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The equilibrium geometries of four asymmetric spirosilabifluorene derivatives are optimized by means of the
DFT/B3LYP method with the 6-31G* basis sets in this paper. On the basis of the optimized structures, the
electronic structure and second-order nonlinear optical properties are calculated by using time-dependent
density-functional theory (TDDFT) based on the 6-31G* level combined with the sum-over-states (SOS)
method. The results show that these compounds possess remarkably larger molecular second-order
polarizabilities than typical organometallic and organic compounds, and replacement of a carbon atom with
nitrogen within the conjugated substituent has a great influence on the second-order nonlinear optical properties.
Analysis of the main contributions to the second-order polarizability suggests that charge transfer from the
z-axis directions plays a key role in the nonlinear optical response. These compounds have a possibility to be

excellent second-order nonlinear optical (NLO) materials from the standpoint ofgargkeies, small dipole
moment, high transparency, and small dispersion behaviors.

1. Introduction significant macroscopic second-order susceptibijit), be it
in single-crystal or guesthost polymer format. When the
- .__sr-conjugation length is extended in such compounds, it causes
pounds ha? brought forth a number of remar_kable @scovenesthe bathochromatic shift of the absorption band, which shortens
n eI_ectronlc, optoelectronic, and electrooptic _devkg‘l@he . the usable wavelength range and does not satisfy the optical
continued emergence of these new technologies will mainly transparency. Therefore, more practical nonlinear optical materi-

depgnd on performance. .enhancement. n S.UCh Maters ags need to possess not only large nonlinear optical susceptibility
luminescence quantum efficiency, charge injection and transport 4 1ha macroscopic level but also high optical transparency.

efficiency, and temporal and thermal stability. Silicon-containing The bonding concept of spiroconjugation was introduced
mr-conjugated compounds have recently been paid much attentior‘;some years ago by Hoffmahand simultaneously by Simons
owing to their intense solid-state fluorescence and/or good and Fukunag&When four p orbitals are perpendicular in pairs
electron transport properties in organic light-emitting diotles. to the intersecting planes, the overlap between p orbitals on
The siloles in particular have a relatively low-lying lowest o5 ng hound directly to the spiroatom is considerable, and
unopcup!ed molecular Orb'tal. (LUMO) level dug to.t‘b‘b_”* consequently, exchange interactions may be become significant.
conjugation between the* orbital of the exocyclic S+C bond Hoffmann et al. suggested that the overlap across the spiroatom

and the.”* orbital_ of the butadiene ffé‘gme”t- These_ l_mique may be sufficient to produce a noticeable increase in the gap
electronic properties have led to very high electron affinity and, between the bonding and antibonding orbitals but would be

in some cases, nondispersive and air-stable electron traf&port. ;¢ icient to significiently reduce the excitation enef§yhat
Materials with large hyperpolarizabilities are good candidates s significant exchange interaction can be obtained without
for use in optoelectronics and a variety of optical devites. peing accompanied by the reduction of the excitation energy.
However, second-order NLO properties, which are of the most \jany groups have examined the nonlinear optical properties
immediate interest for practical apphcatl_ons,_ _derlve at the of spiroconjugated compounds, where the spiroatom is a carbon,
mo_IecuIar Ievgl from se_cond-o_rder polarizability. Nonlinear by experimentat and theoretica? techniques, showing that they
optical properties of a variety of linear puspull polyenes have  paye excellent NLO properties. Recently, Lee et al. synthesized
been extensively studied over last two decadkésvas shown  asymmetric spirosilabifluorene derivatives, which possess a
that the NLO properties of these materials are sensitive to manyyariety of merits, such as high thermal and morphological
factors such as conjugation length, donor and acceptor substitutapijities, high luminescence quantum efficiencies, excellent
tions, and symmetric effectsEnhancing the electron-donor and  yransparency, and favorable charge-transfer ability (asym-
electron-acceptor ability or extending theconjugation length metric)13 We anticipate that these compounds offer some
are proven to be effective methods to enhance the NLO jpieresting new opportunities to second-order nonlinear optical
properties’ Despite the large NLO properties exhibited at the materials. In this paper, our goal is to shed light on the nature
molecular level by such compounds, their inherently large ang origin of second-order nonlinear optical properties of

permanent dipole moments responsible for undesirable dipole  gpjrosilabifluorene derivatives, using the TDDFT-SOS method.
dipole interactions between neighboring entities have hampered

the subsequent manifestation at the macroscopic level of a2. Computational Procedures
Geometrical optimization of the asymmetric spirosilabifluo-
* E-mail address: zmsu@nenu.edu.cn. rene derivatives under @, symmetry constraint was carried
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TABLE 1: Calculated Static Second-Order Polarizability

