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Fluorescence and its polarization spectra of phenylpentamethyldisilpaed its para-substituted derivatives
(para-substituent:—C(CHs)s (2), —OCH; (3), and —N(CHz), (4)) were measured in a poly(vinyl alcohol)

film at 77 K. Intramolecular charge transfer (ICT) fluorescence together with locally excited (LE) emission
was found even for the compounds having an electron-donating substituent at the para-pgsaitid8) (as

well as that ofl. The ICT state of these compounds showed an in-plane long axis polarization. By the
measurements of fluorescence lifetimes, it was found that there was no dynamic equilibrium between the
ICT and LE states, indicating that the ICT state originates from the nonrelaxed excited sipglstgt®. Ab

initio MO calculations (CASSCF and MRMP methods) were performed for the ground and excited states of
phenyldisilane with planar and perpendicular conformations. The following results were obtained: (1) upon
excitation, the ICT of phenyldisilane occurs from the phenyl moiety to the disilanyl group regardless of
planar or perpendicular conformation, (2) in the course of the ICT formation, conformational changes in the
Si—dimethyl group adjacent to the phenyl group play an important role rather than a twisting motion of the
disilanyl group, and (3) the ICT state consists of the'* state produced by ICT from the phenyl moiety to

the disilanyl group, where'* denotes the excited pseudoerbital.

1. Introduction anilines, biaryls, dye systems, stilbenoid systems, etc. For these
compounds, a number of studies have been devoted primarily
to clarify the structural changes of the solute molecule and the
role of solvent in the course of the ICT state formation. Until
recently, a variety of different models were proposed to explain
the dual emission of the above compounds. In the case of
DMABN and its related compounds, it has been revealed that
Almost full charge migration occurs from the dimethylamino
group to the phenyl ring in the ICT state. The occurrence of
such charge separation was originally attributed to the twisting
of the dimethylamino group with respect to the benzene ring,
resulting in the formation of the so-called “twisted intramo-
lecular charge transfer” (TICT) statéRecently, Zachariasse

et al3® proposed an alternative model called the “planar

The photophysics and photochemistry of organosilicon com-
pounds has become an interesting field in chemistty The
dual (locally excited (LE) and intramolecular charge transfer
(ICT)) emission of phenylpentamethyldisilang) (vas found
in 1981 as a noticeable photophysical property of organosilicon
compounds. The ICT fluorescence has a broad and structureles
band with a large Stokes shif£* Picosecond laser flash
photolysis experiments df showed that (1) the ICT state was
produced in less than 10 ps upon excitation, even in rigid glass
at 77 K, and (2) the rearranged silene at 425 nm was formed
with a buildup time of 30 ps after excitation in nonpolar media
at 293 K, which was equal to the decay time of the ICT
;L%?;etf:ge{g'? stt{tzhfﬂflgfzghtgiéeg{ﬂggi%efdczrlﬁgg gﬂ?lﬂ?ed intramolecular charge t_ransfer“_ (PICT) model. In this mod_el
nanosecond laser photolysis experiments of 1,1,1-trimethyl- e relaxed CT state is considered to have an essentially
triphenyldisilane. They found that the corresponding rearranged planar_lzed structure, with a less p_yramldal amino n|trogfen qtom
silene was produced within a time scale shorter than the duration@"d different bond lengths than in the LE state, resulting in a
of the excitation pulse, while the homolytic fission of the-Si  |arger dipole moment.
Si bond of phenyldisilanes was revealed to occur from the triplet  Phenyldisilenes can be regarded as another class of com-

state. pounds showing dual fluorescence in solution, and the formation
Since the discovery of the dual fluorescence of (4-dimethyl- mechanism of the ICT state is of great interest. The fluorescence
amino)benzonitrile (DMABN) in a variety of solvents dual polarization measurements dfin EPA glass at 77 K showed

emission of organic molecules has attracted a great deal ofthat the ICT state has an in-plane long-axis polarizatiuve
interes?2-31 The compounds which exhibit dual emission Proposed the in-plane type ICT mechanism that was ascribed

include aromatic amines as represented by DMABN, aryl- to0 the (2pr*,3dz, or 0*) state produced by the 2p(benzene
ring) to vacant 3d (Si—Si bond) intramolecular charge-transfer

T Department of Chemical Technology, Kurashiki University of Science transition With_OUt twisting or internal rotation® On_ the other
and the Arts, Kurashiki, Okayama 712, Japan. hand, Sakurai et al. proposed the orthogonal intramolecular
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CHART 1 purified by column chromatography. An EPA mixture compris-
ing ether, isopentane, and alcohol in a ratio of 5:5:2 was used.

/ Poly(vinyl alcohol) (PVA) (99% hydrolyzed, molecular
X 4 weight (MW), 89006-98000) was obtained from Aldrich. PVA
! films were obtained by a method described in the literattfe.
\ The sample films were obtained by immersing the PVA films
/

in a solution of methylcyclohexane containing cax3.073 M
samples ofl—4 for 24 h at room temperature (RT).

