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Abstract Equilibrium ground state geometry configurati-
ons and their relevant electronic properties of four experi-
mentally reported asymmetric spirosilabifluorene derivatives
are calculated by the HF(DFT)/6-31G(d) method. Their exci-
ted state geometries are investigated using the CIS/6-31G(d)
method. The absorption and emission spectra are evaluated
using the TD-B3LYP/6-31G(d) and TD-PBE0/6-31+G(d)

levels both in gas phase and CHCIj3 solvent. Our results show
an excellent agreement with the experimental data on their
optical properties. To predict the substitution effect, the H/R
(R = -NO,, —-CN, -NH; and —OCH3) substituted symme-
tric and asymmetric spirosilabifluorene derivatives are also
investigated, and the optical properties of H/R substituted
derivatives are predicted in gas phase and CHClj3 solvent. In
comparison with the parent compound, significant red-shift
is predicted for the emission spectra of the di-substituted
symmetric derivatives with —-NH, (96 nm), -OCH3 (61 nm)
and the push—pull (containing both -NH, and —-NOy) deriva-
tive (56 nm). It is found that the performance and the optical
properties of these derivatives can be improved by adding
push—pull substitutents. The largest change in the electro-
nic and optical properties of this system can be obtained
upon symmetric di-substitution among mono-, di-, tri- and
tetra-substitutions.
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1 Introduction

Organic light-emitting diodes (OLEDs) have been the
subjects of intensive investigation, since they were reported
by Tang et al. [1]. The major challenges remain, including the
need to develop a blue electroluminescent emitting material,
which is essential for the development of a full color display
based on the color changing medium technology or white
emission [2—8].

Spirobifluorene derivatives have many kinds of applica-
tions such as in OLEDs [9-11], optically pumped solid-state
laser [12], organic phototransistors [13], organic photovol-
taic cells (OPVs) [14,15], nonlinear optical (NLO) mate-
rials [16], photochromic materials [17] and biology [18].
As a promising candidate for OLEDs, spirobifluorene exhi-
bits superiority in various key domains, including blue-light-
emitting devices with high efficiency and good color purity.
OLEDs based on silole derivatives exhibit excellent perfor-
mance with external electroluminescence quantum efficien-
cies close to the theoretical limit for a fluorescent material
[19,20]. Compared with spirobifluorene, spirosilabifluorene
may have an improved morphological stability in films
[21-23]. Their polymers’ optical and electronic properties
such as UV absorption, electrochemical properties, photo-
Iuminescence (PL) and electroluminescence (EL) have been
evaluated [24]. Spirosilabifluorene and its derivatives consist
of two mutually perpendicular m-systems connected via a
common sp>-silicon atom, the so-called spiro-center. The
“spiro” linked rigid backbone of these materials, via w—m-
interaction, exhibits greater morphological stability and more
intense fluorescence [25]. They have large electron affinities
due to the o™—m™ conjugation arising from the interaction
between the o™* orbital of the two exocyclic Si—C bonds on
the silole ring and the 7* orbital of the butadiene moiety
[26-28]. This interaction leads to a large electron affinity,
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Fig. 1 Molecular structures of
the investigated derivatives
(t-Bu = tert-butyl)

i.e. high electron accepting capability and low lying lowest
unoccupied molecular orbitals, which facilitates electron
injection. Silole derivatives are believed to be excellent
charge transport materials [29,30]. Spirobifluorenes have
also been extensively studied as charge transport materials,
and the frontier molecular orbitals give the main contribu-
tion to charge—transfer interactions [31,32]. However, the
charge—transfer ability of spirosilafluorene is still under
investigation [33].

Recently, a series of asymmetrically aryl-substituted
9,9'-spiro-9-silabifluorene derivatives, 2,2’-di-tert-butyl-7,
7’'-diphenyl-9,9’-spiro-9-silabifluorene  (1a), 2,2'-di-tert-
butyl-7,7’-dipyridin-2-y1-9,9’-spiro-9-silabifluorene  (1b),
2,2 -di-tert-butyl-7,7’-dibiphenyl-4-y1-9,9’-spiro-9-silabiflu-
orene (1c¢) and 2,2'-di-tert-butyl-7,7'-bis(2’,2”-bipyridin-
6-y1)- 9,9"-spiro-9-silabifluorene (1d) were prepared by Lee
etal [34]. The absorption spectrum of each of the novel spiro-
linked silabifluorene was found to show a significant red
shift relative to that of the corresponding carbon analogue. In
addition, the corresponding solid-state films were reported to
exhibit intense violet-blue emission (App, = 398—415nm).

Identifying the relation between the electronic proper-
ties and their geometrical structures of spirosilabifluorenes is
important for the design of new electro-active/photo-active
compounds and the tuning of their opto-electronic properties
[35]. Although this task can be addressed from the theoretical
standpoint, a few computational studies relating to this type
of materials can be found in the literature [36]. To the best
of our knowledge, no theoretical investigation of the four
derivatives has been reported so far to explain the similar
emission spectra of different substituents. In this contribu-
tion, we investigated the optical and electronic properties
of asymmetric spirosilabifluorene derivatives (1a-1d) with
the aim to get an in-depth explanation of the experimental
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(I) R, substitution:

Ri=Ry= —O) —‘:\J) S\:}_@
R,;=R/=t-Bu la 1b le 1d

Rj= —NO, ~CN-NH, —OCH;
Ry"R;=Ry=H 2a 2b 2¢ 2d

R;=R,= —NO,—CN —NH, —OCH;

R;=Ry=H 3a 3b 3¢ 3d
R;=R;=H R;= —NH,—OCH;

R,=-NO, 4a 4b

R,=—CN 4c  4d

(II) R,=H x=1 x=1,2 x=1,2,3 x=1,2,
n=2,3,4 n=3.4 n=4 3.4
X Sa 5b 5¢ 5d
TN 6a 6b 6e 6d
R=—A242 7a 7b e 7d

results, and to design new photoluminescent materials based
on the spirosilabifluorene moiety. One of the most important
electro-active and photo-active materials is functionalized
by electron-donating and electron-accepting groups through
a w-conjugated linker. The molecules with push—pull struc-
tures have attracted much academic and technological
research interest [37—43]. It is meaningful to design new
push—pull system and to probe the optical properties of
spirosilabifluorene-based materials. Thus, taking spirosilabi-
fluorene (SSF) as parent compound, H/R (R = —NO,, —CN,
—NH; and —-OCH3) substituted SSF derivatives are investiga-
ted. In addition, it is also an efficient approach of improving
the performance and tuning the optical properties of these
derivatives. Herein, we report our computational results, with
special attention to the structures, the HOMO-LUMO gaps,
charge transfer, and the absorption/emission spectra.