R= 1 (10730 esu) of the Studied Compounds
polarizability 1 2 3 4
O O R 4<j/> 2 Bryz 0.21 1.38 0.44 1.85
N Baxx 2.39 1.47 0.96 1.58
S Bayy 1.40 7.13 3.17 6.91
O O 3 Bz 7.05 12.8 9.48 16.65
R Q O Buec 10.84 21.42 13.61 25.14
- - 3. Results and Discussions
N /N g 4 -
N A measurement of the second-order polarizability

B(—2w; w, w) is related to second-harmonic generation (SHG).
For those compounds with their dipole moment alongzthgis,
the Bvec is defined as

Figure 1. Molecular structures of the studied compounds.

out with the B3LYP“ combinations of density functional theory
and the 6-31G* basis set, as implemented in@assian 03
computational chemistry prograthThe B3LYP functional is Brec=
a combination of Becke’s three-parameter hybrid exchange
functional* and the Lee-Yang—Part6 correlation functional.
Figure 1 presents the optimized geometrical structures of theseTo validate the adopted methods, the second-order polarizability
compounds. of the spirolinked pushpull polyenes it = 0) has been

To elucidate the second-order nonlinear optical properties of calculated; these compounds have a similar structurél{&N.Ox)
these asymmetric spirosilabifluorene derivatives, we used thet0 the compounds examined here. For the simplified systems,
time-dependent density functional theory (TDDFT) métieith the predicteqbuec value is 12.7x 10~ esu, using the methods
the B3LYP method at the 6-31G* basis set to calculate the described in section 2. This compares well with the literature
transition energies, transition moment, and oscillator strengths, Value of 14.4x 107 esu, at the same geometry, suggesting
respectively. The static and frequency-dependent second-ordethat the currently employed methods will be reliable for the
polarizabilities were then calculated using the sum-over-states©oMPounds shown in Figure 1. Owing to g symmetry of
(SOS) method® The expression of the second-order polariz- OUr Studied compounds, there are 13 nonzero components of
ability component offy was derived using the perturbation second-order polarizability among.the 27 components. However,
theory and assuming electric dipole coupling between the ONIY 4 tensor components are independent, becgiyse=
radiation field and the molecule. The zeroth-order Bern  Bxay= Pya= Pyx= By = Payx Pra = Pox= Prax andfyyz=
Oppenheimer approximation was also employed to separate theﬁzyy = Pyzy Out of the 4 independent components, the main

electronic and atomic components 6f The expression for  CONtribution t0fvecis Bzza which is the direction of the, axis
(zdirection). This indicates that the main charge transfer is along

(Bai + Bizi * Pid) (2)

i=xy.z

Wl

ﬂijk ist8 . . . .
the C; axis (z-axis) direction.
1 The static second-order polarizability is termed the zero-
By =—Pli. ], k —w,, 0, ») Z frequency hyperpolar!zab!l!ty gnd is an estimate of the intrinsic
2 =y g molecular hyperpolarizability in the absence of any resonance
* effect. The calculated static second-order polarizability is several
[9];| MMl L] e, | U ) times larger than those of typical compounds with extensive
(@yq— @, —iT g)(w —w,—iT g) m-electron conjugation. For example, the calculated value
mg o m ng n

of compound4 is about 200 times larger than the average

. . ) second-order polarizability of the organic urea mole¥udad
Here,[g|ui|mCs an electronic transition moment along tkexis 6 times larger than that measured for hightydelocalized

of the Cartesian component, between the ground Sijaend phenyliminomethyl ferrocene complékFurthermore, th@yec

