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Abstract As an important building block for optoelec-
tronic applications, various chemical modifications at C9-
position of fluorene have been proposed to enhance its
performance by suppressing the well-known keto effect. In
order to identify different substitution effects on the photo-
physical and charge transport properties of fluorene, we
systematically study the electronic structures and photo-
physical behaviors of fluorene (FR) and its three dimerized
counterparts, namely, 9,9’-spirobifluorene (SBF), 9,9'-bi-
fluorenylidene (BFD), and bis(biphenyl-2-2-diyl)allene
(BDA), by employing density functional theory calculations.
The changes in bond length alternation indicate that the
geometrical relaxations of the fluorene unit in its dimerized
derivatives are smaller than FR compound. This fact was
further proved by the nonradiative decay rate estimated of
the first excited singlet state for each compound. Meanwhile,
the vibration relaxation analyses suggest that the bridge
between two fluorene fragments plays an important role in
the nonradiative decay process. In addition, the injection
abilities were evaluated in terms of the ionization potentials
and electron affinities, and the carrier transport properties
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were discussed in the framework of Marcus theory. We find
BFD could be a better ambipolar transport material, and
BDA can be used as a high-efficient luminescent building
unit with excellent hole transport property.
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1 Introduction

Organic n-conjugated molecules hold considerable attention
in optoelectronic applications, such as organic photovoltaic
cells (OPVs), dyes sensitized solar cells (DSSCs), and
organic light-emitting diodes (OLEDs) [1-6]. It is well
known that fluorene has been evolved as an important
building block for m-conjugated organic functional materials
due to its good thermal stability, high carrier mobility and
fluorescence efficiency, wide energy gap in backbones and
unique optical and electrochemical properties [7, 8]. Unfor-
tunately, fluorene derivatives such as polyfluorene exhibit a
low-energy tailed emission at >500 nm, which has been
ascribed to keto effect and/or excimer formation [9, 10]
which not only lead to significant decrease in the efficiencies
of devices but also results in poor color purity and thus
hamper their prospective utilization. Moreover, the high
ionization potential (IP) and the low electron affinity (EA) are
also unfavorable for hole and electron injection in OLEDs,
respectively. As aresult, it is of particular importance to make
full use of its merits, and at the same time to overcome its
deficiency by means of chemical modifications and gain
insight into the influence of this modification, toward rational
designs for high-performance functional materials.

The keto effect mentioned above results from the easy
photo- and/or electro-oxidation at C9-position of fluorene,

