Yy HAL ] (Wuli Huaxue Xuebao)
April Acta Phys. -Chim. Sin., 2010, 26(4):1051-1058 1051

[Article] www.whxb.pku.edu.cn

14 BRFENR W5 50 F(FE 58 59 ) R B TS5 5 g 1%

MEM  FEA B Y hERW
(" P EPBLEBEAZER ST, L0 TR E R LI =, BHLEA R RS SE8E, JbaT 100190;
2R R, dEaT 100084)

WE. 14 BERETEUR IR 0T HAa AR iR, o8 R OEA R B R 2. 8 T IR Z K
PRfRRE B BRI IR T T, AN SOAERIS RO T TR HE 24 B LR SR & S . 4 iR
JH# 237 bR IR (DFT) A B 25 212 sRFRIS (TD-DFT), b 1 ik Vi B 2830 I i o 1 B8 R — R S
FrF AL, TR T T A AR S M. AR IR I, 32 PR B O R B A ST T SO N kR RE. 15 31
WSO AN e 6T, Rl e K IS0 16 58 5 0 A SC (W) S AR AT SB A 25 A A R I S &R, 48
B T A 1 5T 2 I TR IR Sl sty (A AR S AN O R C—C SR A B 30 %o 17 14 v A 4R B A X

KR HER RIS, 4RI TRE, IRSCEREL Otk JekE
FEDES: 0641

Electronic Structures and Spectroscopic Properties of Group-14
Metalloles MPhg (M=Si, Ge, Sn)
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(‘Key Laboratory of Organic Solids, Beijing National Laboratory for Molecular Sciences, Institute of Chemistry, Chinese Academy of
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Abstract: Group-14 metalloles possess interesting optical properties and are promising molecules for light-emitting
materials. We present a theoretical study of the electronic structures and the optical spectra from silole to stannole to
gain insight into their optical properties. The optimized equilibrium geometries and the electronic and vibrational
structures for the ground state (S,) and the first singlet excited state (S,) were calculated using density functional theory
(DFT) and time-dependent density functional theory (TD-DFT), respectively. The optical absorption and emission spectra
were calculated using the thermal vibration correlation function formalism. The lineshapes of the calculated optical
absorption and emission spectra, especially the full width at half maximum for all the compounds at room temperature,
were found to be in good agreement with the available experimental data. Low-frequency modes that are assigned to
the rotation motion of free aromatic rings and the high-frequency modes related to the stretching vibration of carbon-
carbon bonds contribute greatly to the optical features such as the bandwidth of the optical line-shapes.

Key Words: Density functional theory; Group-14 metalloles; Vibration correlation function; Optical

absorption; Light emission

Since the discovery of organic light-emitting device (OLED) potential efficient in display, solid-state lighting, and other ap-
by Tang and VanSlyke!", there has been increasing interest in plications. One of the major current subjects in this field is the
developing highly efficient OLED devices because of their great development of efficient light-emitting materials.
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Group-14 metalloles, silicon-, germanium-, or tin-containing
metallacyclopentadienes were first synthesized by Leavitt®? and
Braye et al. in 1959-1961. The general structure is of the fol-
lowing form:

CH CH

/\

CGHS M CéHS
7\
R’ R,

where R, and R, could be alkyl, aryl, halides, a second ring, or
one or both may be missing. They are so called metalloles due to
the metallic nature of the elements M =Si, Ge, Sn. Recently,
much attention has been paid to these systems because of their
unusual electronic structure®™! and exotic aggregation induced
emission photophysical characteristics'” that have made them in-
triguing candidates for OLEDs.