2 Computational details

The structures of two series of spirosilabifluorene deriva-
tives (1a—8d) considered in this work are shown in Fig. 1.
Two groups of compounds have been considered in our com-
putational work. The first corresponds to the H/R (R =
-NO,, —CN, -NH,, and —-OCH3) substituted SSF derivatives
on position 6 and/or 6’ (na-nd, n = 2-4, Fig. 1I): 2a-2d
(mono-substituted asymmetric derivatives with R; = —-NO3,
—CN, —NHz, —OCH3, Rz = R3 = R4 = H), 3a-3d
(di-substituted symmetric derivatives with R = R, =-NO3,
—CN, -NH,, -OCH3, R3 = R4 = H) and 4a-4d (di-sub-
stituted push—pull systems with Ry = -NO,,-CN,R; =
-NH,, -OCH3, R3 = R4 = H). The other series of deriva-
tives are obtained by a systematic substitution of symmetric
and asymmetric mono-, di-, tri- and tetra-substituted phenyl,



Theor Chem Account (2008) 119:489-500

491

biphenyl, pyridyl, and bipyridyl derivatives. They are shown
in Fig. 1II (na—nd, n = 5-8, where R, denotes aryl rings,
R, denotes hydrogen).

All the geometry optimizations for the ground state (Sq)
were performed using the ab initio Hartree Fock (HF) with
the 6-31G(d) [44—47] split valence plus polarization basis
set, and the density functional theory (DFT)-B3LYP [48—
50] method for some model compounds as well. B3LYP/6-
31G(d) single point energy calculation was used to study the
electronic properties in Sg. The low-lying excited-state (Sy)
structures were optimized using the configuration interaction
with single excitations (CIS) [51] method and 6-31G(d) basis
set. The optical spectra were calculated using the TD-B3LYP
[52] with the 6-31G(d) basis set to obtain estimates including
some account of electron correlation. For comparison with
the experimental results, the CIS, ZINDO [53], TD-PBEO
[54] /6-31G(d) and TD-PBE0/6-31+G(d) [55] levels were
also employed in optical spectra calculations. Based on the
optimized structures in gas phase, we performed the pola-
rized continuum model (PCM) [56,57] calculations at the
TD-DFT level to give a comparison of the optical spectra in
gas phase and in the CHCI3 solvent (in both equilibrium [58]
and non-equilibrium solvation). Two common density func-
tionals with different fractions of orbital exchange, namely
BHandHLYP [59] (50%) and B3LYP (20%), were used in
predicting the charge transfer states. All the computational
results were performed using the Gaussian 03 package [60].
Gaussview [61] and Molekel [62] softwares are used to mani-
pulate the molecular orbitals and structures, respectively.

3 Results and discussions

3.1 Comparison of computational methods, electronic
and optical properties for la—1d

3.1.1 Geometries of ground states

More detailed insights into the nature of the excited states res-
ponsible for the optical properties can be gained by looking
at the frontier molecular orbitals (FMOs), when calculated
on a reliable geometry of a molecule. The optimized geo-
metrical parameters for 1a—1d at the HF and B3LYP levels
using the 6-31G(d) basis set are listed in Table S1 in Sup-
porting Information. The optimized structures show that the
bond lengths and bond angles are slightly method dependent.
The largest difference for the bond length is found in C,—C3
and C,—C}, with the HF values being 0.013-0.015 A shorter
than the B3LYP ones. Moreover, when comparing the bond
length of C3—C/3 , the results at the HF level are 0.006—0.007 A
larger than those at the B3LYP level. The difference of the
bond lengths between the single bonds (C>—C3, C,—C%) and
double bonds (C3—C’3) is ca. 0.088 A at the HF level and

ca. 0.067 A at the B3LYP level, and the difference between
these two methods is ca. 0.021 A. The other variations in
bond length are all less than 0.01 A. The difference in bond
angles and dihedral angles within the silafluorene parts are
less than 1°, and these derivatives keep their mutually per-
pendicular -systems. The major differences are found in
the dihedral angles between substituents and the silafluo-
rene parts. The dihedral angles between silafluorene part and
the phenyl/pyridyl substituents are 44°/26° (1a/lb) at the
HF level, and 37°/17° (1a/1b) at the B3LYP level. It indi-
cates that the hydrogen-free pyridyl ring twists less than the
phenyl group. Note that the lowest energy conformer for
bipyridyl corresponds to that with the nitrogen atoms in a
trans-conformation. The dihedral angles between the outer
and the inner aryl rings for biphenyl and bipyridyl substi-
tuents are —45° (1c¢) and 4° (1d) at the HF level, —37° (1¢)
and 3° (1d) at the B3LYP level. Therefore, the twisting for
the backbone in 1b and 1d are reduced compared with 1a
and lec.

3.1.2 Electronic structure and absorption spectra

To investigate the effect of electron correlation on the compu-
ted energies and spectra, calculations using the TD-B3LYP,
TD-PBEQ, CIS, and ZINDO methods, were carried out based
on both the HF/6-31G(d) and B3LYP/6-31G(d) optimized
So geometries. For the sake of comparison, and to estimate
the accuracy of the theoretical level applied in this work,
we list both the experimental [33] and theoretical [35] maxi-
mum absorption wavelengths (A4ps) for 1a—1d in Table 1 (the
results at the ZINDO, CIS/6-31G(d) levels and the absorption
spectra based on B3LYP optimized geometries are shown
in Table S2 in Supporting Information). The calculated X ,ps
values [TD-B3LYP/6-31G(d), TD-PBE0/6-31G(d), and
TD-PBE(/6-31+G(d)] based on the HF/6-31G(d) geometries
are all in excellent agreement with experimental results [34],
with the maximum deviation being less than 7 nm. The results
at the TD-B3LYP/6-31G(d) and TD-PBE(0/6-31G(d) level
are only 5-7nm longer and 2—6 nm shorter than the experi-
mental results, respectively. The results at the PBE0/6-31+
G(d) level are shorter (longer) than the experimental mea-
surement for 1a (1b and 1c¢). These results give credit to
the computational approach, and appropriate optical spec-
tra may be predicted at these levels for the spirosilabifluo-
rene derivatives, which can be applied for the systems under
investigation. Our results indicate that A,ps do not change
significantly in la-1d (within the range of 8nm at the
TD-B3LYP/6-31G(d) level, and 7 nm at the TD-PBE0/6-31+
G(d) level), only a slight blue shift being found in 1a.