2.2. Methods.Absorption spectra were recorded on a Jasco
Ubest-50 spectrophotometer. The fluorescence and its polariza-
tion spectra were taken with a Hitachi M850 spectrofluorometer.

L

S
N

L X= H The degree of polarization (P) was calculated by the following

2:  -C(CHy)3 equation

3 -OCHj3

4. -NMe)

2 b I, —fl )

charge transfer (OICT) mechani&i? in which the charge ly+flg
transfer was assumed to occur from #4{&i—Si) orbital to the
vacantsz orbital of the benzene ring, resulting in the($i— wherel, andlp, respectively, denote the fluorescence intensities

Si), 2pr*(benzene)) state. Thgo,2p*) state thus formed was ~ when the electric vectors of fluorescence are parallel and
considered to be stabilized by twisting or internal rotation of perpendicular to that of the excitation light ahig a correction
the disilanyl group with respect to the phenyl ring to form an factor for the polarization of the apparatus used.
orthogonal electronic structure. A similar mechanism was also  The fluorescence lifetime was obtained with a time-correlated
proposed for phenylethynylpentamethyldisilanes by Horn &t al. single-photon counting fluorometer (Edinburgh Analytical
Numerous experimental considerations on the ICT mechanismInstruments, FL900OCDT).
of 1 came from the large dependence of the ICT fluorescence 2.3. Theoretical Calculations The basic wave functions
of 1 on the substituent, especially in para-substituted compounds.mainly used in this work were of the multiconfigurational self-
Fluorescence measurements of some para-substituted comeonsistent filed (MCSCF) type. In particular, the approach used
pounds ofl in several solvents were carried out by Sakurai et here was that commonly referred to as fully optimized reaction
al’®They reported that the para-substituted compounds havingspace (FORSY or complete active space SCF (CASSC¥FJhe
an electron-donating group, such as (4-methoxyphenyl)penta-fundamental idea was to identify those orbitals and electrons
methyldisilane and [4N,N-dimethylamino)phenyl]pentameth-  that participated in the photophysical processeg,addd the
yldisilane, gave no ICT emission, even in polar solvents, and corresponding antibonding orbitals, and then consider the
that for para-substituted compounds with an isopropenyl group, resulting set ofn orbitals anch electrons as comprising an active
(4-isopropenylphenyl)pentamethyldisilane, ICT emission was space. A CASSCF wave function from this CASSGF{ active
detected even in nonpolar solvents. Tajima &P aéported ICT space was constructed from a variationally optimized linear
fluorescence from 4-cyanophenylpentamethyldisilane (CPDS) combination of all electronic configurations that could be
having a strong electron-accepting substituent at the para-obtained by distributing the active electrons among tha
position in a supersonic molecular beam. From the observationactive orbitals. For CASSCF calculations of phenyldisilane
of ICT fluorescence of CPDS in an isolated molecular condition, (PDS) and phenyldimethyldisilane (DMPDS), (6,6) active space
they proposed that the ICT emission bbriginated from the was used. For the LE state, the six orbitals are the benzene
charge-shifted state from the disilanyl group to the phenyl group. (7r,77*), Si—Si bonding, and their antibonding orbitals. For the
However, the electronic structure of CPDS is considered to be ICT state, on the other hand, the six orbitals are the benzene
modified significantly from that ofl because of the presence (x,7*), Si—Si and C-Si bonding, and their antibonding orbitals.
of a strong electron-accepting cyano group. Geometry optimizations were carried out at the HF/3-21G*
Recently, we found a large enhancement of the ICT emission or CASSCF(6,6)/3-21G* level. Final energies for PDS and
of 1in PVA film at 77 K1315In the present work, we carried DMPDS were obtained with second-order multireference per-
out the fluorescence measurements oftgd-butylphenyl)- turbation theory (MRMP} and CASSCF(6,6)/6-31G* at the
pentamethyldisilane?j, (4-methoxyphenyl)pentamethyldisilane CASSCF/3-21G* geometries. These single-point MRMP cal-
(3), and [4-(,N-dimethylamino)phenyl]pentamethyldisilarg) ( culations were performed using the 3-21G* and 6-31G* standard
along with 1 in PVA film at 77 K in order to confirm the basis sets. Calculations were performed using the GAMESS
existence of ICT fluorescence in these compounds having anand Gaussian 92 suite of programs on an IBM RS/6000
electron-donating group at the para-position. So far a few workstation (model 41T).
theoretical studies on the ICT process for phenyldisilanes have
been reported!® To obtain more insight into the ICT mecha- 3. Results and Discussion

nism for 1, ab initio calculations were also performed in the 3.1. Experimental Findings.3.1.1. Absorption and Emission
present study. The results of the calculations presentatheoreticabpectra.-l-he absorption and emission spectra of compounds
basis for understanding of electronic structures of the ICT state. 1 _ 4 in EPA at 300 and 77 K are shown in Figure 1. It has