@ Springer


http://dx.doi.org/10.1007/s00214-012-1176-0

Page 2 of 10

Theor Chem Acc (2012) 131:1176

leading to the exciton quenching induced by the occurrence
of carbonyl group [11-13]. Moreover, the keto defect
causes the low-energy tailed emission, which can also be
initiated by the formed excimer promoted by keto defect
[14—16]. Therefore, to overcome this obstacle, several
chemical modifications have been proposed with the aim
of taking advantage of the characteristics of fluorene,
improving its photophysical properties and adjusting
electronic and morphological properties [17-19]. Theo-
retically, Huang and coworkers [20] have performed a
density functional theory (DFT) studies on the structural,
electronic and optical properties of the 9-heterofluorenes
(replacing sp3 carbon with element Si, Ge, N, P, O, S, Se
and B). The results demonstrate that it is feasible to
improve the ability of carrier injection by tuning frontier
orbital energy level of those 9-heterofluorene species.
However, such modification cannot overcome the second
weakness of 9-heterofluorenes, the tendency of molecular
aggregation (vide supra), due to its still planar structure.
For this reason, other promising means, especially the two
types of dimerization modifications, i.e., the spiro-linkage
[21] and the accumulated double bond connection [22]
through the C9-position of two fluorene units, evoke our
interests. Spiro-linked 9,9’-spirobifluorene (SBF) [23, 24]
consists of two mutually perpendicular fluorene © systems,
which are connected via a common saturated tetracoor-
dinated carbon (spiro-carbon). The spiro-linkage between
the two perpendicular oriented n-conjugated segments
improves the processibility and the morphologic stability.
The rigidity of SBF may strengthen the effective n-elec-
tron conjugation and suppress nonradiative deactivation
pathways, leading to a high photoluminescence quantum
yield [25-28]. Thus, SBF has been introduced to a wide
variety of organic optoelectronic materials, becoming
the focus of theoretical and experimental investigations
[29-34]. For example, Chiang et al. [35] studied three
derivatives of SBF theoretically, focusing on the lowest-
energy optical transitions. The dynamics and relaxation of
photoexcited states of a series of fluorene-containing
derivatives were studied by Franco and Tretiak using the
excited-state molecular dynamics (ESMD) methodology
[36, 37]. They find the spiro-linkage has negligible effect
on the emission properties of molecule [38]. As for
bis(biphenyl-2-2-diyl)allene (BDA) [22], which is com-
posed of two mutually perpendicular fluorene m systems
similar to SBF, the two fluorene units are connected via a
cumulated double bond rather than a saturated C9 atom in
SBF [39], and the two C9 atoms in BDA are embodied in
the m-conjugated framework and would have a great
influence on the frontier molecular orbitals. 9,9’-bifluore-
nylidene (BFD), another type of dimerization of two flu-
orene units linked by a direct double bond between the C9
and C9 atoms, could be also considered as
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tetrabenzofulvalene. In the ground state, BFD presents the
twist structure due to the steric interactions between the
H1-H1’ and H8-H8' proton [40-42]. Recently, Brunetti
et al. [43] evaluated the potential of this novel family of
acceptor compounds based on BFD backbone as an
alternative to commonly used [6]-phenyl-Cg,-butyric acid
ester (PC¢BM) in the heterojunction solar cells. Their
results showed that the absorption spectra, electronic
structures of BFD and its derivatives can be effectively
tuned upon dimerization with the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) being in the range of 5.58-5.06
and 3.37-3.09 eV, respectively.

We have analyzed the photophysical properties such as
emission energies, second-order nonlinear optical proper-
ties and evaluated the ability of charge injection and
transport of some fluorene derivative in our previous
studies [44, 45]. Here, we carried out comparative DFT and
time-dependent (TD) DFT calculations on the electronic
structures, spectral and photophysical properties with par-
ticular emphasis on fluorescence quantum yields of fluo-
rene-containing derivatives SBF, BFD, and BDA in
comparison with FR (see Fig. 1) to shed light on the role of
this unique chemical modification, dimerization, thus
paving the way of designing high-performance optoelec-
tronic materials with good chemical stability. Simulta-
neously, the injection abilities were also discussed by
evaluating the IPs and electron affinities, and the transport
properties of holes and electrons were evaluated in the
framework of Marcus theory, according to the values of
reorganization energies and transfer integrals.

2 Computational methods and theoretical methodology

All calculations were performed with the Gaussian 09
program package [46]. Geometric and electronic structures
of the considered fluorene-based compounds were inves-
tigated by B3LYP/6-31G(d) [47]. Full geometric optimi-
zations without symmetry constraints were carried out. The
geometries of the lowest singlet excited-state (S;) were
optimized with TDDFT [48, 49]. Vibrational frequencies
were also evaluated to check that the ground (Sp) and S,
states were confirmed to be potential energy minima. The
transition energies of these fluorene-based compounds
were calculated at the optimized ground and excited-state
geometries by TDDFT, B3LYP/6-31G(d). The solvent
effect of dichloromethane was simulated using the polar-
izable continuum model (PCM) [50] in which the solvent
cavity is regarded as a union of interlocking atomic
spheres.

As we know, the fluorescence quantum yield can be
expressed as [51]
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Fig. 1 Chemical structures and bond designations of the investigated systems

n= kr/(kr + knr) (1

where k, is the radiative decay rate, k,,, is the nonradiative
decay rate, including the internal conversion and the
intersystem crossing process. k, can be estimated through
the FEinstein spontaneous emission relationship, k, = fXx

E3/1.499, wherein f is the oscillator strength, E; is the
1

~—

excitation energy in cm . While intersystem crossing
process was not considered in this manuscript because of
no heavy atom consisted for all compounds. Thereby, &,
only consists of internal conversion rate k;.

