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Abstract The electronic absorption and emission spectra,
second-order polarizability and reorganization energy of
the twenty silafluorenes and spirobisilafluorenes deriva-
tives have been studied at the density functional theory
level. The results show that the second-order polarizability
(p) increases with increase in the number of the branches
due to cooperative enhancement of the charge transfer,
whereas the reorganization energy (1) follows the opposite
trend for the studied compounds. The properties (ff and 2)
of the compounds at the 3, 6-positions substitution are
much better than those of compounds at the 2, 7-positions
substitution. The effects of donor/acceptor (D/A) substitu-
tion and different spiroatoms (silicon or carbon) on second-
order polarizability and reorganization energy are also
discussed. It is noted that the charge transport properties
can be tuned by changing the donor/acceptor (D/A) sub-
stitution, and the acceptor substitution can greatly
reduce the reorganization energy. The electronic absorption
spectra show that all studied compounds can meet the
requirement of nonlinear optical (NLO) transparency.
Thus, increasing the number of branches and acceptor
substitution can remarkably enhance performance of this
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kind of compounds. Based on larger f5, smaller A and
excellent optical transparency, this kind of compounds
have a possibility to be excellent second-order NLO or
charge transport materials.
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1 Introduction

Organic molecules have the advantage of easy chemical
modifications for structural diversity, easy fabrication,
mechanical flexibility, and low cost. Thus, the development
of organic molecular and polymeric compounds has
brought forth a number of remarkable discoveries in elec-
tronic, optoelectronic, and electrooptic devices [1, 2]. The
continued emergence of these new technologies will
mainly depend on performance enhancement in such mat-
ters as nonlinear optical (NLO) response, luminescence
quantum efficiency, charge injection and transport effi-
ciency, and temporal and thermal stability.

Materials with large hyperpolarizabilities are good
candidates for use in optoelectronics and a variety of
optical devices [3—11]. There exist three generic classes
of NLO material: semiconductors, inorganic salts, and
organic compounds. Each class possesses its own com-
plement of favorable and unfavorable attributes for NLO
application [12]. The organic materials are of major
interest because of their larger NLO coefficient, high laser
damage thresholds, low dielectric constants, fast nonlinear
optical response times, and off-resonance nonlinear optical
susceptibilities comparable to or exceeding those of
ferroelectric inorganic crystals [13]. Organic materials
have several disadvantages: low energy transitions in the

@ Springer


http://dx.doi.org/10.1007/s00214-010-0838-z

250

Theor Chem Acc (2011) 128:249-256

UV-vis region enhance the NLO efficiency but result in a
trade-off between nonlinear efficiency and optical trans-
parency, they may have low thermal stability, and (in poled
guest—host systems) they may undergo a facile relaxation
to random orientation [14]. Thus, it is very important to
find suitable organic materials with larger NLO response,
excellent optical transparency and thermal stability.

Organic semiconductors are of interest for manufactur-
ing large-area and flexible organic electronic devices at low
cost. The reliability of organic electronic devices depends
on the morphological stability of the corresponding mate-
rials, which can be quantified by the glass-transition tem-
perature (7g) of the materials [15]. The efficiency of
OLEDs is determined by charge injection and transport,
charge carrier balance, radiative decay of excitons, and
light extraction. However, charge transport in organic
materials is one of the most important properties in the
performance of organic light-emitting devices (OLEDs)
[16, 17], organic field effect transistors (OFETs) [18, 19],
and organic solar cells [20, 21]. Higher carrier mobilities in
the charge transport process depend on smaller reorgani-
zation energy and larger transfer integral.

The bonding concept of spiroconjugation was intro-
duced some years ago by Hoffmann [22] and simul-
taneously by Simons and Fukunaga [23]. To the
spiroconjugated compounds, significant exchange interac-
tion across the spiroatom can be obtained without being
accompanied by the reduction in the excitation energy,
which can satisfy optical transparency. Both experimental
results [24] and theoretical studies [25-29] show that spi-
roconjugated compounds exhibit excellent NLO properties
and excellent optical transparency. In 1996, a surprisingly
variable concept for the design of amorphous electro-
luminescent materials with high Tg is based on the specific
introduction of spiro-center into defined low molecular
structures [30]. They used the known structures which
already have the desired electronic or optical properties and
to modify their steric demand in such a way that their
processability and morphologic stability is improved, while
their electronic properties are retained [31-33]. Based on
Spiro-TAD and Spiro-PDB, they obtained blue electro-
luminescence devices with high color purity, high brightness,
high Tg, and low turn-on voltage [32]. Now, spiro-linked
compounds are known to be glass-forming materials with
high Tg and good morphological stability, which makes
them well-suited for organic devices. Spiro-linked com-
pounds have been successfully applied in OLEDs [34, 35],
OFETs [36-38], phototransistors [39, 40], and lasers
[41-44].