In general, aggregation quenches luminescence because of ei-
ther charge transfer or energy transfer or Davydov splitting
where dark state becomes the lowest-lying excited state. In con-
trast, siloles exhibit aggregation enhanced luminescence. Siloles
have a quite low-lying LUMO (the lowest unoccupied molecular
orbital) level, which is ascribed to the o™-7" conjugation in the
ring, that is, the orbital interaction between the o orbital of the
two exocyclic o bonds on the silicon atom and the 7" orbital of
the butadiene structure®). Siloles exhibit high electron affinity
and large electron mobility, which has been employed both as
electron-transporting and light-emitting layers for organic elec-

1011 A recent study showed that the electron mobility of

tronics
a silole based compound was as much as 100 times higher than
that of tris (8-hydroxyquinolinato)aluminum (Alg,;), which is
widely used as an electron-transport material in OLED". Since
the intriguing phenomenon, the aggregation-induced emission
(AIE), was reported by Tang et al. in 2001, a series of silole
molecules have been found to exhibit the exotic phenomena and
used as excellent light-emitting materials for OLED". Recently,
germoles and stannoles become subjects of great interest since
they display the very similar unusual optical properties as the
siloles™™.

We have first attempted to understand the AIE phenomena by
investigating the excited state vibronic coupling”®. We found the
couplings arising from low-frequency nuclear motion contribute
the most to the non-radiative decay process. We then developed
a fully analytic vibration-correlation function formalism for the
internal conversion rate process by considering the multimode
mixing (Duschinsky rotation effects). And we further went be-
yond the “promoting mode” approximation by presenting a for-
malism which includes all the vibrational modes in the electronic
couplings prefactor!’”. Eventually, we found that the vibration-
correlation function formalism can give a comprehensive de-
scription for both the radiative and non-radiative decay rates as
well as for the optical absorption and emission spectra.

In this work, we present a computational study on the optical

absorption and emission spectra for three metalloles, namely,
siloles, germoles, and stannoles by using density functional the-
ory (DFT)" and time-dependent density functional theory (TD-
DFT)™2 to generate essential electronic and vibrational struc-
tures which are eventually coupled with the vibration-correlation
function formalism for the optical spectra. For simplicity, these
group-14 hexaphenylmetalloles will be referred to the group-14
elements and the substituents: MPh, (M=Si, Ge, Sn). Finally, we
will compare the first-principles results with the experiments.

1 Methodology

The absorption spectrum, defined as the rate of energy ab-
sorption by a single molecule per unit radiant energy flux, is
given by the expression

(@)= 1T 3 (1| (Vi)

Vi

S(E+E, w—Enthow) (1)

The emission spectrum in photon counting experiments, de-
fined as the differential rate of photon emission due to a single
molecule, is

Ka@)=12 3 Py(D| (Wil i)

Vil

2B(Eif‘*'EiVi—E w—hw)  (2)

where, 1I’iyi and %f are the molecular wave functions and u is the
electric dipole moment. P;,(T) is the Boltzmann distribution fun-
ction for the initial state vibronic manifold. ¢ represents the ve-
locity of light and w represents the vibration frequency. E=FE—E;
is the energy difference between the initial and final electronic
states. E;,= % E,, and E; = % Ey,, are the total vibrational energy

of the molecule in the initial and final electronic states, respec-
tively.

In the Born-Oppenheimer adiabatic approximation, the wave
function of each state can be expressed as a product of the elec-
tronic wave function and the wave function for nuclear motion.

<1I,fu‘l Illq’iyi>=< D0, plPB,)= <@fu,~| O, 3)
p={D p|P,), is the electric transition dipole moment, and can
be expanded in a Taylor series in the normal coordinates.

Mot AZIJ;;Qk+ ;I’LHQ](Q["" .. @)

For the strongly allowed transitions, the emission is usually
dominated by the zero-order term, i.e., the first term of Eq.(4).
While for the weakly allowed or dipole-forbidden transitions,
the Herzberg-Teller approximation corresponding to the second
term should also be considered. In this paper, we will just con-
sider the zero-order term because the transition between the
ground state and the lowest excited state is strongly allowed for
all the metalloles, even though our formalism is general.