Under the harmonic approximation, the Born—Oppen-
heimer internal conversion rate k;. can be given as follows
[52-54]:
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wherein initial state i and final state f mean the lowest
excited singlet state and the ground state, respectively.
wy; 1s the energy difference between the final state and the
initial state, and S; is the Huang—Rhys factor for the jth
mode as mentioned above. Ej S;w; represents the sum of
relaxation energies for all modes, and 7; is the thermally
averaged numbers of phonon for jth mode in Boltzman
distribution. R,(fi) = —h2<<Df’(6/ 00,)|®;) is the electronic
coupling, which can be given by [55, 56]
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where V denotes the Coulomb interaction potential
between the electrons and nuclei, which depends on the
position of electrons and nuclei, so
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r, and r, are coordinates of the ath electron and the ath
nuclei, respectively, and j = x, y, z represents Cartesian
components. Z, and M, represent the number of the nuclear
charge and the nuclear mass, respectively. Lg,;; is a com-
ponent of the /th eigenvector of the Hessian matrix. Ez._; o,
is the jth component of transition electronic field at atomic
center ¢, which can be obtained directly from TDDFT
calculation. p%(r) is the electronic transition density at the
equilibrium position, and its contribution to electronic field
generated by all electrons at atomic center ¢ is employed to
calculate the Ey._; 5.

At the microscopic level, the charge transport mecha-
nism can be described as a self-exchange transfer process,
in which an electron or hole hops from one charged mol-
ecule to an adjacent neutral one. The rate of intermolecular
charge transfer (k) can be estimated from semiclassical
Marcus theory [57, 58] given in:

p
k=V? —~
\ hszT) X p( 4kBT>

where V and 4 are the transfer integral (also referred to the
electronic coupling between adjacent molecules) and the
reorganization energy, respectively. 74 is the Planck

(7)
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constant, kg is the Boltzmann constant, and T is the tem-
perature. Therefore, the transfer integral and reorganization
energy are two key parameters determining carrier hopping
rate. And, we employed the site-energy corrected method
[59, 60] (described in supporting information) to evaluate
the transfer integral values for all hopping pathways
selected from crystal structure of FR, SBF, BFD, and
BDA. The calculations of transfer integrals were performed
at PW91PWO1/TZP level, which has been proved to give
better estimate of transfer integral. In general, the reorga-
nization energy is cast into contributions from intramo-
lecular vibrations and surrounding medium, namely
internal reorganization energy and the external reorgani-
zation energy, respectively. Here, the intramolecular reor-
ganization energies of all compounds were evaluated from
adiabatic potential energy surfaces at B3LYP/6-
3114+4G(d, p) level, while the external reorganization
energies were ignored due to its extremely small contri-
butions to total reorganization energies of the planar con-
jugation molecules [61, 62].

At a fixed temperature (7), the carrier mobility (u) can
be evaluated from the Einstein relation:

e
=—D 8
H= 0T (8)
where e is the electronic charge and D is the diffusion
coefficient, which is related to the charge transfer rate k as
summing over all possible hops. The diffusion coefficient
can be approximately evaluated as [63]:

1 2
D:%ZV klPl (9)

where n = 3 is the dimensionality, k; is the hopping rate
due to charge carrier to the ith neighbor, i represents a
specific hopping pathway with r being the hopping
distance. Here, we assume that the charge hopping occurs
only between nearest-neighbor molecules. P; is the relative
probability for charge carrier to a particular ith neighbor:

Pi=k/> ki (10)

3 Results and discussion

3.1 Equilibrium geometries between ground state
and excited state

The geometric parameters of the optimized structures of FR
and BFD with different density functionals are listed in
Table S1. It is obvious that the results given by B3LYP are
in good agreement with the experimental values. We also
investigated the basis set effect on the optimized geometry

