition
energies Evert for absorption �abs� and emission �em� using39

Evert�abs� =� EA�E�dE/� A�E�dE �4a�

and

Evert�em� =� EI�E�dE/� I�E�dE , �4b�

where A�E� is the absorbance and I�E� is the fluorescence
intensity at the photon energy E. The results are given in
Table I. The agreement between theoretical and experimental
values is generally within 0.05 eV except for the fluores-
cence of the dimer and the monomer, where the deviations
are 0.08 and 0.3 eV, respectively. The origin of the discrep-
ancy for the monomer is currently unknown but is in agree-
ment with earlier work.28

Theoretically we also investigated a series of planar
backbone oligofluorenes with 4, 8, and 12 fluorene units,
respectively. For a single molecule, the planar backbone con-
formation is not stable but needs to be stabilized externally,
which can, for example, occur in a solid-state environment.
However, if calculations are started from an initially planar
chain conformation, the geometry can be optimized without
destroying planarity and, subsequently, transition energies
and transition dipoles for the planar backbone conformation
can be calculated. Transition energies for the planar back-
bone conformation ��-phase� are lower than for the twisted
backbone ��-phase� in good agreement with previous experi-
mental observations.18–23 Transition dipoles for the planar
backbone conformation are larger by about 20% than for the
twisted conformation both in theory and experiment. Experi-
mental fluorescence dipoles found in PFO are very similar to
the calculated values for the longest oligomers in both con-
formations, which indicates that the effective conjugation
length in PFO is between 8 and 12 repeat units. This is
consistent with the estimate of 12 repeat units obtained from
the trend in the transition energy.26 The extent of excited
state delocalization can be lower than the effective conjuga-
tion length and is discussed in the next section.

B. Exciton self-trapping and molecular conformations

Figure 4 shows the transition dipoles as a function of
oligomer length on a logarithmic scale. The absorption di-
poles on this scale roughly follow an approximately linear
dependence for 2�n�12 with a slope of 0.5, which implies
an n0.5 dependence on the number of repeat units n. Slightly
higher values of the exponent of 0.6 and 0.7 were reported
previously for shorter oligomers �up to seven repeat
units�.29,31 The transition dipole for fluorescence also follows
the �n0.5 dependence but only for 2�n�5, whereas for
longer chains the growth of the transition dipole is much
weaker.

In Fig. 5 the change in single-particle electron density
upon photoexcitation is visualized both for S0 �absorption�
and S1 �fluorescence� equilibrium molecular geometries for
the longest oligomers �12 fluorene units� studied. While the
excitation in absorption is clearly extended over most of the

molecules’ length, it is much more localized in the middle of
the oligomer in fluorescence. This behavior is attributed to
structural relaxation of the molecules in the excited state
leading to localization of the excitation �exciton self-
trapping�. Both changes in bond-length alternation and
changes in interfluorene-unit dihedral angles can contribute
to the self-trapping effect.27,40–44 We note that although we
choose to visualize the excitations by difference densities to
which �due to electronic correlations� multiple molecular or-
bitals contribute, a very similar picture of the self-trapping
can be obtained from the spatial extent of the highest occu-
pied molecular orbital �HOMO� and lowest unoccupied mo-
lecular orbital �LUMO� for the respective S0 and S1 geom-
etries.
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FIG. 4. Transition dipole vs oligomer length on a double logarithmic plot.
The solid line shows a fit to the 
n0.5 dependence of the absorption dipole
for n�2.

FIG. 5. Visualization of the change in the single-particle electron density
upon photoexcitation for twisted ��-phase� and planar ��-phase� chain con-
formations. Shown are isosurfaces �at 9% of the maximum value� of the
difference of SCF density and CIS density of the first excited singlet state.
The data are obtained from a single-point CIS calculation for the optimized
S0 �absorption� and S1 �fluorescence� molecular geometries, respectively.
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In support of the previous discussion on self-trapping of
the excitation in the excited state equilibrium geometry, Fig.
6 shows the bond length alternation defined as d2− �d1

+d3� /2 �same definition as in Ref. 27� for the molecules
shown in Fig. 5. In the excited state equilibrium geometry,
the bond length alternation is substantially reduced around
the center of the chain corresponding to the region where
self-trapping occurs �compare Fig. 5�.

Beyond visualization of the self-trapping of excitations,
Figs. 5 and 6 are also helpful in interpreting some details of
the data shown in Fig. 4. The fluorescence transition dipole
saturates faster with increasing oligomer length than the ab-
sorption transition dipole. This can be understood as follows.
Figure 5 indicates that in fluorescence the excitation is local-
ized �“trapped”� in the middle of the molecule, whereas in
absorption it is extended all the way to the boundaries of the
molecule, even for the longest oligomer studied. Due to the
smaller spatial extent of the excitation in fluorescence, a cer-
tain critical length is reached earlier, beyond which making
the molecule longer affects the transition energies and tran-
sition dipoles only slightly. This critical length corresponds
to about five fluorene units �Fig. 4�. In absorption, even for
the longest chains considered, the saturation length has not
been reached in this study and the excitations are still influ-
enced by the boundaries of the molecules.