Since the relative ordering of the occupied and unoccu-
pied orbitals provides a reasonable qualitative indication of
the excitation properties, it is useful to examine the fron-
tier molecular orbitals (FMOs) of the derivatives [63]. The
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Table 1 The computed maximum absorption (A,ps), oscillator strength (f), main CI expansion and coefficients in gas phase

Calc? I Main CI expansion/coefficients Exp® Calc* fe Calc? 14 Calc®
la 314 0.200 H — L (0.65) 307 305 0.278 310 0.259 294
1b 322 0.221 H — L (0.67) 317 311 0.416 313 0.426 309
1c 320 0.420 H — L (0.64) 315 310 0.638 312 0.608 303
1d 322 0.267 H — L (0.66) - 313 0.458 317 0.458 319
H HOMO, L LUMO
2 TD-B3LYP//HF/6-31G(d)
b Experimental data from Ref. [34]
¢ TD-PBEO//HF/6-31G(d)
4 TD-PBE0/6-31+G(d)/HF/ 6-31G(d)
¢ Theoretical results from Ref. [36]
Fig. 2 B3LYP//HF/6-31G(d) LUMO

electron density contours of the
orbitals involved in the
transitions for 1la—1d

electron density contours of the highest occupied molecu-
lar orbitals (HOMOs) and the lowest unoccupied molecular
orbitals (LUMOs) for 1a—1d are shown in Fig. 2. A careful
analysis of the FMOs for 1a—1d indicates that they are mainly
distributed on the silafluorene parts and their adjacent aryl
rings, the external aryl rings have little (1¢) or no contribution
(1d). The silicon atom definitely has some contribution to the
LUMO, while no contribution to the HOMO was observed
from it. The HOMO energy (Exomo) of 1c is slightly higher
(—5.42¢eV) than those for 1a (—5.47¢V), 1b (—5.52¢eV)
and 1d (—5.54¢V), due to the small amount of the orbital
contribution on the external phenyl ring. The LUMO energy
(Erumo) of 1b (—1.39eV) and 1d (—1.40eV) are simi-
lar, and stabilized comparatively to those for 1a (—1.20eV)
andlc (—1.31eV). The stabilized E; ymo for 1b and 1d can
be ascribed to the more planar structures of the pyridyl and
bipyridyl rings (as mentioned in Sect. 3.1.1), which favor the
stronger bonding orbitals between silafluorene parts and their
adjacent pyridyl or bipyridyl rings than those of phenyl and
biphenyl substituents, as well as the introduction of N atoms.
Both the similar FMO distribution patterns and similar energy
gap (Eg) values between HOMOs and LUMOs for 1a-1d
(4.27,4.13,4.11, and 4.14eV) are responsible for their simi-
lar absorption properties, and the slightly larger Eg for 1a
results in the small blue shift compared with 1b-1d.
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3.1.3 Excited state structures

Studies of the excited state properties for a number of mole-
cules using the CIS method have found that despite the ten-
dency of CIS to overestimate electronic transition energies,
the excited state potential energy surface can often be quite
accurate [64—68]. Thus, the CIS/6-31G(d) was used to get
the excited state structures for 1a—1d. Comparing with the
structures in Sg, some of the bonds in S| equilibrium geo-
metries are lengthened, some others being shortened. All of
the significant changes are located on one of the two (A or
B) fragments, the other one remaining practically unaffected.
The C3-C5, C4—Cs, C,—C5 and C¢—CRr| bonds are shortened
upon excitation, the C,—C3, C,—Cj, C3-Cy4, C5—C}, C5—Cq
and C,—Cy ones being lengthened. The central silole ring
is revealed to be the most distorted with the C,—Cs and
C,—C}, bond lengths (which are predicted in the range of
1.45-1.47 A), being lengthened by ca 0.06 A upon excita-
tion. The optimized C3—C} bond lengths in the range from
1.40 to 1.41 A, are found to be shortened by ca 0.09 A com-
pared with their corresponding So. One of the dihedral angles
between the silafluorene part and the phenyl/biphenyl rings
decreases by ca25° for 1aand 1c¢in S;. According to the very
small dihedral angles (<1°) between the ortho-hydrogen-
free pyridyl and the silafluorene parts for 1b and 1d in Sy,
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Table 2 Computed maximum emission (Aem ), oscillator strength (f), main CI expansion and coefficients in gas phase

Calc? I Main CI expansion/coefficients ExpP Calc* fe Calc? fd
la 385 0.473 H <« L (0.65) 383 376 0.493 380 0.488
1b 387 0.585 H <« L (0.64) 382 378 0.613 385 0.617
1c 397 0.939 H < L (0.67) 393 386 0.965 391 0.96
1d 389 0.658 H <« L (0.69) - 380 0.684 386 0.675

4 The values at B3LYP//CIS/6-31G(d)

b Experimental data from Ref. [34]

¢ The values at PBE0//CIS/6-31G(d)

94 The values at PBE0/6-31+G(d)//CIS/6-31G(d)

effectively coplanar configuration allows a better & orbi-
tal overlap. Moreover, these molecules maintain their two
mutually perpendicular 7-systems in Sy also. Due to the sin-
glet excited state corresponding to an excitation from the
HOMO to the LUMO, we can give a good explanation of the
bond length variation by analyzing the FMOs. The HOMO
are antibonding in C3-Cj, C4—Cs, C,~C} and C4—CR1, while
the LUMO are bonding in these regions. Therefore, these
bonds are shorter in S;. The LUMO is antibonding in
C,—C;C,—Cj, C3-Cy, C5-C}, C5—Cg and C;—Cy, while the
HOMO is bonding. These bonds are hence longer in S;.