@ Springer

of FR and the results are listed in Table S2. The results
indicate that it is reasonable to optimize these compounds
under B3LYP/6-31G(d) level. The monomer of all the
compounds selected from the available X-ray crystal dif-
fraction data [45, 65] was optimized by B3LYP/6-31G(d),
and the optimized geometries are presented in Table S3 (in
Supporting Information). It can be found that the calculated
results are in good agreement with the experimental ones
except BDA. In the crystal, the molecular structure of BDA
shows a remarkable deviation from linearity (170.1°) of the
allene unit [22]. However, the optimized geometry is linear,
namely two mutually perpendicular fluorene m systems
similar to SBF. We speculated that the bend of allene is
caused by the packing effects. To prove our assumption, we
calculated the geometry of BDA based on the crystal
structure at the QM/MM level to consider preliminarily the
packing effect. The comparison of BDA geometry listed in
table S4 suggests that the geometry structure calculated by
QM/MM model is consistent with the crystal ones. Our
predictions proved accurate. Besides, the onion model was
also employed to validate the calculation on individual
molecule. The comparison of FR geometry listed in table
S5 suggests that both the geometry structures based on
single molecule calculation and onion model are consistent.

As we all know that the extent of the structural deviation
between the ground state and the excited state has an
important influence on the luminescent efficiency of
material, the smaller geometry relaxations, and the smaller
nonradiative transition probability. Here, we firstly focus
on the degree of geometrical relaxations upon dimeriza-
tion. The symmetries of SBF and BFD of excited state are
broken due to the non-equivalent geometrical changes of
the two fluorene segments. The change of symmetry has
been studied by Matuszna et al. [64] for the anionic
structures. The optimized geometric parameters of FR,
SBF, BFD, and BDA in the ground states (Sp) and the
lowest singlet excited states (§;) are presented in Table S3
in Supporting Information at B3LYP/6-31G(d) level. The
bond length changes upon excitation for the five-membered
ring of fluorene units of SBF, BFD, and BDA are more
significant than those in FR. The C11-C12, C9-C10, C9—
C13 bonds of SBF, BFD, and BDA are shortened, while
the neighboring bonds are elongated, which leads to the
formation of a quinoide-type structure. Here, we use
the bond length alternations (BLA) parameter, which is the
difference between the average length of the “single” and
“double” bonds, to characterize geometrical changes on
individual fluorene fragments. As a structural parameter,
BLA has been widely used to interpret electronic spectra of
various conjugated molecules [65-68]. The same work also
has been calculated by Lukes et al. [69] for SBF. In this
work, BLA is defined just for a fluorene unit of molecules:
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Ary = Rep_cpy — (Reto-cir + Re-cis ) (11)
and
Ary = Reyy—ciy — (Rewo—civ +RC'2/‘C13/)/2 (12)

Table 1 summarizes the BLA values of equilibrium
geometries in Sy and S; states and their differences Ar,_,. As
seen from Table 1, the Ar, for the four compounds in Sy
states are similar. In contrast, the Ar,; and Ar,, in S; state
present remarkable change from FR to BDA. In addition, the
order for Ar,_, is as follows: FR > BFD > SBF > BDA,
which indicates that the geometrical relaxation of FR among
the four compounds is the largest, whereas BDA’s is the
smallest. Since geometrical relaxation from S, to S states
leading to nonradiative transition, we further infer that the
tendency of nonradiative transition rate may conform
to FR ~ BFD > SBF > BDA. It should be noted that the
Ar,_, just indicates the geometrical relaxation concentrating
in five-membered ring of fluorene unit, rather than in twisted
angle of the two fluorene units (BFD from 34.0° in Sy to 43.4°
in S7). In what follows, the total geometrical relaxations of
these molecules will be further discussed in detail.