Recently, Kawashima et al. have synthesized and char-
acterized a series of m-Extended silafluorenes and spiro-
bisilafluorenes  derivatives bearing electron-donating
aminostyryl substituents (-NH,) at the 2,7- or 3,6-
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positions, which exhibited the existence of a spiroconju-
gation effect and moderate to strong fluorescence emission
[45]. Many studies show that silicon-containing 7-conju-
gated compounds have recently been paid much attention
due to their intense solid-state fluorescence and/or good
electron transport properties in organic light-emitting
diodes [46-52]. The siloles in particular have a relatively
low-lying lowest unoccupied molecular orbital (LUMO)
level owing to the o*—m* conjugation between the o*
orbital of the exocyclic Si—C bond and the ©* orbital of the
butadiene fragment. These unique electronic properties
have led to very high electron affinity and, in some cases,
nondispersive and air-stable electron transport [53, 54]. In
this paper, our aim is to systemically investigate the sec-
ond-order NLO properties and reorganization energy of
silafluorenes and spirobisilafluorenes derivatives and build
their relationship between their structures and properties.
The effects of replacement of a silicon atom with carbon
atom and replacement of -NH, with -NO, on NLO pro-
perties and reorganization energy are also investigated.

2 Computational details

Geometrical optimization of the twenty silafluorenes and
spirobisilafluorenes derivatives without any symmetry
constraint was carried out by employing B3LYP functional
[55] in the density functional theory (DFT) level as
implemented in Gaussian 03 program [56]. The geometri-
cal structure and Cartesian coordinates are shown in
Fig. S1 (supporting information). The B3LYP functional is
a combination of Becke’s three-parameter hybrid exchange
functional [55] and the Lee—Yang—Parr [57] correlation
functional. Basis sets of 6-31G* were applied to our
studied systems. The single-excitation configuration inter-
action (CIS) method is adopted to obtain the first singlet
excited-state (S1) structures, based on the ground state (S0O)
structures. Time-dependent density functional (TD-DFT)
calculations were carried out at the B3LYP/6-31G* level to
determine their absorption and emission energies and
transition dipole moments. The second-order polarizabili-
ties were calculated as performed in the Gaussian 03 pro-
gram package. To evaluate electron correlation effects, the
static second-order polarizability was also calculated at the
second-order Mgller-Plesset (MP2) level. The effects of six
different basis sets (6-31G*, 6-311G*, 6-31 + G*,
6-311 + G*, 6-311 ++4+G¥*, 6-311 ++G**) on second-
order polarizability are also discussed.

In general, electric-field-induced second harmonic gene-
ration (EFISHG) and hyper-Rayleigh scattering (HRS) are
the two main methods to determine the second-order NLO
properties. Here, we focused on the HRS response of the
studied compounds. In the case of plane-polarized incident
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light and observation made perpendicular to the propaga-
tion plane without polarization analysis of the scattered
beam, the second-order NLO response that can be extracted
from HRS data [58] can be described as:

= V1B + (B} (1)

(B>,,) and (f%,,) correspond to isotropic orientational
averages of the f§ tensor components without assuming
Kleinman’s conditions [59] and are described as:
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The second-order polarizability values are consistent with
convention B of Ref. [60]. All of the calculations in this
work are carried out using the Gaussian 03 package.

3 Results and discussion

In this paper, twenty different silafluorenes and spirobisi-
lafluorenes derivatives were investigated (Fig. S1). Before
further discussion, it is necessary to explain the geometric
characters and name meanings of these compounds. Each
compound is labeled by four letters. For example, Si in
SiB2D indicates that spiroatom is silicon, while the B2
specifies that the number of branches is two and substituted
positions are at the 3, 6-positions. In SiB2'D, the B2’ means
that the substituted positions are at the 3,7-positions and
the number of branches is two. The letter D means that the

terminal substitution is the donor (-NH,). To study the
substituted effect of donor or acceptor (D/A), the letter D is
changed into A meaning acceptor (-NO,). To determine
the better spiro-center between carbon and silicon, we
replaced the silicon atom with carbon within all studied
compounds.