been reported that compountl gives dual fluorescences

2. Experimental Section originating from LE and ICT excited states (e.g., at around 3.4

2.1. Materials. Phenylpentamethyldisilanel)(®* (4-tert- x 10*(LE) and 2.9x 10* cm~1 (ICT) in cyclohexane) in various
butylphenyl)pentamethyldisilan&)(®® (4-methoxyphenyl)pen-  solvents at RF.The fluorescence spectra bfn EPA at 300 K
tamethyldisilane 3),%¢ and [4-(N,N-dimethylamino)phenyl]- (Figure 1a, dashed line) also show the ICT emission at around

pentamethyldisilane 4§%¢ were prepared as reported in the 3.0 x 10* cm™! together with the weak LE one at 3.6 10
literature. Compounds, 2, 3, and4 (as shown in Chart 1) were  cmL. On the other hand, the fluorescence spectra-e# in
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Figure 1. Absorption ((--—) at 300 K) and fluorescence ((- - -) at
300 K; (/) at 77 K) spectra ol (a), 2 (b), 3 (c) (lex = 250 nm), and
4 (d) (le= 270 nm) in EPA, where A, B, and C are LE, ICT, and
phosphorescence spectra, respectively.

Figure 2. Absorption (--—) and fluorescence—) and fluorescence
polarization {:-) spectra ofl (a), 2 (b), 3 () (1ex = 250 nm), and! (d)
(Aex = 270 nm) in PVA film at 77 K.

nm (4.0 x 10* cm™1) for 1—3 and excitation at 270 nm (3.4

- o , 10%cm1) for 4, which correspond to th&8; — 1A; (or 1Ly —
EPA at 300 K exhibit no ICT emission and consist almost 1A) transition with in-plane long-axis polarization.

entirely of the LE band. The emission spectra (solid line} of Since the LE fluorescence af-3 would correspond to the
in EPA glass at 77 K show three emission bands at around 3-5182 — 1A, (or 1Ly — !A) transition, the P values in the LE

x 10% 3.0 x 104 and 2.6x 10* cm™%, which are ascribable o panq are expected to be negative. In fact, in Figure 2 the LE
fluorescences from LE (A) and ICT (B) excited states and gmission bands (peak energies for3 = 3.5 x 10%, 3.5 x
phosphorescence (C), respectively. However, the emissionym and 3.3x 10 cm 2, respectively) show negative P values.
spectra o2—4 in EPA at 77 K give only two emission bands  The p yalue of the ICT emission @thas been shown to become
which can be assigned to LE fluorescence (shorter wavelength),ositive? The phosphorescence polarization spectra should also
and phosphorescence (longer wavelength). It should be notedgq\y negative P values under the experimental conditions, as
here that no ICT emission was observed for compouhdé reported previously.Taking these facts into account, the broad
with an electron-donating substituent at the para-position in EPA g ission bands at longer wavelengths (at 2.70* cm™? (1)
at RT as reported by Sakurai et'dl. _ _ _ 2.8 x 10* cm™ (2), and 2.3x 10* cm™* (3)) can be assigned
As shown in Figure 2a in the next section, the intensity of to the ICT fluorescence. Very weak phosphorescence with
the ICT emission ofl was strongly enhanced in PVA film at  vibrational structures is also observed at the peak of the ICT
77 K. Therefore, we carried out the fluorescence measurementspand for1—3. In contrast, the ICT emission @ which may
of 2—4 in PVA at77 K whose ICT emission could not be pe superimposed on the phosphorescence band at 2@
observed even in rigid polar EPA glass at 77 K. cm™1, remains obscure. This may be due to the fact that a strong
3.1.2. Fluorescence and Its Polarization Spectra in PVA Film electronic conjugation between the amino group and the phenyl
at 77 K.Figure 2 shows the total emission spectralefd in moiety may affect the electronic structures for
PVA at 77 K and the degree of polarization (P) calculated by It can be said that compoun@sand 3, having a substituent
using eq 1. These spectra are obtained upon excitation at 250vith moderate electron-donating character, give the ICT fluo-
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TABLE 1: Lifetimes (z:F and 7/°T) of the 1LE and 1CT CHART 2
Fluorescences and Phosphorescence Lifetimey) of 1, 2, and
3in PVA Film at 77 K2 Rw\ Ry
compound 7E (ns) 7T (ns) 7p (MS) H1\2 Si.l-y Rig
C H
1 21.9 4.2 78 Hij— _— "~ _—Hp
(34.3p (4.4y (81p Cs Cy
2 16.4 6.9 116 \ )C
3 7.1 4.2 95 Cs 3
. Hlo/ \C4 \ /
aErrors within 5%.° In EPA at 77 K. \ 5’2""“"""-uuu,,,, \
H 9 g s
-0.718 0.06 1
8 j 10.05 Ry4
é% . '..-004 @
o - » ’ R14-R18 ZCH3
S-0.719 F %
= 3003 2 Ri4-Ryg : H (PDS)
e E - - 4 Ri4, Ri5:CHj3; Rig-Rg : H (DMPDS)
g J0.02
% - - 10.01 were employed as prototypical conformations for theoretical
£-0.720 | . . ] considerations.
B Vi i 3.2.2. Optimized Geometries of PDS and DMPDS in the S
0 30 60 %0 120 150 180 LE, and ICT StatesBecause of restricted computing time, the
Dihedral Angle (6) /degree constraint of Cs symmetry was maintained throughout all

Figure 3. Calculated total energies Gfas a function of the dihedral optimizations and the methyl groups Inwere replaced by

angle (Sit-Si2—C3—C4) shown in Chart 2. The calculations were hydmgen Qtoms, e, phenyldisilane (PDS) Wa§ employed
performed by the HF/3-21G* method. instead ofl in the following CASSCEF level calculations.