3.2 Geometry relaxation and nonradiative decay
of the first excited singlet state

TD-B3LYP/6-31G(d) level was employed to optimize the
first singlet excited-state geometries of all compounds
and to determine their corresponding frequencies. It is
generally recognized that Huang-Rhys factor (S;) char-
acterizing electron-vibration coupling strength is an
important physical quantity identifying the extent of the
geometry relaxation of excited state [51, 70, 71]. It could
be expressed as: S; = (w;AQ?)/2h, where o; represents
vibration frequency for the jth mode, and AQ; is the
normal mode displacement. §; for each normal mode and
the corresponding vibration mode with maximum S; are
shown in Fig. 2. It is found that the largest S; of FR and
SBF appear in 1,670.9 and 1,662.5 cm” !, respectively,
corresponding to the stretching vibrations of C—C double
bonds in fluorene fragment. While for BFD and BDA,
their largest Huang—Rhys factors appear in 44.4 and

Table 1 Calculated values of bond length alternation (in 10\) of FR,
SBF, BFD, and BDA in S, and S, states

Compounds FR SBF BFD BDA
Ar, 0.073 0.073 0.070 0.075
Ar, —0.032 0.022 —0.030 0.072
Arp - 0.007 0.004 0.072
Arig 0.105 0.051 0.100 0.004
Arpr g - 0.066 0.066 0.004

301.6 cm™ ', which are in low frequency region, and the
analysis of vibration modes indicates that the former
should be the result of C9=C9’ bond twisting and the
latter should come from the side—fluorene ring vibrat-
ing. For BDA, C9=C14=C9’ bonds restrict the stretching
vibrations of C-C double bonds in fluorene fragment,
and weaker stretching vibrations of C9=C14=C9’ bonds
result in weaker extensional stretching vibrations of two
sides fluorene units. Among these compounds, BFD has
the most complex vibration distributions, which suggests
that BFD may have stronger geometry relaxation of the
excited state and thus the largest nonradiative decay in
low frequency region, i.e., the vibrations in low fre-
quency region may have important contribution to
geometry relaxation due to the weak restriction of
C9=C9’. In a word, the different bridges linking two
fluorene fragments induce different geometry relaxations
of excited state.

It should be noted that Eq. 2 is applicable to the strong
coupling condition, namely Zj S; > 1. Here, the condition
is satisfied basically for these compounds. Meanwhile, low-
frequency motions exhibit strong mode mixings, namely
Duschinsky rotation effect generally. From table S6, which
collects some Duschinsky rotation matrix elements for
lowest five frequency modes, we can find that Duschinsky
rotation effect is weak for these compounds. Thus, we
employed formulas (2-6) to estimate k;. for each com-
pounds and listed the results in Table 2. We can find that
FR has largest k;., suggesting that the single fluorene
without substituent may have stronger vibration relaxation
from the first excited state through C-C stretching vibra-
tions. SBF with spiro-linkage has a little smaller k;. than
FR due to weaker C-C stretching vibrations in high fre-
quency region (about 1,600 cm™"). While the k;. of BFD
with double bond linkage is 2.32 x 10° s~', which mainly
comes from the contributions of vibrations in low fre-
quency. Specially, BDA has an extremely small k.,
2.75 x 10° s~!, which is considered to be the restriction
activity of C9=C14=C9’ bonds. Therefore, BDA is specu-
lated to have largest fluorescence quantum yield. In a word,
the bridge between the two fluorene fragments plays a
decisive role in internal conversion rate, especially for
C9=C14=C9’ bonds of BDA.

3.3 Frontier molecular orbitals and spectral properties

The frontier molecular orbitals (FMOs) are closely related
to the optoelectronic properties such as IP, EA, excitation
energy, and charge transportation of the molecules [72].
Here, they are shown in Fig. 3. It is clear that the different
types of substitutions at the C-9 position of fluorene bring
about different distributions of orbitals and conjugation
extent of molecule; thus, the energy levels of SBF, BFD,