3.1.4 Emission properties

The emission spectra were predicted at the TD-B3LYP/
6-31G(d), TD-PBE0/6-31G(d), and TD-PBE0/6-31+G(d)
level. We summarize the calculation results of the emission
wavelength (e, ) with the corresponding oscillator strengths
in Table 2. These results at the TD-PBE0/6-31G(d) level
are 4—7 nm blue-shifted from the experimental results, while
those at both the TD-B3LYP/6-31G(d) and TD-PBE(0/6-31+
G(d) levels show a good agreement with the experimental
results, the maximum deviation being of only 5nm. More-
over, one can find from Table 2 that the results at the TD-
B3LYP/6-31G(d) and TD-PBE0/6-31+G(d) levels are quite
similar, the difference between these two methods being 5 nm
for 1a, 2nm for 1b and 6 nm for 1¢. Thus, one may figure out
that both the TD-B3LYP/6-31G(d) and TD-PBE0/6-31+G(d)
levels can predict reliable optical results for spirosilabifluo-
rene derivatives under investigation. According to our results,
the calculated Ao, value of 1c¢ (at both these two methods)
is red-shifted comparing with 1a, 1b and 1d, and its corres-
ponding f is twice larger than the others. This is in excellent
agreement with the experimental foundings that 1¢ shows
intense violet-blue emissions [34]. This may be due to the
efficient conjugation from the external phenyl group in S by
decreasing the torsional angle between the silafluorene part
and the phenyl ring, corresponding to some amount of orbital
distribution on the external ring (see Figure S1 in Supporting

Information). On the other hand, the pyridyl and bipyridyl
parts in 1b and 1d have no significant influence on Aep as
compared with 1a, this is consistent with the FMO distribu-
tion patterns in Sy, where the shape of the FMOs are nearly
identical, and only distributed on the silafluorene part and
adjacent aryl ring. No significant contribution is found for
the external pyridyl ring.

3.1.5 Solvent effect and Stokes shift

On the basis of the optimized structures (Sg and Sy), we pre-
dicted the optical spectra for 1a,1b, and 1¢ in CHCI3 solvent
taking into account both non-equilibrium and equilibrium
solute—solvent effects at two reliable theoretical levels (PCM-
TD-B3LYP/6-31G(d) and PCM-TD-PBEO0/6-31+G(d)). The
introduction of the solvent effects (PCM model) in the TD-
DFT calculations leads to a slight red-shift for the A¢, values,
which was estimated to be 6—7 nm in non-equilibrium solva-
tion and 10-14nm in equilibrium solvation compared with
the values in gas phase, the difference between non-
equilibrium and equilibrium results being less than 7nm
within these two methods. One can find that there is no
drastic displacement of A, when solvent effects are taken
into account, while the oscillator strength is slightly increa-
sed. Therefore, it is reasonable to conclude that no distinct
solvent effect in these weakly polar molecules can be expec-
ted. As PCM calculation is highly time consuming for such
large molecules, the emission spectra of 1c failed to obtain
at the TD-PBEO0/6-31+G(d) level. According to our PCM-
TD-B3LYP results calculated on 1a—1c¢, the Stokes shifts in
non-equilibrium CHCIl3 solvent are 76, 71 and 82nm, res-
pectively, whereas the PCM-TD-PBEQ results are 77 nm (1a)
and 74nm (1b), slightly deviating the experimental Stokes
shifts of 76 nm (1a), 65nm (1b) and 78 nm (1c¢). The Stokes
shifts in equilibrium solvation show larger deviations from
the experimental results, and the calculated Stokes shifts
at the PCM-TD-B3LYP/6-31G(d) level agree very well with
the available experimental results (Table 3).

@ Springer



494

Theor Chem Account (2008) 119:489-500

Table 3 Computed maximum wavelength (A, and Aep ), oscillator strength (f), the difference between non-equilibrium and equilibrium (AX)

and the Stokes shift (S) in CHCI3 solvent

B3LYP/6-31G(d)

PBE0/6-31+G(d)

Non-equilibrium Equilibrium Non-equilibriumm Equilibrium

A f S A f S AL A f S A f S A)  Exp?
Absorption
la 315 0.32 317 043 311 0.38 312 05 1
1b 323 043 325 0.62 319 0.62 321 0.78 3
1c 322 0.65 323 0.52 - - - -
Emission
la 391 062 76 395 074 79 388 0.65 77 393 0.78 81 5 76
1b 394 076 71 401 09 74 393 0.8 74 398 095 77 5 65
1c 404  1.15 82 411 129 88 - - - - - - 78
2 Experimental data from Ref. [34]

3.2 Optimized geometries of Sp and S states for the H/R
substituted derivatives

On the basis of the reliable methods, we design some new
blue emitting materials by substituting H by -NO;, —-CN,
—NH,, and —OCHj3. Since no such kinds of derivatives were
reported yet, we compared the substituted derivatives to the
parent compound SSF in order to understand the substitu-
tion effect in a better way. In general, the comparison of the
optimization results for SSF and its derivatives in Sy does
not reveal any significant change on the geometry of the ske-
leton. Within the H/R substituted derivatives, no more than
0.008 A of variation is predicted in bond lengths, whereas
the predicted variation in bond angles is found in the range
of 0.01-3.01° for the SSF skeleton. The structural relaxation
upon Sp — S transition is mainly localized on A fragment,
which contains the electron-accepting and electron-donating
groups, the other one remaining practically unaffected.
However, the S9 — S; structural changes in 2b, which
contains one —CN substituent, are mainly localized on B frag-
ment. This maybe implicate that the mono-substitution with
—CN does not induce any significant contribution to the tran-
sitions. In general, the central silole ring is revealed to be
the most distorted with the C,—C3 and C’2—C/3 bond lengths
(which are predicted in the range of 1.457-1.472 A), being
lengthened by 0.05-0.06 A upon excitation. The optimized
C3-C} bond lengths in the range from 1.402 to 1.406 A, are
found to be shortened by 0.08-0.09 A compared with their
corresponding values in Sg.