The optimized geometries for the two conformers (planar and
rescence with an in-plane long-axis polarization in PVA at 77 perpendicular) of PDS in the groundofSLE, and ICT states
K as in the case df. Since the ICT fluorescences bf-3 were are obtained at the CASSCF(6,6)/3-21G* level as shown in
detected in PVA film at 77 K, we measured the fluorescence Table 2. The ground-state geometry of PDS optimized at the
lifetimes of 1—-3 in PVA at 77 K along with that ofl in EPA CASSCF(6,6)/3-21G* level is in good agreement with that
at 77 K. obtained by HF/6-31G** calculations reported for the perpen-

3.1.3. Fluorescence Lifetimin Table 1, the lifetimes of the  dicular conformatiort?
LE and ICT fluorescences and the phosphorescence lifetime are For the Franck Condon excited singlet states; (55,0), we
summarized for the compounds-3 in PVA film at 77 K. The performed second-order configuration-interaction (S&GIngle-
ICT fluorescence lifetimes df, 2, and3 in PVA film at 77 K point calculations using the CASSCF wave function as the
are 4.2, 6.9 and 4.2 ns, respectively, which are similar to that reference wave function and the CASSCF optimized ground-
(4.4 ns) ofl in an EPA rigid matrix at 77 K. Therefore, the state geometries. It was found that all the excited singlet states
enhancement of the ICT emission in polar PVA film at 77 Kis (S1—Si10) thus obtained corresponded to the LE state and no
not attributable to an increase of the ICT lifetime but the large ICT states were involved. For the low-lying excited singlet state,
efficiency for the ICT state formation from the nonrelaxed we carried out CASSCF optimizations using the ground-state
excited singlet (§) state, as discussed later (section 3.2.6). The optimized geometries as a starting geometry. However, we could
radiationless processes competing with the ICT state formationnot find any ICT states. Therefore, we performed CASSCF
may decrease in polar PVA film at 77 K. The reason the ICT calculations of the Sstate by using modified starting geom-
emission ofl is enhanced in PVA at 77 K remains unclear at etries. Since it is expected that the ICT state formation is
present. The fluorescence lifetimes of the ICT state are different accompanied by significant structural changes in the disilanyl
from those of the LE state having relatively long lifetimes (21.9 group, geometrical parameters in the disilanyl group (i.e ;-Sil
ns (1), 16.4 ns @), and 7.1 nsJ)). These results indicate that Si2 and Si2-C3 bond distances and Si5i2—C3 and C3-
no equilibrium between the LE and ICT states exists in the Si2—H14 bond angles) were modified. First, CASSCF calcu-
excited phenyldisilanes. lations for PDS were carried out by using one of the above
3.2. Theoretical Considerations on the ICT State Forma- bond distances or bond angles as a geometrical parameter. The

tion. 3.2.1. Ground-State Conformations bfin Figure 3 the Sil—Si2 and C3-Si2 bond distances were changed in the range
total energies ofl in the ground-state calculated at the HF/3- of 1.8-2.5 and 1.6-2.0 A, respectively. Similarly, the Si
21G* level are plotted as a function of the torsional angle. Here Si2—C3 and C3-Si2—H14 bond angles were altered in the
the torsional angle is taken as the dihedral angle<{C3— range of 96-12C° and 96-12C°. The result showed that
Si2—Si1) of the disilanyl group (see Chart 2). The free rotation geometrical changes in the €3i2—H14 bond angle play the
around the C3Si2 bond would be expected from the small mostimportant role in stabilization of the ICT state. Therefore,
energy difference (0.045 eV) between the planar and perpen-geometry optimizations for the excited states were performed
dicular conformers. In the case of PDS, a smaller energy by using different C3-Si2—H14 bond angles between 9find
difference (0.019 eV) was obtained by HF/3-21G* calculations, 12C°.
suggesting that the energy difference originates not only from In Table 2 the optimized geometries of planar and perpen-
steric repulsion due to the methyl groups but also from electronic dicular PDS at the CASSCF(6,6)/3-21G* level are listed for
interactions between the phenyl moiety and disilanyl group. the S, LE, and ICT states. The geometrical changes upon
Therefore, in the following CASSCF level calculations, the excitation to the LE state are found to occur mainly in the
planar and perpendicular conformations havibigsymmetry benzene moiety, because the LE state formation corresponds
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TABLE 2: CASSCF(6,6)/3-21G* Optimized Geometries (Bond Lengths in Angstroms, Bond Angles in Degrees, and Dihedral
Angles in Degrees) for Planar and Perpendicular PDS and DMPDS in the SLE, and ICT States