@ Springer



Page 6 of 10 Theor Chem Acc (2012) 131:1176
Fig. 2 Calculated Huang—Rhys (a) (b)
factors versus the normal mode 1.8 4 1.8 -
wave numbers for FR (a), SBF 1.6 - 1.6
(b), BFD (c), and BDA (d) .14 e
& B . .
% 1.2 4 g 1.2 4
2 1.0 - w 1.0 4
% s 1670.9 cm’! \ S o8
:'m 8 :F R -
E 0.6 - %" 0.6 - 1662.5 cm™' \
E g
= 04 - ‘ = 0.4 -
0.2 4 0.2 4
0.0 r I I L+ I i 0.0 -
0 200 400 600 800 1000 1200 1400 1600 0 200 400 GOO 800 1000 1200 1400 1600
normal mode wavenumber (cm™) normal mode wavenumber (cm™)
(c) (d)
18 ] 1.8 4
1.6 4 1.6 4
n 1.4 L 14
£ g
£ 121 & 1.2 4
% 1.0 - ;}s 1.0 4
E s Z 0s
[-11] . :‘m
g 0.6 - 44.4 em™ E 0.6 4 301.6 em”
= T 04
0.2
0.0
0 200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600
normal mode wavenumber (cm™) normal mode wavenumber (em™)
Table 2 The radiative decay Compounds FR SBF BFD BDA
rates k, (s ') and internal
. —1
conversion rates kic (s~) k, 412 x 10° 2.84 x 10° 9.88 x 107 750 x 10°
calculated 10 5 5 o
kic 1.36 x 10 541 x 10 2.32 x 10 2.75 x 10

and BDA are effectively tuned. C9 of SBF has little con-
tribution to both the HOMO and LUMO. While for the
LUMO, the formation of spiro-conjugation between C10
and C1 bond and the adjacent C10'~C1’ bond leads to a
slight increase of the delocalized degree in the LUMO. In
spite of BDA has the larger molecular conjugation by
middle double bonds, the C9 of BDA also has less contri-
bution to HOMO than SBF. The C9 of BDA has significant
contribution to LUMO, increasing the delocalization of
7 electron, which results in the decrease of the LUMO
energy and make the electronic absorption spectra red-shift.
Strikingly, compared to the other compounds, BFD is sig-
nificantly distorted from planarity with a torsional angle of
34.0°. C9 of BFD has great contribution to HOMO and
LUMO, forming the larger delocalized m-bonds, which
results in the increase of the HOMO energy and the
decrease of the LUMO energy. These features would results
in completely different spectra characteristics.

Absorption and emission energies were calculated at
optimized Sy and S; geometries using TD-DFT method to
study their optical properties. Simulated Gaussian-type
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absorption curves of the studied compounds with solvation
of dichloromethane (CH,Cl,) media are shown in Fig. 4.
The detailed information, such as excitation energies,
oscillator strengths (f), dominant configurations, transition
nature, and experimental values of these compounds, are
listed in Table 3. The Sy — S; electronic transitions for
them can be attributed to HOMO to LUMO transition, i.e.,
n—n* transition. This indicates that introducing different
substitutions at C9-position hardly affects main absorption
transition characters of absorption spectra. However, dif-
ferent substitutions have great influences on the oscillator
strengths and absorption energies, which are well in
agreement with the aforementioned analyses of FMOs. In
other word, the bridge between the two fluorene fragments
determines the absorption spectrum for these derivatives.
The oscillator strength for an electronic transition is pro-
portional to the transition moment reflecting the transition
probability between Sy and S;. Thus, compared with other
compounds, BFD may have more intense absorption. In
addition, the wavelengths, oscillator strengths, main tran-
sition contribution, and the experimental data for emission
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Fig. 3 The FMOs and energy levels of FR, SBF, BFD, and BDA at
B3LYP/6-31G(d) level

(Amax) are listed in Table 4. The maximum emission
wavelengths of FR and SBF are 305.4 and 330.9 nm, while
the corresponding experimental values are 310 and 325 nm
[73], respectively. Thereby, theoretical values agree well
with experimental ones, which indicate that the methods
we adopted can reflect the variable trend of the emission
spectra. Moreover, the calculated Stokes shift of BFD
(7,567 cm_l) is much larger than those of FR, SBF, and
BDA, due to the larger geometrical relaxation around the
C9=C9’ double bond.