Applying Fourier transformation, 6((1)):21— J e“dr. Then Egs.
™

(1-2) can be written as

aahs(w)=?;—gilmlz ] e“e HNZ o (¢, T)dt 5)
Keon(w)= 20° | 2 it iEfthz-1 FC
(@)= 3hct Ml | e Zi pen (8,T)dt (6)
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Dins (t,T)zTr[e“Tf”\’fe“Ti’%‘], is a vibration correlation function of ab-
sorption spectrum. pg (£,T) has the same form as pi. (7,T) with
only different initial and final electronic states.

In order to get the fully analytic formalism of Eqgs.(5-6), the
path integral formula of harmonic oscillator is adopted to derive
the Franck-Condon integrals'®=*. Then the final analytic solu-
tion of the correlation function could be obtained as

FC, _4 [ detlaai] _ifl '
p (f,n_m exp(-L-[ L FKF-DED]) @

where a, a;, and E are NxN matrices, K is 2Nx2N matrix, D and
F are Nx1 and 2Nx1 matrices, respectively. The details of the
correlation function are derived in Ref.[24].

2 Computational details

The molecular equilibrium geometries for the ground state
(S,) were optimized at the level of DFT. And the TD-DFT was
applied to optimize the first singlet excited state (S;) of the com-
pounds. The B3LYP functional® and def2-SV(P) basis set® were
used, and the effective core potential (ECP) was employed for Sn
atom, in particular. There was no symmetric constrain on the
geometric optimization. At the equilibrium geometries, the vi-
bration frequencies and the normal modes of S, electronic states
were calculated by analytic second derivative calculations, and
the ones for S, electronic states were obtained by numerical dif-
ferentiation of analytic energy gradients. These electronic struc-
ture calculations were carried out by using TURBOMOLE 6.0
program package!"®*. Based on the electronic structure informa-
tion, considering the displaced and distortion of potential energy

Fig.1 General structure of the group-14 metalloles MPh,
(M=Si, Ge, Sn)

surface, the absorption and emission spectra of MPh, (M=Si, Ge,
Sn) were investigated by means of a home-made program which
is described in the Methodology section.

3 Results and discussion
3.1 Ground and excited state geometries
The molecular equilibrium geometries for the S, based on the
geometries obtained from the X-ray crystal datal” were optimiz-
ed at the level of DFT. The molecular structure is depicted in
Fig.1. The selected bond lengths, bond angels, and dihedral an-
gles of both S, and S, in MPh, (M=Si, Ge, Sn) are listed in Table 1.
From Table 1, we can find that all three compounds have

Table 1 Selected important bond lengths, bond angles, and dihedral angles of MPh, (M=Si, Ge, Sn) in the ground state and