planar perpendicular
S LE ICT S LE ICT
PDS
bond lengths
Si1-Si2 2.373 2.372 2.368 2.384 2.357 2.370
C3-Si2 1.881 1.858 2.005 1.879 1.865 2.153
C4—C3 1.386 1.491 1.460 1.403 1.450 1.452
C5-C4 1.393 1.427 1.390 1.391 1.434 1.371
C6-C5 1.388 1.352 1.390 1.383 1.430 1.420
C6-C7 1.396 1.423 1.449 1.383 1.430 1.420
C7-C8 1.388 1.477 1.344 1.391 1.434 1.37
C8-C3 1.408 1.482 1.439 1.403 1.450 1.452
Si2—H14 1.480 1.481 1.559 1.478 1.479 1.507
bond angles
Sil-Si2—C3 112.70 112.33 110.14 112.14 112.17 90.48
C3-C4-C5 121.46 121.06 121.82 120.89 121.22 121.61
C4-C5-C6 119.31 122.45 119.31 120.13 120.31 119.90
C5-C6—C7 119.65 121.48 119.91 120.08 119.59 120.43
C6—-C7-C8 119.92 119.60 121.21 120.13 120.31 119.90
C7-C8-C3 121.01 120.17 121.15 120.89 121.22 121.61
C8-C3-C4 118.01 115.29 116.61 117.88 117.34 116.55
H14—-Si2—C3 109.81 110.21 83.98 109.02 109.01 84.02
dihedral angles
Sil-Si2—C3—-C4 0.0 0.0 0.0 90.0 90.0 90.0
H14-Si2—C3-C4 121.48 121.62 99.07 210.89 210.79 208.25
DMPDS
bond lengths
Sil-Si2 2.348 2.347 2.350 2.361 2.361 2.393
C3-Si2 1.887 1.867 2.061 1.892 1.873 2.154
C4—-C3 1.387 1.492 1.462 1.404 1.451 1.457
C5-C4 1.391 1.428 1.390 1.391 1.435 1.371
C6-C5 1.388 1.353 1.390 1.382 1.430 1.397
C6-C7 1.395 1.423 1.449 1.382 1.430 1.397
C7-C8 1.388 1.478 1.344 1.391 1.435 1.371
C8-C3 1.409 1.484 1.443 1.404 1.451 1.457
Si2—C14 1.894 1.906 1.982 1.903 1.891 1.929
bond angles
Sil-Si2—C3 110.60 109.82 101.70 108.10 110.22 90.69
C3-C4-C5 121.58 121.11 122.06 121.19 121.45 121.80
C4-C5-C6 120.06 122.43 119.30 120.18 120.33 119.93
C5-C6—C7 119.57 121.56 119.88 119.90 119.51 121.32
C6—-C7-C8 119.88 119.52 121.20 120.18 120.33 119.93
C7-C8-C3 121.18 120.26 121.41 121.19 121.45 121.80
C8-C3-C4 117.73 115.12 116.13 117.37 116.94 115.32
C14-Si2—C3 109.52 109.51 84.70 110.11 109.90 90.01
dihedral angles
Sil-Si2—C3—-C4 0.0 0.0 0.0 90.0 90.0 90.0
C14-Si2—C3-C4 120.30 120.04 102.96 209.49 210.24 214.30

to local ¢z,7*) transitions in the benzene ring. In the ICT state, for the ICT state of perpendicular DMPDS, although the steric
the optimized geometries of both planar and perpendicular hindrance due to the methyl groups seems to depress the bond
conformations are substantially different from those of the S angle changes to some extent.

state. In particular, drastic changes occur in the bond angles 3.2.3. Formal Charges and Dipole Moments of PDS 4dnd
and dihedral angles of the disilanyl group. In the case of planar in the $, LE, and ICT Statedn Table 3 the formal charges of
conformation, substantial decreases in the H$#®2—C3 bond planar and perpendicular PDS are listed for the L&, and

angle (-25.8) and H14-Si2—C3—C4 dihedral angle{22.£) ICT states. Table 4 presents the dipole moments and formal
are recognized for the ICT state (Figure 4a). In the perpendicular charges (total formal charge on the disilanyl group) of PDS and
ICT state, geometrical changes take place in the+8i2—C3 1 calculated at several different levels. According to the HF/
(—25.0°) and Sit-Si2—C3 bond angle{21.7) (Figure 4b). 3-21G* calculations ofL in the ground state, the total formal
These results suggest that structural changes 6fSI3-X (X charges of the disilanyl group for the planar and perpendicular

= H14, H15, Sil) bond angles would act as an important conformations are obtained to Be0.55, showing that partial
reaction coordinate in the ICT state formation as schematically charge migration takes place from the disilanyl group to the
shown in Figure 4. Optimized geometries were also calculated benzene moiety. The ground-state dipole momensdf 1 in

for planar and perpendicular DMPDS to examine the effect of planar and perpendicular conformations are 0.2 and 0.12 D,
methyl groups on the ICT state formation. The results are shownrespectively. The relatively small ground-state dipole moments
in Table 2. In a manner similar to the case of PDS, substantial of 1 are probably due to the fact that theé and —M effects of
decreases can be seen in the €8#®—C3 bond angles and  the substituent cancel each othé?.