the excited statenl] [injx;|nOdenotes the dipole difference  yajues of compounds and3 are nearly equivalent to that of
operator equal tolfnu;jInC— [G|uj|gldmd; wmgis the transition jiterature ¢ = 0),22 which has a carbon atom as the spiro-
energy; w1 and w, are the frequencies of the perturbation center and strong electron acceptor groupsNDo determine
radiation fields, an@, = w1 + w is the polarization response  the better spiro-center, carbon or silicon, we replaced the silicon
frequencyP(i, j, k; —wo, w1, w,) indicates all permutations of  atom with carbon within compouri The resulting compound
w1, w2, andw, along with associated indicesj, k; I'mgis the has a predictefl,ec value of 10.17x 10730 esu, indicating that
damping factor. The transition energy, transition moments, and silicon is slightly superior to carbon for enhancing NLO
dipole moments can be obtained from the calculated results oncharacteristics. Continuing our comparison, fhe; values of

the basis of the TDB3LYP model. First, 100 excited states were compounds? and4 are slightly larger than that of a literature
calculated using the TDB3LYP model for all compounds. Those compound 1§ = 6)!22 which has a longer conjugation length.
physical values were then taken as input of the sum-over-statesConsequently, all indications lead us to believe that the
(SOS) formula to calculate the second-order polarizabilities. One compounds examined here have excellent second-order non-
hundred excited states are enough, according to the convergencknear optical response (Table 1).

curves of the sum-over-states (SOS) method (Figure 3). The large molecular second-order polarizability can be
Furthermore, the accuracy of the TDDFT-SOS method was understood in terms of a structurproperty relationship. In
proven by Cheng et &P and our group® It should be noted  Table 2, we list the calculated dipole moments, absorptign

that we only concern ourselves with the contributions from values, oscillator strengths, and major contribution obtained
electric dipole transitions because they are the most intense asising the TDB3LYP with the B3LYP geometries. All the
compared with vibrational and rotational transitiéhs. compounds studied here have small dipole moments. This merit
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TABLE 2: Computed Dipole Moment ( in debye), have a great influence on the second-order nonlinear optical
Absorption Wavelengths @max in nm), Oscillator Strengths properties? From the complex SOS expression, the two-level
(f). and Transition Nature of the Studied Compounds model that linked betweef. and a low-lying charge-transfer

state m  Amax exp® f major contribution transition has been established. For the static case, the following
1 3B 077 294 307 0.33 HOMO-LUMO + 2 (51%) expression is employed to estimgter:
2 5A 0.78 309 317 0.57 HOMG-1— LUMO + 1 (63%)
3 3B 0.84 303 315 0.43 HOMOG-LUMO + 3 (55%) A,Ltf
4 11B 0.87 319 0.75 HOMG- 2— LUMO (67%) Ber O —% 3)

E,
gm

may guarantee that dipotalipole interactions between the

neighboring molecules are very small and the material has largewhereAu is the change of dipole moment between the ground
macroscopic second-order susceptibility. Experimentally, the and mth excited statesfyn is the oscillator strength of the
electronic absorption spectra have been measured in chloroformgransition from the ground state (g) to thh excited stater(),
which as a polar solvent would cause a bathochromic shift in and Eyy, is transition energy. Thus, the second-order polariz-
the electronic transition energies relative to the gas phase. Forability caused by charge transfeicr, is proportional to the
this reason, our calculated absorbance wavelengths are slightlyoptical intensity and inversely proportional to the cube of
smaller than the experimental values. Although compoBnd  transition energy. As a result, a lardigs with a lowerEgm, will
increases the conjugation length compared to compdutite lead to a larger the second-order polarizability. Since our studied
change of absorptiorimax values is rather small (9 nm). compounds have a large energy gap, the model is valid for
Compounds and4 also have the same properties (10 nm). To analysis. Within the systems studied, we observe that the
determine whether this behavior is due to the presence of theoscillator strengths relative to the maximal absorption wave-
spiro-center, we calculated the absorption spectra of free ligandslength are enhanced by about from compoundl (0.33) to
corresponding to compounds-4. The absorption spectra values  compound? (0.57). Upon examining the MOs, we see that the
of these free ligands are 328, 332, 355, and 361 nm, respectively substituent containing nitrogen has a larger amount of electron
Those values are all larger than those of compouhed. density than its carbon counterpart (especially within the
Furthermore, the absorptiofmax value of the free ligands  unoccupied MOs, Figure 2). We attribute this feature to a larger
corresponding to compoundsand 3 is increased by 27 nm,  amount of electronegativity in nitrogen than in carbon. This
and of those corresponding to compour2dand4 by another  indicates that compour@imay have a larger amount of charge
29 nm. The results imply that the spiro-center plays a key role transfer within the transition than the analogous transition in
in reducing bathochromic shift, and exchange interactions occur compound1. Clearly, such a large oscillator strength is a
through the spiroconjugation path. This indicates that the decisive factor and leads to a considerably large second-order
absorption spectra of these compounds are little influenced in polarizability of compound®. Compounds3 and4 also have
comparison to linear pustpull polyenes. That is, a bathochro-  the same trend. It is concluded that the carbon atom replaced
mic shift with the increase of the conjugation length is very by nitrogen has great influence on the second-order nonlinear
small, and it is suggested that high transparency will be optical properties. Furthermore, a crucial feature is that the Si
maintained. This transparency is worthy of remarks in consider- atom of all studied compounds participates in the light absorp-