the first singlet excited state

SiPh, GePh, SnPh,
Sy M S-Sy Sy M =Sy So M S-Sy
RM—C2) 0.1894 0.1879 -0.0014 0.1972 0.1957 -0.0015 0.2171 0.2149 —-0.0022
R(M—C5) 0.1894 0.1878 -0.0015 0.1972 0.1957 -0.0015 0.2171 0.2169 -0.0002
R(M—C10) 0.1893 0.1906 0.0012 0.1968 0.1982 0.0013 0.2168 0.2178 0.0011
R(M—C60) 0.1893 0.1906 0.0012 0.1968 0.1981 0.0014 0.2167 0.2181 0.0014
R(C2—C3) 0.1371 0.1441 0.0070 0.1368 0.1438 0.0070 0.1366 0.1442 0.0076
R(C3—C4) 0.1514 0.1441 -0.0073 0.1514 0.1443 -0.0070 0.1519 0.1447 -0.0072
R(C4—C5) 0.1371 0.1442 0.0072 0.1368 0.1438 0.0070 0.1366 0.1426 0.0060
R(C2—C20) 0.1480 0.1452 -0.0028 0.1478 0.1448 —-0.0030 0.1477 0.1440 -0.0037
R(C5—C50) 0.1480 0.1450 —-0.0030 0.1478 0.1447 —0.0031 0.1477 0.1455 -0.0023
A(C2MC5) 92.5 90.9 -1.6 89.7 88.7 -1.0 83.7 82.37 -1.3
A(MC2C3) 107.3 109.1 1.8 107.5 108.9 1.4 107.9 109.04 1.1
A(C2C3C4) 116.4 115.4 -1.0 117.6 116.7 -0.9 120.2 119.06 -1.1
A(C3C4C5) 116.4 115.4 -1.0 117.6 116.7 -0.9 120.2 119.19 -1.0
A(C4C5M) 107.3 109.1 1.8 107.5 108.9 1.4 107.9 109.15 1.3
A(C10MC60) 111.8 109.0 -2.8 111.6 108.8 -2.8 110.2 107.38 -2.8
AMC2C20) 124.6 123.7 -0.9 123.8 122.9 -0.9 123.5 122.73 -0.8
AMC5C50) 124.6 123.7 -0.9 123.8 122.9 -0.9 123.5 121.58 -1.9
D(C21C20C2C3) -40.3 -25.1 15.2 —-40.1 -23.0 17.1 -43.3 -19.74 23.6
D(C31C30C3C4) -57.6 -55.3 2.3 -59.1 -55.7 3.4 —61.5 -50.09 11.4
D(C41C40C4C3) 123.2 127.2 4.0 121.8 126.0 4.2 119.8 117.58 -2.2
D(C51C50C5C4) 143.1 159.6 16.5 143.6 160.4 16.8 139.9 154.25 14.3
D(C11C10MC2) 96.3 93.4 -2.9 97.9 97.0 -0.9 103.3 119.74 16.4
D(C61C60MC5) 97.2 99.0 1.8 100.0 98.4 -1.6 104.9 85.81 -19.1

R is bond length in nm, A is bond angle and D is dihedral angle in degree. (S;—S,) means the change between the ground state and the first singlet excited state.
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similar conformations in ground state. The three metalloles all
have planar central metallol moieties. As for the geometries of
the central metallole rings, the heavier metalloles have the
longer M—C bond lengths, accompanied with the smaller
C2MC5 angles, apparently due to the larger atomic radii of the
heavier central group-14 elements. The angles between the
phenyl substituents on the diene and the central metallol plane
vary from 36.4° to 61.5°, which indicate the two adjacent phenyl
rings could not be coplanar with the metallol rings because of
the steric hindrance. The substituent phenyl rings give the
molecule a propeller-like shape.

When going from the ground state S, to the first singlet excited
state S;, two important geometric modifications should be noted:
(1) the bonds C2—C3, C4—C5 are elongated, whereas bonds
C3—C4, C2—C20, C5—C50, M—C2, and M—C5 are short-
ened; (2) the dihedral angles of the phenyl rings at 2 and 5 posi-
tions to the central metallole ring dramatically decrease. For
these phenomena, the detailed explanation will be given in the
next section.

3.2 Molecular orbital calculations

In order to characterize the optical and electronic properties, it
is useful to examine the highest occupied molecular orbital
(HOMO), the lowest unoccupied molecular orbital (LUMO),
and the energy gaps between HOMO and LUMO (E,,). To gain
insight into the influence of the heteroatoms in the group-14
metallols on the molecular orbitals, the plots of HOMO and
LUMO for group-14 metallols are showed in Fig.2. The calcu-
lated HOMO and LUMO energies and the energy gaps are given
in Table 2.

As shown in Fig.2, the HOMO and LUMO for all the three
compounds displayed qualitatively similar iso-surfaces. The
HOMO orbitals resemble the HOMO for cis-butadiene, with
some additional contributions from the local HOMO of 2,5-
phenyl groups and a lesser extent 3,4-phenyl groups. The LUMO
orbitals are similar to the LUMO of butadiene with additional
in-phase contributions from a M-Ph ¢ orbital and from the local
LUMO of the 2,3,4,5-pheneyl groups. Based on the orbitals
distribution, we could presume that HOMO levels for these three
molecules will be insensitive to the heteroatom while the LUMO

52
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Table 2 Calculated HOMO and LUMO energies, HOMO-
LUMO energy gaps (E,), and the adiabatic excited energy
(E,) for MPhs (M=Si, Ge, Sn)