3.3 Electronic structure for H/R substituted derivatives
In Fig. 3, we give the electron density contours of the FMOs

(HOMO-—1, HOMO, LUMO, LUMO+1) for SSF, 2a, 3a
and 4a as representatives of the system under investigation
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LUMO+1

LUMO

Fig. 3 B3LYP//HF/6-31G(d) electron density contours of the orbitals
involved in transitions for SSF, 2a, 3a and 4a

(see also Figures S2 in Supporting Information). One may
figure out that for 1a—1d, both the structural variation upon
So — S transition and the FMOs in S; are mainly localized
on one of the silafluorene parts, as reported in Sects. 3.1.2
and 3.1.3. Thus we considered the H/R mono-, symmetric
di-substitution and push—pull substitutions on one fragment.
All of these FMOs spread over the i -conjugated backbone as
la-1d. They are, respectively, antibonding and bonding bet-
ween the carbon atoms bridging the two phenyl groups within
the silafluorene part for the HOMO—1, HOMO, LUMO and
LUMO-+1. The same bonding—antibonding pattern is also
observed between adjacent atoms in the same aryl ring. Upon
excitation, one electron from the HOMO or HOMO-—1 can
be expected to move to the LUMO or LUMO+1, bonds
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showing a HOMO/HOMO-—1 bonding pattern are lengthe-
ned, those showing a HOMO/HOMO-—1 antibonding pattern
being shortened in Sg. This is in agreement with the structu-
ral changes discussed in Sects. 3.1.3 and 3.2. For the parent
compound SSF, it can be seen from Fig. 3 that all these FMOs
are localized on the whole molecule, and its HOMO—1 and
HOMO, LUMO and LUMO+1 look the same. However,
within the H/R substituted derivatives, the FMOs are found
to be localized on one of the silafluorene parts, except for 3a
whose HOMO-—1 is localized on the whole molecule. It can
be concluded from Fig. 3 that within the electron-accepting
substituted derivatives (2a, 2b, 3a, 3b), the HOMO—1 and
LUMO are mainly localized on A fragment, while the HOMO
and LUMO+1 are mainly localized on B fragment without
substituents, except for the LUMO+1 orbital of the
di-substituted 3a and 3b (Fig. 3 and S2 in Supporting Infor-
mation). For the derivatives with electron-donating substi-
tuents (2¢, 2d, 3¢, 3d), the HOMO—1 and LUMO are mainly
localized on B fragment, while the HOMO and LUMO+1
are localized on A fragment. According to the result of the
push—pull system (4a—4d), we can find that all the HOMO
and LUMO spread over A fragment, the electron-accepting
and electron-donating substituents, while all the HOMO—1
and LUMO-+1 spread over the other fragment of B.

For a better understanding of the influence of the H/R
substitutions on the Erpos, Fig. 4 shows the evolution of the
computed energies for the first three HOMOs and LUMOs
in So (Table S3 in Supporting Information). The electron-
acceptor capacity of -NO, and —CN results in the decrease
of both the Egomos and Ep ymos in 2a/b and 3a/b, while the
Ey.umos values are more affected than Egomos. However,
Enowmos and E1 ymos increase for 2¢/d and 3c¢/d, due to the
effect of electron-donor capacity of -NH; and -OCH3, espe-
cially in the symmetric di-substitution cases (3¢, 3d). Within
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Fig. 4 Evolution of the B3LYP//HF/6-31G(d) computed energies for
the six FMOs in H/R substituted derivatives (the arrows point to the
orbitals involved in the transitions, the dotted arrows are used for the
di-substituted including push—pull derivatives, and line arrows for SSF
and its mono- substituted derivatives)

these derivatives (2¢/d and 3c¢/d), Egomos are more lifted,
while their E1 ymos are close to that of SSF. For 4a, 4b, 4¢c and
4d, which possess push—pull substituents on one fragment
of SSF, the Egomos increase while the Epymos decrease.
Their E, values become much smaller compared with pure
electron-accepting or electron-donating substituented deri-
vatives. As we can see from the figure, the energies of these
orbitals are obviously changed by adding different electron-
accepting and electron-donating substituents. Thus, adding
different electron-accepting and electron-donating substit-
uents can be an efficient way of tuning the Erpos of these
derivatives.

The FMOs of the H/R substituted derivatives in S; at the
TD-B3LYP//CIS/6-31G(d) level (see Figure S3 in Suppor-
ting Information) are localized on one of the silafluorene
parts, which have similar bonding—antibonding pattern to
those of 1a-1d, except for 2a whose orbitals are localized
on the whole molecule. The orbitals involved in the tran-
sitions show the same bonding—antibonding pattern as they
are in Sg. Within these derivatives, most of these orbitals are
HOMOs and LUMOs, except for 3a (LUMO—HOMO-1).
According to the energy considerations, the Egopmo are more
increased, while the Epymo are more decreased in S| than
they are in S (see details in Figure S4 and Table S3 in Sup-
porting Information). As a net effect, the £y values become
smaller, and the same tendency is also found for both S; and
So within the rest of the derivatives.