Based on the emission properties of these compounds,
we evaluated all the radiative rates in term of the Einstein
spontaneous emission eqn. According to Table 2, the k,
calculated for FR, SBF, BFD, and BDA are 4.12 x 108,
2.84 x 108, 9.88 x 107, and 7.50 x 108 s7! respectively.
In experiment, a natural radiative lifetime of 10 ns has
been measured for FR in CH,Cl,, that is, the k, of FR is
1 x 10® s7! [69]. Thus, the evaluations of k, employing
Einstein spontaneous emission relationship are relatively
accurate here. Combining with the nonradiative decay rates
(internal conversion rates) calculated mentioned above, the
fluorescence quantum efficiencies of all compounds were
estimated approximately. FR and BDA were inferred to
have lowest and highest fluorescence quantum yields,
respectively, among these compounds at single molecule
level, and BDA may be a potential high-efficient lumi-
nescent building unit.

3.4 The charge injection abilities and transport
properties

As we know, good charge injection and the comparable
transport balance between the holes and electrons are
crucial to the high performance of OLEDs [74, 75]. The IP
and the EA are usually considered as main parameters in

Wavelength/nm

Fig. 4 Simulated absorption spectra in CH,Cl, media for compounds
FR, SBF, BFD, and BDA. The value of the fwhm is 3,000 cm ™'

evaluating the ability of charge injection for the different
OLED materials [68, 76]. It is well known that the larger
EA value of material, the easier an electron from the
cathode such as the Al and Ca cross the barrier (AE,) to
facilitate electron injection. Likewise, the smaller IP value
of material, the easier a hole transfers from the anode (ITO)
to the adjacent hole transport layer in OLEDs. Further-
more, reorganization energy (4) should be taken into
account to assess the degree of geometrical relaxation of
molecule in the process of charge transport. Note that the
smaller value of the reorganization energy means the
stronger rigidity of molecule and further the easier charge
transport [77, 78]. The values of EA, IP, and /4 estimated
are listed in Table 5. It should be noted that although
B3LYP/6-31G(d) give enough accurate estimate of geo-
metric and electronic structures for all compounds,
B3LYP/6-31++4G(d, p) were also employed to calculate
the EA/IP and / to obtain more accurate values according
to the comparisons in table S7-S8. Firstly, according to
Table 5, the values of IP of SBF, BFD, and BDA show a
significant decrease, while the values of EA show a sig-
nificant increase, compared with FR. Especially for BFD,
it possesses the largest EA and the smallest IP values,
which suggests that BFD may show excellent performance
in charge injection. The trends are in agreement with those
of HOMOs and LUMOs. Secondly, the results in Table 5
also show that the differences between 4;, and A;; (Al.)
for FR (0.011 eV), SBF (0.042 eV), and BFD (0.051 eV)
are small. Combining with the analysis of EA and IP, we
conclude that the small A4, of BFD facilitates charge
transfer balance and the formation of the exciton. While
very low values of EA for FR and SBF are not favorable
for electron injection from the cathode. However, for BDA,
the unbalanced values between 1; (0.124 eV) and 4,
(1.166 eV) determine that BDA could be just used as an

@ Springer



Page 8 of 10

Theor Chem Acc (2012) 131:1176

Table 3 Selected excitation

energies (eV), wavelengths Compounds Cal. (nm) Composition f Jexp-
(nm), oscillator strengths (f) for FR 267.8 H - L (0.77) 0.4445 265%
low-lying singlet excited states
of FR, SBF, BFD, and BDA H-L+1(0.12)
calculated in CH,Cl, at SBF 290.6 H — L (0.91) 0.0910 297%
TD-B3LYP/6-31G(d, p) level 265.7 H-1 > L (0.81) 0.2594 252%
265.7 H-1 - L +1(0.81) 0.2594 2527
231.8 H-1 - L 4+ 3 (0.54) 0.3738 229%
BFD 463 H — L (0.71) 1.0000 458°
H HOMO, L LUMO BDA 341.3 H - L (0.27) 0.0000
* Experimental data from H-2 - L+ 1047
Ref. [73] 3109 H-3 - L (0.45) 1.2386
® Experimental data from H2 > L + 1(045)
Ref. [43]
Table 4 Selected emission .. , a
energies (¢V), emission Compounds Cal. (nm/eV) Composition f Jexp- (nm)
wavelengths (nm), and FR 305.4/4.06 L — H (0.98) 0.5767 310.0
oscillator strengths (f) for low-
lying singlet excited states of L+1-H(0I2)
FR, SBF, BFD, and BDA SBF 330.9/3.75 L — H (0.93) 0.0649 325.0
calculated in CH,Cl, 292.6/4.24 L — H-1 (0.89) 0.3643
BFD 712.7/1.74 L — H-1 (1.00) 0.0012
604.4/2.05 L — H (1.00) 0.5413
BDA 373.1/3.32 L — H-3 (0.49) 0.0000
L+ 1 — H-2 (0.49)
H HOMO, L LUMO 332.8/3.73 L+ 1 - H2 (0.49) 1.2459