Molecule Eyomo/eV Evovo/eV E,,/eV E.leV
SiPh, -5.41 -1.83 3.58 2.62
GePh, -5.41 -1.77 3.64 2.69
SnPh, -5.45 -1.72 3.73 2.74

levels will have relations with the heteroatom. The computed
data (Table 2) have confirmed this guess. There are slightly incr-
eases in the order of SiPh,<GePhy,<SnPh, both for the LUMO
level and the HOMO-LUMO energy gap. The adiabatic excited
energy (E,) between the ground state and the first singlet excited
state are also listed in Table 2, and display the same trend as E,,.

In general, the HOMO orbitals exhibit bonding character and
the LUMO orbitals antibonding character. Since the first singlet
excited state corresponds almost exclusively to the excitation
from the HOMO to the LUMO in all the studied compounds, we
could predict the differences of the bond lengths between the S,
and S, from MO nodal patterns. For example, the HOMO or-
bitals of the studied molecules are bonding across the C2—C3,
and C4—C5 bonds, whereas the LUMO orbitals have nodes in
these regions. The calculated results in Table 1 are in agreement
with this anticipated elongation of these bonds. On the contrary,
the HOMO orbitals have nodes across the C3—C4, C2—C20,
C5—C50, M—C2, and M—CS5 bonds, while the LUMO orbitals
are bonding in these regions. Therefore, the bond lengths of
these bonds become considerably shorter in the excited state as
discussed in the previous section.
3.3 Absorption and emission spectra

Based on the electronic structure information, the absorption
from S, to S, and emission from S, to S, spectra for the three
compounds are calculated and depicted in Fig.3(a, b). And the
comparison between the calculated absorption and emission
spectra and the experimental ones"” of SiPh, are shown in Fig.4.
In addition, the maximum absorption and emission peak posi-
tions, the full width at the half maximum (FWHM), and the avail-
able corresponding experimental data of each molecule are list-
ed in Table 3.

Compared with the experimental data, lower excited energies

o

%

Fig.2 Calculated HOMO and LUMO for the group-14 metalloles MPh; (M=Si, Ge, Sn)



DENG Chun-Mei et al. : Electronic Structures and Spectroscopic Properties of Group-14 Metalloles MPh,

1055

10} b = Sikl,
- = -GePh,
08} —~SnPh,
L 0
‘B
5
R
=
Q
8
S 04}
£
S
z
02t

00 - 1 1 1
400 500 600 700 300 900 1000
A/ NM

Fig.3 Absorption (a) and emission (b) spectra of the group-14 metalloles MPh, (M=Si, Ge, Sn)
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Fig.4 Comparisons of the calculated absorption (a) and emission (b) spectra of SiPhs with the experimental ones

are always obtained by using TD-DFT method due to the limita-
tion of inherent electron self-interaction in DFT methodologies.
Furthermore, the experimental data are detected in the acetoni-
trile solution, while the computed data are obtained in gas phase
by employing a single molecule. Therefore, when compared with
the experimental data, both the absorption and emission spectra
exhibit red shifts (seen in Table 3). And in Fig.4, in order to
compare the lineshape of the calculated spectra with the experi-
mental ones"™, we move the calculated spectra to the higher en-
ergy scale (3102 cm™ in absorption spectra and 1883 cm™ in emi-
mission spectra) to make sure the maximum peaks overlap.
From Fig.4, it can be seen that the lineshapes of the calculated
spectra, which stem from the coupling between electronic ex-
cited state and the vibration mode, agree excellently with the
experimental ones. These indicate that our thermal vibration cor-
relation function method works well for the MPh, molecules.
For the absorption spectrum, it is need to note that the transition
only from S, to S, is calculated, while in the experimental mea-
sure the absorption spectrum includes the transition not only

Table 3 The maximum peaks (A) and full widths at the half
maximum (FWHM) of absorption and emission spectra

Molecule A /nM FWHM,, (cm™) Aen /nm FWHM.,, (cm™)
SiPh, 405 (360™) 4626 547 (496™) 3861 (3847"")
GePh, 394 (354™) 4707 529 (486™) 3884
SnPh, 379 (355™) 4881 549 (494™) 4224,

The available corresponding experimental data are given in parenthesis.

from S, to S, but also from S, to the second singlet excited state
S,.