3.4 Optical properties for H/R substituted derivatives
3.4.1 Absorption spectra

In Table 4 we list the calculated A,ps, the oscillator strength
(f), and the main CI expansion of the derivatives of interest
on the basis of the TD-B3LYP/6-31G(d) level [the results
at the TD-PBEQ0/6-31+G(d) level are listed in Table S4 in
Supporting Information]. For the derivatives with electron-
accepting or electron-donating substituents, excitation to the
S state is weakly allowed, whereas the So — S» electro-
nic transition possesses a larger f. Moreover, the transition
corresponds to a HOMO—1—LUMO excitation in 2a/b and
3a/b, while for 2¢/d and 3c¢/d, it corresponds to a HOMO—
LUMO+1 excitation. Only the derivatives with push—pull
substituents (4a—4d) possess larger f for Sg — S; tran-
sition. Within the H/R substituted derivatives, the calculated
Aabs Values reveal a red shift of the absorption spectra compa-
red to SSF. One may find that the red shift (AAaps) increases
for the mono- and di-substituted derivatives in the order of
—-CN < -NO; < -OCH3 < -NH,, while for the deriva-
tives with push—pull substituents on one fragment of SSF,
the increasing order is 4d < 4¢ < 4b < 4a. The calcula-
ted spectral features depend on the change of the Eg values
and the Erpos described above. According to Fig. 4, smaller
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Table 4 TD-B3LYP/6-31G(d)

and PCM-B3LYP/6-31G(d) A% (nm) r Transitions Main CI expansion/coefficient AP (nm) fP

computeq wavelengths (1,ps and Absorption

Aem), oscillator strengths,

transitions assignment and SSF 296 0.035 So — Sy H — L (0.65) 297 0.061

coefficients of H/R substituted 2a 317 0.294 So—> S» H—1—L (0.65) 336 0.419

derivatives 2b 299 0.160 So— S» H—1—L (0.61) 303 0311
2¢ 331 0.053 So— Sp H— L+ 1(0.65) 337 0.084
2d 319 0.056 So— Sp H— L+ 1(0.66) 320 0.083
3a 328 0.147 So— S, H—1—L (0.65) 342 0.237
3b 306 0.322 So— S, H—1—L (0.62) 309 0.5
3c 357 0.036 So— S, H— L+ 1(0.70) 362 0.055
3d 340 0.048 So— S, H— L+ 1(0.66) 340 0.065
4a 371 0.358 So — S H — L (0.65) 411 0.482
4b 356 0.297 So— S H — L (0.65) 379 0.381
4c 343 0.191 So — Sy H — L (0.62) 356 0.358
4d 330 0.190 So — Sy H— L (0.64) 335 0.318
Emission
SSF 360 0.099 S1 — So H < L (0.64) 363 0.147
2a 393 0.038 S1 — So H <« L (0.61) 411 0.066
2b 364 0.098 S1 — So H <« L (0.64) 367 0.145
2¢c 408 0.106 S1 — So H <« L (0.64) 420 0.158
2d 391 0.112 S1 — So H <« L (0.64) 393 0.158
3a 378 0.391 S — So H—1<1L (0.68) 396 0.563
3b 402 0.018 S1 — So H < L (0.66) 412 0.021
3c 456 0.083 S; — So H < L+ 1(0.65) 471 0.117
3d 421 0.107 S1 — So H « L (0.65) 422 0.144
da 416 0.397 S1 — So H < L (0.62) 453 0.624
4b 404 0.361 S1 — So H < L (0.62) 427 0.536

H HOMO, L LUMO 4c 407 0.241 S1 — So H <« L (0.62) 423 0.392

. The values in gas phase 4d 395 0242 S;—>S;  H<L(0.63) 401 0.366

® The values in CHCl3

E, values are found in derivatives 4a—4d, thus their Aaps
are more red-shifted than the others. The calculated results
at the TD-PBEO0/6-31+G(d) level are similar to those at the
TD-B3LYP/6-31G(d) level, the maximum deviation is 7 nm
for 3a, the others are only 3 or 4nm shorter than the TD-
B3LYP/6-31G(d) results. Moreover, the same trend of the
calculated X ,ps values is also obtained from the TD-PBEQ/6-
31+G(d). In order to show a further explanation of the solvent
effect for the H/R substituted derivatives, we predict the
absorption spectra in CHCl3 solvent. The introduction of the
solvent effect (PCM model) in the TD-B3LYP calculations
(Table 4) leads to a red shift for the A,pg values (the PCM
results of the TD-PBE0/6-31+G(d) are listed in Table S4 in
Supporting Information). The largest red shifts (40—13 nm)
are found in —-NO» and push—pull substituted derivatives, the
other derivatives with —CN, -NH>, and —-CH3 substituents do
not show any obvious red shift (only 5—-6 nm of red shift). The
calculations at the PCM-TD-PBE0/6-31+G(d) level show the
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similar results to that for the PCM-TD-B3LYP/6-31G(d), the
maximum deviation within these two methods is 6 nm.

3.4.2 Emission spectra

The calculated emission parameters at the TD-B3LYP/6-
31G(d) level are listed in Table 4, and the results at the TD-
PBE0/6-31+G(d) level are listed in Table S4 in Supporting
Information. According to Table 4, the emission spectra of
the H/R substitution on position 6/6” are red shifted compa-
ring with SSF. Namely, the red-shifted wavelength (AXe,) is
predicted in the increasing order -CN < -OCH3 < -NO; <
—NH, for the mono-substituted derivatives, and -NO; <
—CN < —-OCH3 < -NH; for the di-substituted series. The
S1 — Sp transition corresponds mainly toa LUMO—HOMO
excitation. Hence, the trend of the red shift is ascribed to
the change of E, in their S; as mentioned in Sect. 3.3.
The red shifts observed for 2¢, 2d, 3¢ and 3d relative to
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the others may be due to the electron-donor character of
—OCHj3 and —-NH;, the HOMO level is more affected than the
LUMO level upon the electron-donating substitution espe-
cially in di-substitution. For 2b and 3b, however, the red
shifts can be attributed to the enhancement of the whole
m-conjugated backbone and the electron-accepting substi-
tution, which makes their Egomo and Erumo stabilized at
the same time, the Ep ymo is more affected than the Egomo
upon the electron-accepting substitution. Within the deriva-
tives 4a—4d, as in the case of their S¢, the Egomo is increa-
sed, while the Eyymo is decreased. The E; values become
smaller than those of the electron-accepting di-substituted
derivatives, while larger than those of the electron-donating
di-substituted derivatives. According to our results, not only
Aem are red-shifted, but also the emitting f values of the H/R
substituted derivatives are greater than that of SSF, implying
that push—pull substitution does induce a significant effect on
the emission properties. In general, larger oscillator strengths
correspond to larger experimental extinction coefficients,
which will intensify fluorescent emitting spectrum. There-
fore, the approach may give contribution to develop the
property of emitting materials. Substitutions with both the
electron-donating and electron-accepting substituents will
red shift the optical spectra. It is found that, the stronger
the electron-donating/accepting abilities are, the larger are
Alem. Indeed, with the electron-donating/accepting abilities
of -NH,/-NO;, which are stronger than those of
—OCHj3/—CN, the predicted AXep, are found to be larger. The
TD-PBEQO results show the same emission properties as the
TD-B3LYP ones in the gas phase. Independently on the basis
set used, both these two set of results in gas phase (based on
the two functionals) are consistent with the increasing red-
shift which is induced by the H/R substitution as described
above. Thus, one may conclude that the emission proper-
ties discussed in this part are method independent. The most
obvious differences in Aey values are found in 3b and 2a
(19 and 13 nm, respectively) with the TD-B3LYP Ay, values
being found to be larger than the TD-PBEO ones. For the
other derivatives, the calculated difference in Aep, is less than
4nm.