ing practical application. tion processes (Figure 2). Thus, the direct role of the Si atom
Why does replacement of a carbon atom with nitrogen within can be claimed in the second-order nonlinear optical response.
the conjugated substituent for compouddnd compoundt Moreover, the electron density difference of the ground state
L &
PP,

2

HOMO-1 (2) LUMO+1 (2)
P e

s 4

e

i
HOMO (3) LUMO+2 (3) HOMO-2 (4) LUMO (4)

Figure 2. The frontier molecular orbitals constitute maximal absorption to our studied compound.
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the excited state of interest. 0.0 05 1.0 15 20 25 30
2% photon energy (eV)
2 Figure 5. Calculated dispersion behavior @fe. for the studied
compounds.
22
20 available to be used for frequency conversion optical materials.
18 The optical gap energies based on the results of the DFT/B3LYP

calculations are about 3.5 eV for all compounds. In second
harmonic generation (SHG) processes, there are one-phofon (
and two-photon (@) processes; thus, there ase and 2v
resonant enhancement. Figure 5 shows that the first enhancement
oscillating band appears aw2(hw ~ 1.8 eV) for the SHG.
Accordingly, we can choose an input wavelength among the
measuring techniques of SHG processes to obtain the nonreso-
nant second-order polarizabilities from a known transition
energy or absorption spectrum of the studied compounds.

Second-order polarisability ( 10 cm®fesu)

0 20 40 60 80 100
Number of states 4. Conclusion

Figure 4. Plot of thefyec values vs the number of states for the studied We have investigated the electronic structure and the second-
compounds. order nonlinear optics properties of the asymmetric spirosilabi-
and the excited state of interest has been done with the cubgeriluorene derivatives and elucidated structtpeoperty relation-
and cubeman utilities oBaussian 0For compoundsl and?2. ships from the micromechanism. The results show that these
The maps are shown in Figure 3. The purple-colored regions compounds possess many favorable features for application in
indicate the regions in which electron density increases upon the second-order nonlinear optical field. First, these compounds
transition to the excited state, and the blue-colored regions have remarkably larger molecular second-order polarizability
indicate the regions in which electron density decreases uponcompared with the typical organic compounds. Second, all the
the transition. The maps also show that there is more charge-compounds generate large nonresonant optical nonlinearities
transfer character in compour® relative to compoundL. over a wide frequency zone; therefore, they can be used for a
Compounds3 and 4 also have the same trend. Those are in frequency conversion optical material. Third, a small dipole
accordance with the conclusions based on the makeup ofmoment can guarantee manifestation of the large macroscopic
maximal absorption (Figure 2). second-order susceptibility. Fourth, they have high transparency
The accuracy of the some-over-states (SOS) methods mainlyin the visible light area. Thus, it can be concluded that
depends on the convergence of calculation results. In principle, asymmetric spirosilabifluorene derivatives will be a hopeful kind
the more excited states participate in the calculation, the moreof second-order nonlinear optical material.
accuracy in the result obtained. When the excited state number
is gradually increased, the denominator of eq 1 become larger Acknowledgment. Authors acknowledge the financial sup-
and larger, and the numerator variation is very small. Hence, Port from the National Natural Science Foundation of China
the second-order polarizability converges rapidly with the (Projectnos. 20373009 and 20573016). Science Foundation for
number of excited states included. Figure 4 presents the plot of Young Teachers of Northeast Normal University (no. 20060307)
the Buec Values versus the number of states for the studied iS also greatly appreciated.
compounds. It can be seen that the convergences are stable after
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