3.1 Second-order polarizability

Many investigations have revealed that the optimized
geometries at different levels or with different basis sets do
not cause significant differences in the calculated NLO
response values for most organic compounds [13, 61, 62].
However, the NLO polarizabilities are very sensitive to the
basis sets especially to diffuse and polarization functions
[9, 63, 64]. Here, six different basis sets (6-31G*, 6-311G*,
6-31 + G*, 6-311 + G*, 6-311 +4+G*, 6-311 ++G*¥*)
were tested. To evaluate electron correlation effects, the
static second-order polarizability was also calculated at the
second-order Mgller-Plesset (MP2) level with the six dif-
ferent basis sets. Firstly, the SiB1D was taken as an
example to study the relationship between second-order
polarizabilities and basis sets based on B3LYP and MP2
methods, respectively. The results are shown in Fig. 1. The
values of the second-order polarizabilities become larger
and larger from 6-31G* to 6-31 + G*. Then, the values of
the second-order polarizabilities decrease slightly. But, the
values of the second-order polarizabilities become con-
verged from the 6-311 + G* basis set. However, Supo-
nitsky et al. found that 6-31 + G* basis set is enough to
their studied compounds [65]. The results obtained from
the MP2 method are smaller than those of B3LYP method.
However, the MP2 and B3LYP methods give consistent
trends on the second-order polarizabilities, which is in
accordance with the conclusion of the literature [66]. It
should be noted that the systematic design of the improved
materials for NLO applications primarily requires the
knowledge of structure—property relations and the trends in
NLO response rather than absolute values to provide sys-
temic guidance to the experimentalists. To further study the
relationship between the basis set and the number of the
branch, the second-order polarizabilities of SiB2D were
calculated at the six different basis sets by using B3LYP
method. And the results are shown in Fig. S2 (supporting
information). Again, the values of the second-order polar-
izabilities become converged to the 6-311 + G* basis set.
Finally, the B3LYP/6-311 + G* was used in the following
discussion.

Design of the molecules with high molecular NLO
polarizabilities and appropriate optical transparency is an
important step in the quest for effective NLO materials.
The use of quantum chemical methods for the prediction of
the molecular NLO properties is expected to provide some
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Fig. 1 The relationship between second-order polarizabilities and
basis sets of system SiB1D obtained by MP2 and B3LYP method,
respectively

instructions and accelerate subsequent experimental stud-
ies. The static second-order polarizability is termed the
zero-frequency hyperpolarizability and is an estimate of the
intrinsic molecular hyperpolarizability in the absence of
resonance effect. The calculated second-order polarizabi-
lity values of the studied compounds are given in Table 1.
From Table 1, we can draw the following conclusions: (1)
The second-order polarizability values increases with the
increase in the number of branches, which means that
increasing the number of branches can favor the charge
transfer. (2) The second-order polarizability values of the
compounds with the 3,6-positions substitution are great
larger than those with the 2,7-positions substitution. (3)
The second-order polarizability values of compounds
containing the acceptor are greater and larger than those of
compounds containing the donor. This indicates that
compounds containing electronic acceptor matched with
the direction of charge transfer. (4) To compounds con-
taining the donor, the second-order polarizability values of
compounds with the silicon atom as spiro-center are larger
than those of compounds with the carbon atom as spiro-
center. However, to compounds containing the acceptor,
the second-order polarizability values of compounds with
the silicon atom as spiro-center are smaller than those of
carbon atom. This means there is certain cooperation
between spiro-center and donor/acceptor.

3.2 Electronic spectra
3.2.1 Absorption spectra
To understand the structure—property relationship and

optical transparency, the electronic excitation energies and
oscillator strengths were calculated using the TDB3LYP at
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Table 1 The calculated static second-order polarizabilities (10>
esu) of the studied compounds at B3LYP/6-311 4+ G* level

Donor f Acceptor  f Donor f Acceptor  f

SiBID 182.13 SiB1A 33569 CBID 11020 CBl1A 372.66
SiB2D  259.04 SiB2A 37428 CB2D 17822 CB2A 428.87
SiB4D  351.57 SiB4A 33537 CB4D 185.38 CB4A 556.26
SiB2D 2558 SiB2'A 2229 CB2D 3361 CB2A 159.92
SiB4D 9431 SiB4A 108.82 CB4'D 8.07 CB4'A 102.68

6-31G* level (Table 2). From the complex SOS expres-
sion, the two-level model that linked between fcr and a
low-lying charge transfer transition has been established.
For the static case, the following expression is employed to
estimate fcr:

Ber o % (4)

gm
where Ap is the change of dipole moment between the
ground and mth excited state, f,,, is the oscillator strength
of the transition from the ground state (g) to the mth
excited state (m), and Eg, is transition energy. Thus, the
second-order polarizability caused by charge transfer
(Pcr) is proportional to the optical intensity and inversely
proportional to the cube of transition energy (Eg,). As a
result, a larger f,, with a lower E,, will lead to the
larger second-order polarizability. Our studied compounds
have large energy gaps, and the model is valid for this
analysis.