The bulk solvent effects are evaluated by means of the
PCM-TD-B3LYP/6-31G(d) and PCM-TD-PBE0/6-31+G(d)
methods for the emission spectra in CHCI3 solvent. For the
sake of comparison with Xy values in gas phase
(TD-B3LYP), the PCM-TD-B3LYP A, values are also lis-
ted in Table 4 (see Table S4 for PCM-TD-PBEQ/6-31+G(d)
values). These two sets of results (PCM-TD-B3LYP and
PCM-TD-PBEDO) reveal the same emitting properties. Recall
that the same observation was made between the TD-B3LYP
and TD-PBEO (gas phase) results. A careful analysis of our
results reveals that each of these derivatives shows a red-
shifted wavelength in the polarized CHCl3 solvent. A relati-
vely significant red-shift of 12-37nm was predicted on the

lem Values of derivatives 2a/c, 3a/c, and 4a/b/c, while for
2b/d, 3b/d, and 4d, a substantial solvent effect (Ao, varia-
tion of less than 10nm) was predicted, due to their weakly
polar properties. Moreover, all the f values in CHCI3 are
larger than those in gas phase, implying that the fluorescent
emitting spectrum is strengthened in CHCl3 solvent.

3.4.3 Charge transfer analysis

In general, a charge-transfer excited state can be described in
molecular orbital terminology, by an excitation between two
geometrically distinct parts of the molecule. For the deriva-
tives with push—pull system (4a—4d), although the orbitals
are spread over the whole molecule, the HOMO presents a
larger electron density around the donor group, while the
LUMO mostly lies on the acceptor part. As recently reported
in TD-DFT calculations, the appearance of spurious charge-
transfer states (CT states) below the excited state is known
to have significant effects on the predicted emission spectra
of several push—pull (donor—acceptor) substituted molecules
[69]. Thus, we predicted the CT states of the push—pull deri-
vatives using both the TD-B3LYP/6-31G(d) and TD-BH and
HLYP/6-31G(d) levels, with the aim to indicate that the CT
states in this study are not method dependent. Our results
show that both the two methods show an obvious CT state
with larger oscillator strengths. It means that these CT states
within 4a—4d are not spurious, and the calculated results
are method independent. For push—pull systems (4a—4d),
the electrons transfer from pull to push direction in A frag-
ment upon emission process (the map is given in Fig. 5).
Electron population change associated with the vertical exci-
tation is investigated through the natural bond orbital (NBO)
[70] calculation. The quantitative charge transfer according
to the distribution of Mulliken [71] and NBO charge, which
are all reliable for describing the quantitative charge transfer,

4d

Fig. 5 Charge difference densities of push—pull derivatives in emis-
sion. The upper line is based on TD-B3LYP, the lower line is based on
TD-BHandHLYP
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Table 5 The quantitative charge transfer of Mulliken and NBO charge (in the parameters) based on the TD-B3LYP/6-31G(d) in excited states

Charge (e™) B C D Si
4a 0.012 (0.016) 0.272 (0.296) —0.362 (—0.374) 0.078 (0.063)
4b —0.02 (—0.016) 0.248 (0.27) —0.307 (—0.318) 0.078 (0.063)
4c 0.039 (0.044) 0.12(0.145) —0.287 (—0.294) 0.128 (0.105)
4d 0.023 (0.028) 0.092 (0.114) —0.238 (—0.243) 0.123 (0.101)

C part contains the atoms C), C, C}, C5, Cy, C; and —-NO,/-CN, (4a and 4b)/(4c and 4d) D part contains the atoms Cp,C3, Cy4,Cs,Cs,C7 and
—NH;,/-OCH3, (4a and 4¢)/(4b and 4d); B is the rest moiety of the spirosilabifluorene

are listed in Table 5. An observation to be noted is that the
charge transfer occurs within derivatives 4a—4d, implying
that S; — Sy transitions is an electron transfer from the
electron-accepting to the electron-donating groups. Thus,
these derivatives lead to charge transfer between different
parts, and they may be considered as photoinduced charge
transfer materials.

3.5 The effect of the mono-, di-, tri- and tetra- substitutions

With the aim to get an explanation of the effect of the mono-,
di-, tri- and tetra-substitution, we extended our theoretical
work to include asymmetric mono- (Ry), tri- (R, Rz, R3)
and symmetric di- (R, Ry), tetra- (R, Ra, R3, Ry4) substi-
tuted SSF, and determined how the substitution with one,
two, three or four aryls (phenyl, biphenyl, pyridyl, and

bipyridyl) affects the electronic and optical properties.
H/-NH; tri- and tetra-substitutions were also considered
to confirm whether or not such kinds of substitution can
affect their electronic and optical properties. In Table 6, we
list the calculated FMO energies, Eg, absorption and emis-
sion wavelengths (Agps and Aem ), the oscillator strength (f),
and the main CI expansion of these derivatives. For Aem
calculation, only some of these derivatives were conside-
red for CIS optimization of the S; geometry, due to the
limitations of the computational resources for such large
systems.