Due to the distortion effect of harmonic potential energy sur-
face, i.e., different frequencies for the ground and the first singlet
excited states, a mirror image relation does not appear between
the absorption and emission spectra. For absorption spectra, we
find that these three molecules have similar lineshapes, and the
FWHM of the absorption spectra have a slight increase in the
order of SiPh;<GePh<SnPh,. For emission spectra, the emission
maximum wavelength of GePh is the shortest (529 nm) while
those of SiPh, and SnPh, are comparable to each other (547 vs 549
nm), this trend agrees well with the experimental results™, and
the FWHM of the emission spectra also have a slight increase in
the order of SiPh,<GePh,<SnPh,. For SiPh,, the FWHM of the
calculated emission spectra is in excellent agreement with the
experimental one” (3861 vs 3847 cm™).

From the schematic descriptions of displaced and distortion
potential energy surfaces of two electronic states in Fig.5, it is
very easy to understand that the characteristics of absorption or
emission spectra are determined completely by the adiabatic ex-
cited energy between two electronic states (discussed in the last
section), molecular reorganization energy of the finial state, and
the photon distribution (n;=1/(e"*"~1)) of the initial state. Here
the temperature effect is not discussed and all the spectra are
calculated at 300 K, so we will focus on the analysis of the
molecular reorganization energies in the following.
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excited state

reorg.2

ground state V1

reorg.1

A
Fig.5 Schematic description of displaced and distortion
potential energy surface
E,, and E,; represents the vertical excited energy under the geometry structure
of the first singlet excited state and that of ground state, respectively. E,1 and
E..e» are the reorganization energy of the ground state and the first excited state,

respectively.

For a normal mode i, its reorganization energy FE..: iS the
wxD;
2h
and the corresponding vibration energy fiw;, Eoyi=S;xhw;, and

product of the Huang-Rhys factor (S= ) of the normal mode

the total reorganization energy is the sum of Ereogs Ereorgio= 2 Ereorgie
Table 4 and Table 5 give the selected vibration frequencies
(cm™) with important reorganization energies of these three mo-
lecules in the first excited and the ground states. For the absorp-
tion spectra, the data in Table 4 tell us that for the three com-
pounds the main contributors to the reorganization energies with
large values always appear in the high frequency modes (with
frequencies 1240—-1550 cm™) and the low frequency ones (with
frequencies ca 60 and 90 cm™). And for emission spectra, as

shown in Table 5, the modes with the high frequency (ca 1519
and 1565 cm™) and low frequency (<70 cm™) contribute the most
to the reorganization energies for these three molecules. To both
absorption and emission spectra, the former (high frequency mod-
es) are assigned to the single-bond and double-bond stretching
vibrations of carbon-carbon related to the central metallole ring,
and the latter (low frequency modes) belong to the rotation mo-
tions of free phenyl rings at 2 and 5 positions of central metal-
lole ring.

We further project the reorganization energies onto the inter-
nal coordinates of the molecules. In general, the potential energy
surface can be expanded with internal coordinates around the
equilibrium geometry.

V(sy, S5, "')=V0+;* 2 Fisis; ®)
ij

where V, is the potential energy at the equilibrium geometry, s;
and s; represent the variation of redundant internal coordinates
from the equilibrium geometry, and F;; is expansion coefficient.
Let's set V=0 as the zero point of the potential energy surface.
Then,

V(s sum)= 2, V, ©)
where,

V,-=;— ; Fss, (10)
It should be noted that V; includes the contribution, ;— Fysi,

from the i-th internal coordinate and the coupling term, ;— z Fysss,
i)

from the i-th and j-th internal coordinates.