To be simple, the electronic transition properties of
compounds with silicon as spiro-center were analysis due
to the similarity of the compounds with carbon as spiro-
center. The excitation energy decreases with the increase in
the number of branches (Table 2). On the other hand, the
number of states with larger oscillator strength increases
with increase in the number of branches (Table 2). Those
merits can increase the values of the second-order polar-
izability based on the two-level model. However, the NLO
transparency can be maintained in the studied compounds,
which is worthy of remarks in considering practical
application. It should be noted that the excitation energies
of compounds with acceptor is slightly smaller than those
of compounds with donor. This can be used to explain why
the compounds with acceptor have larger NLO response.
However, the bathochromic shift extent of compounds with
substituted positions at the 3,6-positions is slightly smaller
than those with the substituted positions at the 2,7-posi-
tions, which is due to the difference in p-orbital delocali-
zation between the 3,6- and 2,7-substituted biarylene
ligands [67, 68].

To organic compounds, the electronic transition prop-
erties are mainly determined by the distribution of highest
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Table 2 The calculated excitation energies (eV), oscillator strengths (f), main contribution of the studied compounds at the B3LYP/6-31G* level

Donor Energy f Main contribution Acceptor Energy f Main contribution
SiB1D 367.82 0.6637 HOMO — LUMO SiB1A 399.38 0.5466 HOMO — LUMO
SiB2D 387.84 0.4598 HOMO - LUMO SiB2A 415.69 0.3761 HOMO - LUMO
371.87 0.1886 HOMO-1 - LUMO 399.95 0.1173 HOMO-1 - LUMO
HOMO - LUMO + 1 HOMO — LUMO + 1
SiB4D 408.01 0.2361 HOMO - LUMO SiB4A 424.48 0.2561 HOMO - LUMO
407.97 0.2386 HOMO — LUMO + 1 424.47 0.2560 HOMO — LUMO + 1
390.75 0.2372 HOMO-1 - LUMO 405.36 0.6270 HOMO-2 — LUMO + 1
390.71 0.2344 HOMO-1 - LUMO + 1 HOMO-3 - LUMO
386.53 1.1458 HOMO-2 — LUMO + 1 398.55 0.1633 HOMO-1 - LUMO
HOMO-3 - LUMO 398.54 0.1634 HOMO-1 — LUMO + 1
SiB2'D 436.51 2.0688 HOMO - LUMO SiB2'A 468.20 2.0307 HOMO - LUMO
SiB4'D 453.49 0.0890 HOMO - LUMO SiB4'A 468.55 0.3466 HOMO-1 - LUMO
HOMO-1 —» LUMO HOMO — LUMO
453.48 0.0891 HOMO — LUMO + 1 468.55 0.3469 HOMO - LUMO + 1
HOMO-1 - LUMO + 1 HOMO-1 - LUMO + 1
443.19 1.7615 HOMO — LUMO 458.20 1.6795 HOMO — LUMO
HOMO-1 - LUMO HOMO-1 - LUMO
443.19 1.7617 HOMO - LUMO + 1 458.19 1.6799 HOMO — LUMO + 1

HOMO-1 —» LUMO + 1

HOMO-1 —» LUMO + 1

occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO). Here, compounds SiB2D,
SiB2A, SiB4D and SiB4A are taken as examples to
investigate the D/A substituted effects on charge transfer.
And their frontier molecular orbitals are shown in Fig. 2.
When comparing between compounds with the donor and
acceptor, the distribution of HOMO and LUMO is differ-
ent. When one electron was promoted from the HOMO to
the LUMO (see Fig. 2), the orbital pattern in the donor-
substituted compounds suggests that this electronic transi-
tion should be attributed to charge transfer from the
peripheral phenyl groups to the central core and the silicon
atoms also participate in this process. However, charge
transfer of the acceptor substituted compounds is contrary.

3.2.2 Emission specta

Based on the above discussion, the effects of different
substitution positions and donor/acceptor substitution on
second-order polarizabilities and electronic absorption
spectra are obvious. To study these effects on the excited-
state structures and emission spectra, the compounds with
silicon as spiro-center were taken as examples due to the
similarity of the compounds with carbon as spiro-center.
The single-excitation configuration interaction (CIS) [69]
method at 6-31G* level is adopted to obtain the first singlet
excited-state (S;) structures, based on the ground state
(So) structures. Time-dependent density functional theory