The electron density contours of the FMOs for these
derivatives in Sg and S states are shown in Figure S5 (Sup-
porting Information). The results revealed that the FMOs are
mainly distributed on the silafluorene parts and the adjacent
aryl rings. The FMOs of the mono-, di- and tri-substituted
derivatives are mainly located on A moiety, which contains
one (two) phenyl ring(s), while the FMOs of the tetra-
substituted derivatives are located on the whole molecules
in Sg due to their higher symmetry, and located on A moiety
in Sy as in the cases of 1a-1d (Figs. 2 and S1). The bonding—
antibonding patterns of their FMOs are similar to those for
1a-1d. Inthe cases of na-nd (n = 5-8), the Egomo increases
and the Epymo decreases ongoing from mono- to di-aryl
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substituted derivatives, while from di- to tri- and tetra-aryl
substituted derivatives, both the Egomo and the Epymo do
not change significantly. Thus, the E, of all the di-, tri- and
tetra-substituted derivatives are similar.

According to the results in Table 6, one can also find that
the effect of substitutents for optical properties such the X,ps
is in the same order as phenyl < biphenyl, pyridyl, and bipyri-
dyl, for each series of mono-, di-, tri-, or tetra-aryl substituted
derivatives. Furthermore, each series of di-, tri- and tetra-aryl
substituted derivatives possesses similar electronic and opti-
cal properties. Taking the mono-, di-, tri- and tetra-substituted
derivatives with phenyl ring as examples, the analysis of the
optical properties of Sa-5d indicates that Ayps and Aey oOf
the derivatives with di-, tri- and tetra-aryl substituents do
not show any significant difference, only a slight blue shift
being found for 5a. The A,y and ey, values of Sb, Sc and
5d are nearly identical, which is consistent with the similar
E,. Within the di-, tri- and tetra-substituted derivatives (Sb,
5c and 5d), Agps OF Aem Values only vary by less than 3 nm,
while f decreases in the order of Sb > 5S¢ >5d > 5a. The
larger f values for Sb and Sc can be explained by the phenyl
group, which plays an important role in enhancing f. Both
the red shifts and the larger f values can be attributed to
the enhanced whole 7-conjugated backbone from the other
phenyl ring on A fragment. Due to the higher symmetry, f
value of 5d decreases. Such kind of trend can be also found
in mono-, di-, tri- and tetra- H/R substituted derivatives (we
can take —-NH, substitution for example). For the tri- and
tetra- substituted -NH, derivatives, the FMOs are also found
to be localized on one of the silafluorene parts. Moreover,
both their Eyomos and ELymos decrease slightly, but the £,
do not change too much comparing with the E, value of the
di-substitution, and consequently their absorption and emis-
sion spectra.

Therefore, one may conclude that tri- or tetra-substitution
does not remarkably affect the electronic and optical proper-
ties compared to symmetric di-substitution. It can be confir-
med that the maximum changes in the optical properties
and electronic structures can be obtained by symmetric
di-substituted derivatives.
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computed FMO energies, Eg, coefficient (V) (eV) (eV)

ol swongs (fyamd  Absorton

main CI expansion/coefficient 5a 310 0.221 H — L (0.64) —5.70 —1.15 4.55
5b 324 0.522 H — L (0.65) —5.59 —1.25 4.34
Sc 324 0.483 H — L (0.65) —5.59 —1.26 433
5d 327 0.312 H — L (0.67) —5.57 —-1.25 431
6a 316 0.504 H — L (0.65) —5.64 —1.21 4.43
6b 335 1.147 H — L (0.66) —5.52 —-1.33 4.19
6¢ 336 1.093 H — L (0.66) —5.52 —1.34 4.19
6d 337 0.833 H — L (0.65) —5.51 —1.36 4.15
7a 315 0.354 H — L (0.64) —5.72 —1.30 4.42
7b 335 0.811 H — L (0.65) —5.61 —1.48 4.13
Tc 336 0.712 H — L (0.66) —5.62 —1.49 4.13
7d 341 0.322 H — L (0.68) —5.60 —1.52 4.08
8a 316 0.413 H — L (0.55) —5.72 —1.30 4.42
8b 336 0.946 H— L (0.64) —5.62 —1.48 4.14
8c 338 0.862 H — L (0.64) —5.62 —1.49 4.13
8d 341 0.446 H — L (0.67) —5.61 —1.52 4.09
Tri-NH, 356 0.035 H — L+1 (0.67) —4.63 —0.55 4.08
Tetra—NH» 356 0.025 H — L (0.65) —4.69 —0.71 3.98
Emission
5a 381 0.387 H < L (0.63) -5.29 —1.64 3.65
5b 404 0.773 H <« L (0.64) —5.17 —1.74 3.43
Sc 404 0.756 H <« L (0.64) —5.18 —-1.75 3.43
5d 405 0.736 H < L (0.63) —5.18 —-1.75 3.43
Tri-NH, 441 0.094 H <« L (0.64) —4.21 —0.87 3.34
Tetra—NH» 439 0.094 H <« L (0.64) —4.24 —0.91 3.33

4 Conclusion

Our theoretical results shed light on the electronic and opti-
cal properties of a novel class of recently synthesized and
characterized spirosilabifluorenes, and predicted the optical
properties for a number of newly designed derivatives. The
calculated optical results of 1a-1d are in good agreement
with experimental results. Both the similar FMO distribution
patterns and the similar £, values for 1a—1d may be respon-
sible for their similar optical data. In general, the E, of the
H/R substituted derivatives are predicted to decrease, confir-
ming a new set of candidates for blue emitting materials. On
the basis of the equilibrium geometries, the effect of the sub-
stitution on the absorption and emission spectra is evaluated.
According to our results, a symmetric di-substitution with
—NH,/—~OCHj3 groups and that with push (-NH) and pull
(-NO») groups (on para-position) may lead to red shifted
(56-96 nm) emission spectra, which could greatly modulate
and improve the electronic and optical properties of these
spiro-linked derivatives. Furthermore, we find that adding
push—pull substituents on one fragment of SSF plays a key

role in enlarging the oscillator strength, which will increase
the fluorescent intensity. As one may figure out from our
results, the maximum change of this system in electronic
and optical properties can be obtained from symmetric
di-substitution.

Using theoretical methodologies, we show that it is pos-
sible to predict reasonable electronic and optical properties
of spiro-linked systems, and we are convinced that the syste-
matic use of those theoretical tools should give some hands to
efficient syntheses efforts and help to understand more about
the structure—properties relation of these materials.
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