C14—-Si2—C3—C4 dihedral angle for the ICT state of planar The CASSCF(6,6)/3-21G* calculations of planar PDS show
DMPDS and in the SitSi2—C3 and C14-Si2—C3 bond angles  the total formal charges of the disilanyl group in the ground
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A) Planar form

c—C c—C Si...........muulISi c—C c—C S\i......umSi
/Si Si
S\ S"
SnJr ICT state
B) Perpendicular form
Si Si
C—C—C=C Sigm C—C—C=C Si
mnmuu,,,” 5: \
——S—si ——Si—Si
ICT state

S,'

Figure 4. Schematic geometrical changes of PDS in the ICT formation. (A) Planar form. (B) Perpendicular form.
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TABLE 3: Formal Charges of Planar and Perpendicular
PDS in S, LE, and ICT States Obtained by CASSCF(6,6)/
6-31G*//CASSCF(6,6)/3-21G* Calculations

Yamamoto et al.

On the other hand, in the ICT state of the planar conformation
(Figure 5B), not only ther orbitals in the benzene moiety (35a
37d’, and 408) but also the orbitals localized on the disilanyl

planar perpendicular group (364 384, and 399 are included. It can be seen that

S LE ICT S LE ICT the 38a& orbital has its electron lobe on the Si2 atom. The
Sil  +0.266 +0.267 +0.307 +0.288 +0.280 +0.295 CASSCF (6,6) active orbitals of the ICT state in the perpen-
Si2  4+0.399 +0408 -+0078 +0.373 -+0380 +0.114 dicular conformation are depicted in Figure 6B. The orbitals
C3 —-0.147 —0.146 +0.034 —-0.139 -0.151 —0.025 37d and 38ainvolve & orbitals of the benzene ring and also
C4 -0223 -0.229 -0.208 —0.215 -0.228 -0.211 pseudosr orbitals of the disilanyl group. Therefore, orbital
¢5 -0190 -0.187 -0.193 -0.191 -0.175 -0.191 characters of the ICT state having a planar or perpendicular
gg :8:132 :8:%82 :8:1% :8:%31 :8:%92 :8:151 conformation show that the charge-transfer state formation
C8 -0208 -0212 -0212 -0215 -0228 —-0211 results from pseuda- electronic interactions between the
H9  +0.206 -+0.210 +0.268 +0.196 -+0.198 -+0.248 benzene ring and the disilanyl group. It can be said that the
H10 +0.203 +0.201 +0.244 +0.201 +0.207 +0.237 orbital characters of the ICT states for both planar and
:E 18-28(1) ig-ggé ig-égg Ig-ggi 18-383 ig%gg perpendicular conformations are consistent with the ICT emis-
H13 40201 40208 +0255 40196 -+0.198 40248 sion having an in-plane Iong-'aX|s polanzatlor’\. That is, the ICT
H14 -0112 -0114 —-0.186 —-0107 -0.108 —0.159 state can be regarded asrar'* state, wherer'* denotes the
H15 -0.112 -0.114 -0.186 -0.107 -0.108 —-0.159 pseudar orbital included in the disilanyl group. The* orbital
H16 —0.102 —-0.103 -0.112 —0.101 -0.101 —0.110 mainly consists of 3p and 3d atomic orbitals of the Si atoms
H17 -0.102 -0.103 -0.112 -0.101 -0.101 -0.110 (orbital 384 for planar and perpendicular forms) as shown in
H18 —0.099 -0.100 —0.158 -0.092 -0.096 —0.145

(gg) and LE statesg-F) to be similar to each othet+0.31 and

Figure 5B and Figure 6B.
3.2.5. Energy Relationshif.otal and relative energies for

+0.32, respectively). In addition, the ground-state dipole the ground and excited states of the planar and perpendicular

moment fig = 1.15) changes to only a small extent after
excitation to the LE stateut = 1.07). The results indicate that

PDS were calculated at CASSCF(6,6)/3-21G*, CASSCF(6,6)/
6-31G*, MRMP/CASSCF(6,6)/3-21G*, and MRMP/CASSCF-

in the LE state substantial charge migration does not occur (6,6)-/6-31G* levels as shown in Table 5. The lowest transition
between the disilanyl group and the benzene moiety. A similar energy AE) was obtained to be 4.6 eV from the-0 absorption

tendency is also seen for perpendicular PDS.
In a previous papetwe reported the formation of a highly
dipolar excited state fot in solvents having large dielectric

band in cyclohexangAll the calculatedAEg—o values in Table
5 show much higher energies compared to the experimental
value (4.6 eV). The energy differences between the experimental

constants, as revealed by a large solvatochromic shift of the and calculatedAE,-o values are significantly improved in

fluorescence spectra. The difference in the dipole moment (
— Ug), Whereug andue denote the dipole moments of the ground
and excited states, was estimated from the Lippklataga
equation!>46 By assuming the radiusq) of a spherical cavity
containing the dipole to be 3.0 A, the value f — uq was
obtained to be 4.4 D fot.# However, if we use the molecular

volume defined as the volume inside a contour of 0.001

electrons/bolrdensity, the cavity radiusag) of 1 is calculated

MRMP calculations. It can also be seen that the energies of the
geometry-optimized LE stateAE g) are smaller tham\Eg—o,
while the calculated energy levels of the ICT state are located
slightly higher tharAEg—o.