(TDDFT) has emerged as the currently most applied
method for molecular computations due to its balance
between accuracy and efficiency. Then, the emission
spectra are calculated at TDB3LYP/6-31G* level, and their
results and experimental values are shown in Table S1. Our
results indicate that the TDB3LYP maximum emission
wavelengths are in good agreement with the experimental
ones. From Table 1, we can find that the maximum emis-
sion wavelengths are red shift with increase in the number
of branches. Compared with SiB1D, the bathochromic shift
extent of compounds with the 3,6-positions substitution is
smaller than that of compounds with the 2,7-positions
substitution. It is interesting to note that oscillators’
strengths of compounds with the 3,6-positions substitution
are much smaller than that of compounds with the 2,7-
positions substitution. The oscillators’ strengths reflect the
transition probability from the excited state to the ground
state. In general, the higher the transition probability, the
greater the emission probability and fluorescence kinetic
constant can be obtained [70]. This means that compounds
with the 2,7-positions substitution have the larger fluores-
cence quantum yields, which is also in agreement with the
experimental results. The larger fluorescence quantum
yields of these compounds are due to the result of expan-
sion of m conjugation over the biarylene ligands [67, 68].
When comparing the donor/acceptor substitutions, the
emission wavelengths with the acceptor substitution are
larger than those of donor substitution, which can be
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Fig. 2 The frontier molecular
orbitals of the studied
compounds SiB2D, SiB2A,
SiB4D, and SiB4A
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explained that the introduction of acceptor (-NO2)
decreases the LUMO energy level through 7 orbital inter-
actions. Our results indicate that the maximum emission
wavelengths and fluorescence quantum yields could be
tuned by changing the substitution position and donor/
acceptor.

3.3 Reorganization energy

The efficiency of OLEDs is determined by charge injection
and transport, charge carrier balance, radiative decay of
excitons, and light extraction. However, charge transport is
one of the most important properties in the performance of
OLEDs, OFETs, and organic solar cells. Thus, highly
efficient OLEDs need both efficiency and balance of
charge transport within the organic layer(s). Highly fluo-
rescent or phosphorescent organic materials in OLEDs
devices have either hole transport (p-type) or electron
transport (n-type) characteristics. Currently, very often
p-type behavior has been found to be dominating. Scarcity
of n-type semiconductors influences the development of
OLEDs in a certain extent [71]. Reorganization energy is
usually used as the main aspect to assess the charge
transport rate [72-76]. Moreover, the calculated reorgani-
zation energy in aromatic systems based on DFT theory is
in good agreement with experimental results [77].

The electron (4.) and hole (/;) reorganization energies

can be obtained by the following relationships:
In =[E(0) ~ B+ [E(4) ~ E°(0)] 5
Je =[E'(=) = E°(0)] + [E7(0) — E™(-)]

where E*(0) is the energy of cationic stated in neutral
geometry, E’(4) is the energy of neutral stated in cationic
geometry, and the others are similar. The calculated reor-
ganization energy of the studied compounds is shown in
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Table 3 The calculated reorganization energy (eV) of the studied
compounds at B3LYP/6-31G*

Donor Hole Electron Acceptor Hole Electron
SiB1D 0.428 0.342 SiB1A 0.250 0.363
SiB2D 0.317 0.223 SiB2A 0.149 0.204
SiB4D 0.196 0.173 SiB4A 0.079 0.123
SiB2'D 0.371 0.280 SiB2'A 0.209 0.232
SiB4'D 0.210 0.158 SiB4'A 0.097 0.128
CB1D 0.417 0.337 CB1A 0.217 0.360
CB2D 0.294 0.196 CB2A 0.128 0.200
CB4D 0.169 0.115 CB4A 0.038 0.085
CB2'D 0.366 0.273 CB2'A 0.184 0.224
CB4'D 0.159 0.110 CB4'A 0.046 0.100

Table 3. Based on the analysis of these results, the fol-
lowing conclusions can be obtained: (1) The donor/acceptor
(D/A) substitution has remarkable effect on the reorgani-
zation energy and can even change the transport properties
as well as from the electronic transport material to the hole
transport material. Specifically, to the compounds contain-
ing the donor (—NH,), the electronic reorganization energy
is smaller than that of hole reorganization energy. But, the
electronic reorganization energy of compounds containing
the acceptor (-NO,) is larger than that of hole reorganiza-
tion energy. Overall, the reorganization energy of com-
pounds containing the acceptor (—NO,) is smaller than that
of compounds containing the donor (-NH,), which means
the acceptor substitution can greatly reduce the reorgani-
zation energy. (2) The reorganization energy greatly
decreases with the increase in the number of branches,
which means that increasing the number of branches can
favor the charge transport. (3) The reorganization energy of
compounds with substituted positions at the 3,6-positions is
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smaller than those with the substituted positions at the 2,7-
positions. This indicates that the 3,6-positions substitution
is favor of the charge transport. There is a close relationship
between charge transport and bond length modifications
upon oxidation or reduction. In general, the smaller bond
length modifications in these processes would exhibit the
smaller reorganization energy, which would lead to the
easier charge transport. According to the optimized struc-
tures of the neutral, anion, and cationic states, the average
bond length modifications upon oxidation or reduction are
compared among the studied compounds. The results show
that the average bond length modifications greatly decrease
with the increase in the number of branches. Moreover, the
average bond length modifications of the compounds con-
taining the acceptor (-NO,) are smaller than those of
compounds containing the donor (-NH,). This means that
the smaller reorganization energy results from the smaller
bond length modifications. Tris(8-hydroxyquinolinato)alu-
minum(III) (Alq) is an excellent electronic transport
material. The electronic reorganization energy of Alq is
0.276 eV. Our calculated electronic reorganization energy
such as CB4'D (0.110 eV) is much smaller than that of Alq
[9, 63, 64]. This makes them promising candidates for
electronic transport material.