Table 4 Selected vibration frequencies (w.) of the first excited state and the reorganization energies (E,.) of the
group-14 metalloles MPh, (M = Si, Ge, Sn)

SiPh, GePh, SnPh,

Mode . lcm™ E g fem™ Mode . /em™ Erorg2 fom™ Mode . lcm™ E g fem™
8 23 172.22 8 21 162.23 7 11 182.95
9 33 73.09 11 34 96.21 9 20 122.05
10 34 37.66 15 53 53.54 10 26 287.26
17 65 225.49 17 63 214.45 13 33 128.52
18 66 67.44 18 64 44.34 16 55 75.77
19 76 144.47 19 74 148.20 17 59 271.80
21 96 480.81 21 95 516.44 19 70 331.18
24 142 118.74 24 139 188.72 22 91 463.36
26 185 209.53 25 177 195.17 24 132 196.50
32 236 94.13 30 214 46.87 25 154 149.36
45 427 69.77 32 234 78.35 30 201 63.36
54 586 53.56 47 427 74.54 47 424 58.65
39 932 56.68 89 920 153.30 89 3894 163.96
94 948 40.84 143 1246 402.31 143 1237 323.75
95 950 86.96 145 1317 41.62 145 1312 50.70
143 1247 472.56 158 1387 152.33 159 1413 895.19
158 1395 313.27 159 1418 716.77 169 1517 80.47
159 1412 507.80 169 1520 48.55 171 1528 64.03
171 1531 120.15 171 1530 146.34 181 1643 63.22
183 1652 104.75 183 1652 128.44 183 1651 62.10
total 3946.40 3971.96 4794.23
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Table 5 Selected vibration frequencies (w,) of the ground state and reorganization energies (E.1) of the group-14
metalloles MPhs (M=Si, Ge, Sn)

SiPh, GePh, SnPh,
Mode w, /em™ Erorga /om™ Mode w, fem™ Erogr fem™ Mode w, /em™ Erorg fom™
8 22 198.44 8 20 178.92 7 13 323.91
10 35 21.72 11 33 60.71 8 18 77.60
12 38 50.71 12 36 61.44 10 28 251.84
15 54 138.31 16 52 128.61 11 29 208.53
21 71 203.65 19 65 37.75 13 36 149.79
24 134 37.67 20 68 127.15 14 36 63.82
26 187 251.92 21 70 49.10 16 49 79.00
30 214 39.46 24 130 50.10 18 59 132.22
52 526 39.58 25 178 135.67 20 66 89.62
54 590 41.13 26 179 44.71 21 71 51.32
79 803 20.48 30 211 50.80 22 90 45.05
89 935 123.64 52 521 30.63 24 123 98.39
91 945 24.29 39 921 170.70 25 159 116.29
95 955 51.35 143 1249 99.06 29 200 57.55
143 1253 142.05 144 1293 22.07 53 537 44.84
160 1477 46.75 160 1477 40.47 56 619 54.95
164 1519 282.69 164 1519 190.19 39 900 130.55
170 1564 1213.89 170 1569 1308.85 143 1242 71.73
181 1658 41.57 181 1657 48.40 166 1519 177.25
183 1661 21.68 183 1661 24.38 170 1567 1297.30
total 3295.66 3147.05 4118.96
Table 6 Component of reorganization energy in the selected internal coordinate representation
SiPh, GePh, SnPh,