# Experimental data from
Ref. [73]

L — H-3 (0.49)

Table 5 IP, EA, internal reorganization energy of hole (4;;,) and electron (4;,) by B3LYP/6-311++G(d, p) calculation (in eV), and the hole (u;,)

and electron mobilities (1) (in cm?/V s)

Compounds 1P, 1P, EA, EA, Ain Aie Ly e

FR 7.762 7.631 —0.373 —0.242 0.261 0.272 7.61 x 1072 149 x 1071
SBF 7.298 7.228 0.003 0.094 0.139 0.181 248 x 107! 481 x 1072
BFD 6.956 6.808 1.631 1.808 0.303 0.354 472 x 1072 6.09 x 1072
BDA 7.441 7.378 0.712 1.147 0.124 1.166 4.60 6.30 x 107°
9,9-dimethyl-9H-fluorene 7.682% 7.548 —0.301 —0.168 0.269 0.272 - -

? The experimental values of IP in Ref. [79] is 7.850 eV for 9,9-dimethyl-9H-fluorene

excellent hole transport material. It should be noted that the
A is just one of the key factors that influence the electron
and hole mobilities of compounds, and other factors like
electronic coupling (electron and hole transfer integral) are
not taken into account.

To obtain rational transfer integrals (V), all of the possible
hopping pathways (dimer) of all compounds have been
considered based on their crystal structures. The hopping
pathways of compounds are shown in Figure S2-S5 of Sup-
porting Information. Their corresponding dimer center of
mass (CM) distances and transfer integrals are also presented
in Table S9-S12. In what follows, the hole and electron
mobilities of FR (7.61 x 1072 and 1.49 x 10~" cm*/V s),
SBF (248 x 107! and 4.81 x 1072 cm?/V s), BFD

@ Springer

(472 x 1072 and 6.09 x 1072 cm*V s), and BDA (4.60
and 6.30 x 107 cm*/V s) were estimated, respectively,
according to the values of reorganization energies and
transfer integrals in the framework of Marcus theory, which
further prove the above-mentioned discussion, i.e., SBF and
BDA may present large intrinsic hole mobility, and BFD may
be a good ambipolar transport material.

4 Conclusions
In the manuscript, systematical computational investiga-

tions were performed on the fluorene and its derivatives
SBF, BFD, and BDA to gain better understanding about
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the influences of dimerization on the photophysical and
charge transport properties. The analyses of geometrical
features at ground and excited states through BLA calcu-
lation give a preliminary explanation of the influence of the
bridge between the two fluorene fragments. Then, the
discussion on the vibrational relaxations and the internal
conversion rates of the first singlet excited states indicate
that the cumulated double bond of BDA can restrict the
relaxation of excited state and thus improve the lumines-
cence quantum efficiency, and the following fluorescence
quantum yields estimated further suggest BDA may be a
potential high-efficient luminescent building unit. It is also
find that the absorption/emission spectra characteristics are
completely different, which is ascribed to the different
FMOs induced by different bridges at C9-linked. Mean-
while, the transport properties were discussed in the
framework of Marcus theory, according to the values of
reorganization energies and transfer integrals. Our calcu-
lations demonstrate that SBF may present large intrinsic
hole mobility, while BFD may be a good ambipolar
transport material, and BDA may present large intrinsic
hole mobility. In a word, these discussions on photophys-
ical and charge transport properties of these fluorene dimer
derivatives indicate the bridge play a decisive role.
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