4 Conclusion

In this paper, we have investigated electronic absorption
spectra, second-order polarizability and reorganization
energy of the twenty silafluorenes and spirobisilafluorenes
derivatives and elucidated structure—property relationships
from the micromechanism. The basis sets and electron
correlation effects are systemically investigated. The
results show that the second-order polarizability (f)
increases with increase in the number of the branches due
to cooperative enhancement of the charge transfer, whereas
the reorganization energy (1) follows the opposite trend for
the studied compounds. The properties (f and 4) of the
compounds at the 3,6-positions substitution are much better
than those of compounds at the 2,7-positions substitution.
The charge transport properties can be tuned by changing
the donor/acceptor (D/A) substitution and the acceptor
substitution can greatly reduce the reorganization energy.
The electronic absorption spectra show that all studied
compounds can meet the requirement of nonlinear optical
(NLO) transparency. Thus, increasing the number of
branches and acceptor substitution can remarkably enhance
performance of this kind of compounds. Based on larger f,
smaller A, and excellent optical transparency, this kind of
compounds have a possibility to be excellent second-order
NLO or charge transport materials.

Acknowledgments The authors gratefully acknowledge the finan-
cial support from the National Natural Science Foundation of China
(Project No. 20903020), the Science and Technology Development
Project Foundation of Jilin Province (20090146), the Training Fund
of NENU’s Scientific Innovation Project (NENU-STC08005), The
Project Sponsored by the Scientific Research Foundation for the
Returned Overseas Chinese Scholars, State Education Ministry, Sci-
ence Foundation for Young Teachers of Jilin Agricultural University.

References

1. Friend RH, Gymer RW, Holmes AB, Burroughes JH, Marks RN,
Taliani C, Bradley DC, Dos Santos DA, Brédas JL, Légdlund M,
Salaneck WR (1999) Nature 397:121

2. Skotheim TA, Elsenbaumer RL, Reynolds JR (eds) (1998)
Handbook of Conducting Polymers. Marcel Dekker, New York

3. Prasad PN, William DJ (1991) Introduction to Nonlinear Optical
Effects in Molecules and Polymer. Wiley, New York

4. Chemla DS, Zyss J (1987) Nonlinear Optical Properties of
Organic Molecules and Crystals. Academic, New York

5. Marder SR, Perry JW, Schaeffer WP (1989) Science 245:626

6. Samuel IDW, Ledoux I, Dhenaut C, Zyss J, Fox HH, Schrock
RR, Silbey RJ (1994) Science 265:1070

7. Mukamel S, Wang HX (1992) Phys Rev Lett 69:65

8. Spano FC, Soos ZG (1993) J Chem Phys 99:9265

9. Kanis DR, Ratner MA, Marks TJ (1994) Chem Rev 94:195

10. Marks TJ, Ratner MA (1995) Angew Chem Int Ed Engl 34:155

11. Clays K, Persoons A (1991) Phys Rev Lett 66:2980

12. Blau W (1987) Phys Technol 18:250

13. Bredas JL, Adant C, Tackx P, Persoons A, Persoons BM (1994)
Chem Rev 94:243

14. Powell CE, Humphrey MG (2004) Coord Chem Rev 248:725

15. Saragi TPI, Fuhrmann-Lieker T, Salbeck J (2006) Adv Funct
Mater 16:966

16. Tang CW, Van Slyke SA (1987) Appl Phys Lett 51:913

17. Baldo MA, O’Brien DF, You Y, Shoustikov A, Sibley S,
Thompson ME, Forrest SR (1998) Nature 395:151

18. Garnier F, Hajlaoui R, Yassar A, Srivastava P (1994) Science
265:1684

19. Sirringhaus H, Brown PJ, Friend RH, Nielsen MN, Bechgaard K,
Langeveld-Voss BMW, Spiering AJH, Janssen RAJ, Meijer EW,
Herwig P, de Leeuw DM (1999) Nature 401:685