Since the ICT fluorescence df has not been observed in
the gas phas¥;2°one can expect that the stabilization due to
solvation plays an important role in the ICT state formation.
Therefore, we took solvation energiesHs,y) in the ICT state

to be 4.6 A by using Gaussian 94 programs and one can obtaininto account by using the following equation.

8.3 D for ue — ug for 1 from the Lippert-Mataga equation.

That is, the value ofie is obtained to be 8.5 D. 2 ¢ — 1
On the other hand, the low-lying excited singlet states having AEg,, = —3(2 T 1) (2)
a large dipole moment were found to be the ICT state of PDS 8y \e€

by CASSCF level calculations using modified ground-state
geometries as shown in the last column of Table 4. For instance,Here, it is assumed that the solvent molecules relax fully about
the calculated dipole momentsgC™ = 10.2 and~9.5 D for a solute dipole within the lifetime of the excited state. In eq 2,
planar and perpendicular PDS) are found to be comparable toue, €, anday are the dipole moment in the excited state, the
that (8.5 D) estimated by experiments. The total formal charges static dielectric constant of solvent, and the Onsager radius (
(ge'°T) of the disilanyl group of PDS in the ICT state become = 4.6 A for PDS). The excited-state energies in cyclohexane
negative values{0.23 and—0.18 for planar and perpendicular  (CH, ¢ = 2.0) and acetonitrile (MeCN,= 37.5) were computed
forms, respectively) compared to those in the ground state, by adding the solvation energies to the corresponding excited-
showing that ICT occurs from the benzene moiety to the state energies of solvent-free systems. The ICT state in MeCN
disilanyl group. has a much smaller energy thAi,—o at the CASSCF(6,6)/6-
3.2.4. Orbital Characters of the LE and ICT States of PDS. 31G* level. Since the ICT states of planar and perpendicular
The six orbitals included in the CASSCF(6,6) active space for PDS have large dipole moments (10.2 and 9.51 D, respectively),
the planar and perpendicular PDS in the LE and ICT states aresignificant solvent-induced stabilization can be seen in polar
depicted in Figures 5 and 6. In the LE state of the planar MeCN. In nonpolar CH, the energy level of the ICT state is

conformation (Figure 5A), the orbitals 36a37d’, 384', and
394’ represent ther orbitals of the benzene moiety while the
35d and 40a orbitals show the SiSi bonding and SiSi

slightly smaller tharAEq-—o.
The vertical transition energieAE¢'T) for the fluorescence
from the ICT state of PDS to the ground state in the gas phase

antibonding characters, respectively. In the LE state of the in CH and MeCN were calculated as shown in parentheses in
perpendicular conformation (Figure 6A), all six orbitals show Table 5. The values akE'CT are significantly smaller than the
m orbital character of the benzene moiety. These indicate thatvertical transition energiesAE-F) for the local fluorescence

the LE states have mainlyr(z*) character.

because of the large FranelCondon destabilization energy in
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TABLE 4: Formal Charge (q) on the Disilanyl Group and Dipole Moment (z in debye) in S, LE, and ICT States of PDS and 1
Calculated at the CASSCF and HF Level3

conformation compound level of calculation g g Qe-F UeE gecT 1<’
planar PDS CASSCF(6,6)/3-21G* +0.31 1.15 +0.30 1.07 —0.23 10.2
CASSCF(6,6)/6-31G*//3-21G* +0.14 1.11 +0.14 1.07 —0.37 10.2
1 HF/3-21G* +0.55 0.20
perpendicular PDS CASSCF(6,6)/3-21G* +0.32 0.97 +0.32 0.90 —0.18 9.55
CASSCF(6,6)/6-31G*//3-21G* +0.15 0.95 +0.15 1.68 —-0.27 9.51
1 HF/3-21G* +0.55 0.12

30, G5, andgdCT denote total formal charge on the disilanyl group in the ground, LE, and ICT states, respegtjvelyt, andu /T are the
calculated dipole moment in the ground, LE, and ICT states, respectively.