Coordinate Errg> fem™ Erorgr fem™ Coordinate E g2 fom™ E g1 fom™ Coordinate E g2 fem™ Erergr fem™
R(C3—C4) 625.71 497.84 R(C3—C4) 582.30 456.81 R(C2—C3) 583.72 829.11
R(C4—C5) 563.38 780.21 R(C4—C5) 546.76 737.22 R(C3—C4) 582.94 447.94
R(C2—C3) 555.65 756.61 R(C2—C3) 545.70 736.67 R(C4—C5) 485.00 542.82
D(MC5C50C55) 176.92 60.51 D(MC2C20C21) 175.30 55.88 D(C2C3C30C35) 209.54 86.83
D(MC5C50C51) 172.67 48.38 D(MC2C20C25) 175.07 44.52 D(MC2C20C25) 180.60 6.41
D(MC2C20C21) 160.99 61.46 D(MC5C50C55) 168.61 56.98 D(MC2C20C21) 17591 43.06
D(MC2C20C25) 157.56 53.10 D(MC5C50C51) 164.40 45.46 R(C2—C20) 163.15 127.87
D(C4C5C50C55) 133.14 32.67 D(C3C2C20C21) 134.52 36.24 D(C3C2C20C25) 163.06 42.25
D(CAC5C50C51) 128.39 19.95 D(C3C2C20C25) 134.08 24.02 D(C2C3C30C31) 161.41 39.36
D(C3C2C20C21) 117.48 31.64 D(C4AC5C50C55) 131.73 41.06 D(C3C2C20C21) 149.94 94.26
D(C3C2C20C25) 113.37 22.72 D(C4C5C50C51) 127.11 28.48 D(MC5C50C51) 133.35 62.28
R(C5—C50) 107.78 83.24 R(C5—C50) 116.13 87.72 D(C4C3C3035) 130.50 64.08
R(C2—C20) 97.77 75.40 R(C2—C20) 115.72 87.36 D(MC5C50C55) 125.79 58.76
D(C5C4C40C41) 51.47 20.58 D(C2C3C30C35) 56.47 15.21 D(C10MC2C20) 123.95 169.23
D(C2C3C30C35) 39.60 13.30 D(C5C4C40C41) 51.94 15.79 D(C10MC2C3) 110.77 67.49
A(C10MC60) 38.41 23.23 D(C2C3C30C31) 40.60 6.00 D(C30C3C2C20) 98.99 125.20
D(C5C4C40C45) 36.63 10.10 D(CAC3C3035) 37.86 12.98 D(C4C3C3031) 93.01 25.61
D(C3C4C40C41) 29.47 13.51 D(C5C4AC40C45) 36.39 6.33 D(CAC5C50C51) 91.82 23.72
A(MC2C3) 29.15 43.64 D(C3C4C40C41) 31.62 13.44 D(C4C5C50C55) 85.66 21.52
A(MCACS) 28.62 42.05 A(C10MC60) 29.73 15.91 D(C30C3C2M) 84.49 64.07

Selected internal coordinates with large component of reorga-
nization energy are listed in Table 6. The data in Table 6 tells us
that it is very obvious that the contribution to the reorganization
energy mainly come from the stretching vibration of these bonds
(C2—C3, C3—C4, C4—C5, C2—C20, C5—C50) and the rota-
tion motions of the free aromatic rings at the 2 and 5 positions of
central ring, which is fully consistent with the structure change
from the ground to the excited state, discussed in Section 3.1.
Nevertheless, all the data demonstrates that there are no notice-

able contribution to the optical properties directly coming from
the heavy elements Si, Ge, and Sn.

4 Conclusions

The electronic structures and spectra properties of a series of
group-14 metalloles, from silole to stannole, have been studied
with vibration correlation functions method coupled with DFT
and TD-DFT computations. The HOMO’s and LUMO's for all
the three compounds are found to dominate the electronic excited
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state and to possess qualitatively similar isosurfaces. The three
molecules have similarly optical lineshapes, while the full width
at the half maximum (FWHM) of both the absorption and emis-
sion spectra have slightly increases in the order SiPh,<GePhs<
SnPh,. Both the lineshapes of the calculated optical absorption
and emission spectra, especially the FWHM for all the
compounds at room temperature, were in good agreement with
the available experiments. The excited state vibronic couplings
are revealed by projecting the reorganization energies into both
normal mode and internal coordinate components. Both the low-
frequency modes assigned to rotation motion of the free
aromatic rings and the high-frequency modes from carbon-
carbon stretching motions are found to contribute importantly to
the optical spectra features such as the bandwidth broadening.
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