20. Sariciftci NS, Smilowitz L, Heeger AJ, Wudl F (1992) Science
258:1474

21. Halls JJM, Walsh CA, Greenham NC, Marseglia EA, Friend RH,
Moratti SC, Holmes AB (1995) Nature 376:498

22. Hoffmann R, Imamura A, Zeiss GD (1967) J] Am Chem Soc
89:5215

23. Simmons HE, Fukunaga T (1967) J Am Chem Soc 89:5208

24. Kim SY, Lee MY, Boo BH (1998) J Chem Phys 109:2593

25. Abe J, Shirai Y, Nemoto N, Nagase Y (1997) J Phys Chem A
101:1

26. Abe J, Shirai Y, Nemoto N, Nagase Y, Iyoda T (1997) J Phys
Chem B 101:145

27. Fu W, Feng JK, Pan GB (2001) Theochem 545:157

28. Yang GC, Qin CS, Su ZM (2006) J Phys Chem A 110:4817

29. Plaquet A, Guillaume M, Champagne B, Castet F, Ducasse L,
Pozzo JL, Rodriguez V (2008) Phys Chem Chem Phys 10:6223

30. Salbeck J (1996) In: Mauch RH, Gumlich HE (eds) Proceedings
of symposium on inorganic and organic electroluminescence (EL
1996), Wissenschaft und Technik, Berlin, Germany, p 243

31. Bach U, Lupo D, Compte P, Moser JE, Weissortel F, Salbeck J,
Spreitzer H, Gritzel M (1998) Nature 395:583

@ Springer



256

Theor Chem Acc (2011) 128:249-256

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

Salbeck J, Yu N, Bauer J, Weissortel F, Bestgen H (1997) Synth
Met 91:209

Steuber F, Staudigel J, Stossel M, Simmerer J, Winnacker A,
Spreitzer H, Weissortel F, Salbeck J (2000) Adv Mater 12:130
Huang J, Pfeiffer M, Blochwitz J, Werner A, Salbeck J, Liu S,
Leo K (2001) Jpn J Appl Phys 40:6630

Tao YT, Ao L, Wang Q, Zhong C, Yang CL, Qin JG, Ma DG
(2010) Chem Asian J 5:278

Saragi TPI, Pudzich R, Fuhrmann T, Salbeck J (2002) Mater Res
Soc Symp Proc 725:89

Saragi TPI, Fuhrmann-Lieker T, Salbeck J (2005) Synth Met
148:267

Zhang XJ, Jiang XX, Luo J, Chi CY, Chen HZ, Wu JS (2010)
Chem Eur J 16:464

Saragi TPI, Pudzich R, Fuhrmann T, Salbeck J (2004) Appl Phys
Lett 84:2334

Heredia D, Natera J, Gervaldo M, Otero L, Fungo F, Lin CY,
Wong KT (2010) Org Lett 12:12

Johansson N, Salbeck J, Bauer J, Weissortel F, Broms P, An-
dersson A, Salaneck WR (1999) Synth Met 101:405

Salbeck J, Schorner M, Fuhrmann T (2002) Thin Solid Films
417:20

Spehr T, Pudzich R, Fuhrmann T, Salbeck J (2003) Org Electron
4:61

Agou T, Hossain MD, Kawashima T, Kamada K, Ohta K (2009)
Chem Commun 6762

Agou T, Hossain D, Kawashima T (2010) Chem Eur J 16:368
Tamao K, Uchida M, Izumizawa T, Furukawa K, Yamaguchi S
(1996) J Am Chem Soc 118:11974

Yamaguchi S, Endo T, Uchida M, Izumizawa T, Furukawa K,
Tamao K (2000) Chem Eur J 6:1683

Watkins NJ, Mikinen AJ, Gao Y, Uchida M, Kafafi ZH (2004)
Proc Spie Int Soc Opt Eng 5214:368

Palilis LC, Mikinen AJ, Uchida M, Kafafi ZH (2003) Appl Phys
Lett 82:2209

Palilis LC, Murata H, Uchida M, Kafafi ZH (2003) Org Electron
4:113

Uchida M, Izumizawa T, Nakano T, Yamaguchi S, Tamao K,
Furukawa K (2001) Chem Mater 13:2680

Palilis LC, Uchida M, Kafafi ZH (2004) IEEE J Sel Top Quantum
Electron 10:79

Murata H, Malliaras GG, Uchida M, Shen Y, Kafafi ZH (2001)
Chem Phys Lett 339:161

Murata H, Kafafi ZH, Uchida M (2002) Appl Phys Lett 80:189
Becke AD (1993) J Chem Phys 98:5648

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Montgomery JA Jr, Vreven T, Kudin KN, Burant
JC, Millam JM, Iyengar SS, Tomasi J, Barone V, Mennucci B,
Cossi M, Scalmani G, Rega N, Petersson GA, Nakatsuji H, Hada
M, Ehara M, Toyota K, Fukuda R, Hasegawa J, Ishida M,

@ Springer

57.
58.