All of the data discussed above have been calculated for
molecular conformations where interfluorene-unit dihedral
angles are finite ��-phase� and alternate while going along
the chain. However, going beyond the dimer in oligomer
length, the definition of the �-phase is no longer unique, and
different molecular conformations can be realized. In the fol-
lowing, we briefly address this issue based on a discussion of
the two extreme scenarios, where dihedral angles between
adjacent units change sign while going along the oligomer
chain �twisting the fluorene units back and forth, Fig. 7�a��,
or have the same sign along the entire chain �resulting in a
helix-like structure of the molecule, Fig. 7�b��. We note that
these two limiting cases are both equally unlikely to be real-

ized because they both represent highly ordered conforma-
tions. However, studying these extremes gives a feeling for
what role conformational variations may play in a real sys-
tem. In Fig. 7 we show the conformations that are assumed
by the molecules after geometry optimization. Optimization
for both molecules was done with an initially straight �not
bent� structure but with alternating and continuous interunit
dihedral angles, respectively. While the helix conformation
stays straight, the molecule with alternating dihedral angles
assumes a strongly bent equilibrium geometry. Apart from
these significant differences in shape, the transition dipole
from ground to first excited singlet state is �6% bigger for
the helix than for the alternating twist conformation. The
transition energies differ by an insignificant 6 meV. The con-
formational dependence of these quantities is found to be
less pronounced for the shorter oligomers investigated.

In Fig. 5 the change in single-particle electron density
upon photoexcitation is also visualized for the �-phase oli-
gomer with 12 fluorene units. As shown in the figure, the
observed self-trapping of the excitation in the S1 equilibrium
geometry is very similar in the calculations for planar
��-phase� and twisted ��-phase� chain conformations. This
indicates that it occurs primarily due to a decrease in the
bond-length alternation in the excited state; changes in the
dihedral angles play only a minor role for the self-trapping
found here. Figure 6 confirms that the reduction in bond
length alternation for the two phases �� and �� is indeed very
similar. In contrast with what might have been expected,23

self-trapping is found to be only marginally less pronounced
in the planar conformation. However, this small conforma-
tional difference in self-trapping still explains the slightly
slower saturation of fluorescence transition dipole in Fig.
3�a� with oligomer length for the �-phase than for the
�-phase. For both �- and �-phase oligomers, the fluores-
cence transition dipole is found to saturate significantly
faster with increasing oligomer length than the absorption
transition dipole.

C. Periodic boundary conditions

To complete the previous discussion on saturation of
transition energies and transition dipoles with chain length,
we mimic the case of a fluorene polymer by using PBCs in
the geometry optimizations in the electronic ground state.

FIG. 6. �a� Dihedral angle between adjacent fluorene units. �b� Bond length
alternation d2− �d1+d3� /2 along the oligomer chain. ��a� and �b�� Results are
shown for oligomers with 12 fluorene repeat units in the electronic ground
state, S0, and first excited singlet state, S1, optimized geometries for �- and
�-phase conformations, respectively. Dihedrals for the �-phase are all equal
zero �not shown�.

FIG. 7. Electronic ground state equilibrium geometries for oligomers with
finite interunit dihedral angles ��-phase� with 12 fluorene repeat units.
Shown are the two extreme scenarios, where dihedral angles between adja-
cent units �a� change sign while going along the chain �twisting the fluorene
units back and forth�, or �b� have the same sign along the entire chain
�resulting in a helix-like structure�.
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For the simplest case of a one-dimensional periodic fluorene-
based system, where the unit cell contains only two fluorene
units, there are two obvious scenarios. The first case re-
sembles the �-phase polymer with alternating dihedral
angles between adjacent fluorene units discussed above, and
the second resembles the �-phase polymer. The optimized
ground state geometries are shown in Figs. 8�a� and 8�b�.
Figure 8�c� shows the single particle energy gap, the mini-
mum energy difference between lowest unoccupied crystal
orbital and highest occupied crystal orbital, obtained from
these calculations together with the corresponding energy
gap calculated for the oligomers �energy difference between
LUMO and HOMO�. First, comparing the oligomer data
with the correlated TD-DFT transition energies in Fig. 3�b�,
we note that the actual “exciton” transition is expected to be
about 0.5 eV lower than the single-particle energy gap. The
calculations with PBCs yield a single-particle energy gap
�0.06 eV lower than the one for the finite-length oligomer
with 12 repeat units. We note that the strongly bent molecu-
lar conformation in Fig. 7 is in contrast with the straight PBC
structure in Fig. 8 �which represents the case of alternating
dihedrals�. Therefore, the PBC scenario in this case does not
quite resemble the behavior of an isolated single fluorene
oligomer chain; however, our results indicate that the transi-
tion energies can be very similar.

IV. CONCLUSIONS

We theoretically and experimentally investigated optical
transitions between the ground and the lowest energy singlet
excited state in fluorene oligomers. Good agreement was

found between experiment and theory for transition energies
and transition dipoles and it was shown that the finite fluo-
rescence QY needs to be considered in the determination of
transition dipoles in fluorescence. DFT calculations have
been extended to longer oligomer chains �up to 12 units�
than previously studied to investigate saturation of transition
energies and transition dipoles with increasing oligomer
length. We find that saturation occurs at shorter oligomer
lengths for transition dipoles deduced from fluorescence than
for those deduced from absorption. This difference indicates
the importance of exciton self-trapping in fluorene oligomers
and polymers. The calculations show very similar exciton
self-trapping for the twisted and planar backbone conforma-
tions of oligofluorenes, which indicates that it occurs prima-
rily due to a decrease in bond-length alternation in the re-
laxed geometry of the excited state. For the twisted
oligofluorene backbone, different molecular conformations
were also studied theoretically. The ground state conforma-
tion of the twisted backbone fluorene oligomer with 12 re-
peat units is found to be dependent on changes in the alter-
nation of interfluorene-unit dihedral angles. A helix and an
alternating-twist structure, which show significantly different
molecular equilibrium geometries, have been studied. For
these two extreme cases, the difference in conformation
yields a small difference �6%� in the transition dipoles and
almost no change in transition energies. We also reported the
first DFT calculations for twisted and planar backbone poly-
fluorenes using periodic boundary conditions.
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