38, 2" (0.61) 40, a' (0.02)

35,a'(1.98) 36, a" (1.36) 37,a" (1.35)

LE state

38, a' (1.00) 39,a' (0.01) 40,a" (0.08)

35,a" (1.99) 36,2 (1.92) 37, a" (1.00)

ICT state

Planar conformation

Figure 5. Six orbitals included in the CASSCF(6,6) active space for the LE (A) and ICT (B) states of the planar PDS. In parentheses, occupation
numbers.

the ground state. The energy differences between the experi- Two possible mechanisms for the ICT emission of phenyl-
mental and calculatedE; values are significantly improved in  disilanes are considered. One is a mechanism where the LE or
MRMP/CASSCF(6,6)/6-31G* calculations. ICT state is produced upon excitation from the different ground-
3.2.6. Mechanism of the ICT State Formatibmthis section, state conformation, e.g., planar or perpendicular conformation.
we consider the ICT emission mechanism of phenyldisilanes. The other is a mechanism where the production of the ICT state
Picosecond laser experiments showed that the rise time of theoccurs via the nonrelaxed excited singlet’{State regardless
ICT emission was less than 10 ps, even in EPA rigid matrix at of the ground-state conformation. The fluorescence measure-
77 K4 The dynamic equilibrium between the LE and ICT states ments of both 1-trimethylsilyl-1-methyl-2,3-benzo-1-silacyclo-
of 1is not established, as stated above. This result is in contrastpentene having a perpendicular conformation and 1,1,2,2-
with the dual emission of DMABN, where the dynamic tetramethyl-3,4-benzo-1,2-disilacyclopentene (or 1,1,2,2-tetra-
equilibrium between LE and ICT is established because of the methyl-3,4-benzo-1,2-disilacyclohexene) having a planar or
same value of their fluorescence lifetint8s. planar-like conformation in the ground state have shown that
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38,2 (1.08) 39, 2" (0.31)

35,2 (1.47) 36, 2" (1.67) 37,4 (1.19)

‘LE state

38, 2 (1.00) 39, 2" (0.01) 40,2' (0.0

35,a' (1.98) 36, 2" (1.99) 37, a' (1.00)

ICT state

Perpendicular conformation
Figure 6. Six orbitals included in the CASSCF(6,6) active space for LE (A) and ICT (B) states of perpendicular PDS. In parentheses, occupation
numbers.

TABLE 5: Calculated Total Energies (Hartrees) of the $ State and Energies AE, eV) of the Franck—Condon S, LE, and
ICT States Relative in the $ State for the Planar and Perpendicular PDS3

AEICTb
compound level of calculation oS AEg—o® AE P in gas phase inCH in MeCN

planar PDS CAS(6,6)/3-21G* —806.7479 6.26 5.73 (5.20) 6.88 (3.75) 6.62 (3.49) 6.22 (3.09)
MRMP/CAS(6,6)/3-21G*  —807.3835 5.10 4.87 (4.58) 6.39 (3.72) 6.13 (3.46) 5.73 (3.06)
CAS(6,6)/6-31G* —810.9079 6.24 5.72 (5.17) 6.29 (3/46) 6.03 (3.20) 5.63 (2.80)
MRMP/CAS(6,6)/6-31G* —811.7796 5.01 4.91 (4.46) 6.32 (3.96) 6.00 (3.55) 5.59 (3.15)

perpendicular PDS CAS(6,6)/3-21G* —806.7468 6.28 6.05 (5.47) 6.10 (3.76) 5.86 (3.52) 5.51(3.17)
MRMP/CAS(6,6)/3-21G*  —807.3823 5.24 4,78 (4.74) 6.33 (4.51) 6.09 (4.29) 5.75 (3.93)
CAS(6,6)/6-31G* —810.9073 6.12 4.08 (5.47) 6.33 (4.53) 6.10 (4.30) 5.75 (3.95)
MRMP/CAS(6,6)/6-31G* —811.7795 4.89 4.42 (4.23) 5.77 (3.76) 5.53(3.52) 5.18 (3.17)

1 exp 4.60 (4.09) (3.64f (3.24y

2 All geometry optimizations are performed at the CASSCF(6,6)/3-21G* léveE, o, AE g, andAEcT denote the calculated energy differences
between the ground Bstate and FraneckCondon S, LE, or ICT state, respectively. In parentheses, fluorescence energies calculatsgy (
= AEe — AEC'F) and AE{/CT = AEict — AE:CCT) are shown, wherAEec'F and AE:°T denote the FraneckCondon destabilization energies in
the corresponding ground staté&xperimental values for the local fluorescence maximum energy in CH and the ICT fluorescence maximum
energies in CH and in MeCN fdt (see ref 4).

these compounds gave the ICT emission regardless theirconformation. That is, the ICT state is produced by the
molecular conformatio®? The results indicate that the confor-  intramolecular charge migration from the phenyl ring to the
mation in the ground state is not so important for the ICT state disilanyl group via the nonrelaxed,Sstate upon excitation. A
formation. Therefore, the formation of the ICT state originates schematic presentation of the three states including the triplet
from the nonrelaxed $ state regardless of the ground-state state (T) is depicted in Figure 7.
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the MRMP/6-31G* level were in good agreement with the
experimental data. The dipole moments of the ICT staté T
st = 10.2 and 9.5 D for planar and perpendicular PDS, respec-
ICT tively) obtained by CASSCF(6,6)/6-31G* calculations showed
reasonable agreement with the experimental vale= 8.5
D) based on the LippeftMataga equation.
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