59.
60.
61.

62.
. Torrent-Sucarrat M, Sola M, Duran M, Luis JM, Kirtman B

64.
65.
66.
67.
68.
69.

70.
71.

72.
73.

74.

75.
76.

71.

Nakajima T, Honda Y, Kitao O, Nakai H, Klene M, Li X, Knox
JE, Hratchian HP, Cross JB, Adamo C, Jaramillo J, Gomperts R,
Stratmann RE, Yazyev O, Austin AJ, Cammi R, Pomelli C,
Ochterski JW, Ayala PY, Morokuma K, Voth GA, Salvador P,
Dannenberg JJ, Zakrzewski VG, Dapprich S, Daniels AD, Strain
MC, Farkas O, Malick DK, Rabuck AD, Raghavachari K,
Foresman JB, Ortiz JV, Cui Q, Baboul AG, Clifford S, Cio-
slowski J, Stefanov BB, Liu G, Liashenko A, Piskorz P, Ko-
maromi I, Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng CY,
Nanayakkara A, Challacombe M, Gill PMW, Johnson B, Chen
W, Wong MW, Gonzalez C, Pople JA (2003) GAUSSIAN 03,
(Revision C.02). Gaussian Inc., Pittsburgh PA

Lee CT, Yang WT, Parr RG (1998) Phys Rev B 37:785
Mancois F, Sanguinet L, Pozzo JL, Guillaume M, Champagne B,
Rodriguez V, Adamietz F, Ducasse L, Castet F (2007) J Phys
Chem B 111:9795

Bersohn R, Pao YH, Frisch HL (1966) J Chem Phys 45:3184
Willetts A, Rice JE, Burland DA, Shelton DP (1992) J Chem
Phys 97:7590

Yang ML, Li SH, Ma J, Jiang YS (2002) Chem Phys Lett
354:316

Sim F, Chin S, Dupuis M, Rice JE (1993) J Phys Chem 97:1158

(2003) J Chem Phys 118:711

Skwara B, Bartkowiak W, Zawada A, Gora RW, Leszczynski J
(2007) Chem Phys Lett 436:116

Suponitsky KY, Tafur S, Masunov AE (2008) J Chem Phys
129:044109

van Gisbergen SJA, Snijders JG, Baerends EJ (1998) J Chem
Phys 109:10657

Dimitrakopoulos CD, Malenfant PRL (2002) Adv Mater 14:99
Babel A, Jenekhe SA (2003) J Am Chem Soc 125:13656
Foresman JB, Head-Gordon M, Pople JA, Frisch MJ (1992)
J Phys Chem 96:135

Amati M, Lelj F (2002) Chem Phys Lett 358:144

Robey SW, Ciszek JW, Tour JM (2007) J Phys Chem C
111:17206

Malagoli M, Coropceanu V, da Silva Filho DA, Bredas JL (2004)
J Chem Phys 120:7490

Coropceanu V, Malagoli M, da Silva Filho DA, Gruhn NE, Bill
TG, Bredas JL (2002) Phys Rev Lett 89:275503

da Silva Filho DA, Friedlein R, Coropceanu V, Ohrwall G, Os-
ikowicz W, Suess C, Sorensen SL, Svensson S, Salaneck WR,
Bredas JL (2004) Chem Commun 1702

Gruhn NE, da Silva Filho DA, Bill TG, Malagoli M, Coropceanu
V, Kahn A, Bredas JL (2002) J Am Chem Soc 124:7918
Coropceanu V, Kwon O, Wex B, Kaafarani BR, Gruhn NE,
Durivage JC, Neckers DC, Bredas JL (2006) Chem Eur J 12:2073
Lin BC, Cheng CP, You ZQ, Hsu CP (2005) J Am Chem Soc
127:66



	Theoretical study on the second-order nonlinear optical properties and reorganization energy of silafluorenes and spirobisilafluorenes derivatives
	Abstract
	Introduction
	Computational details
	Results and discussion
	Second-order polarizability
	Electronic spectra
	Absorption spectra
	Emission specta

	Reorganization energy

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


