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Abstract: To investigate the intramolecular charge-transfer (ICT) process of (p-cyanophenyl)pentamethyl-
disilane (CPDS), laser-induced fluorescence, dispersed fluorescence, and two-color resonance enhanced
two-photon ionization spectra were measured in a jet-cooled isolated condition. Dual fluorescence of CPDS
was observed from a ground vibrational level in the locally excited zzr* state. Similar to an emission from
the charge-transfer (CT) state in solution, one of the dual emissions of the isolated molecule in the jet was
assigned as the CT emission. A significant vibrational dependence on the ICT process was found as exciting
vibronic levels of the molecule. It was identified that the promoting mode of the ICT process is a torsional
motion of the disilanyl group with respect to the phenyl ring. It was also revealed that an effective appearance
energy of the CPDS cation via the CT state is much lower than that via the locally excited wz* state
suggesting that the electronic configuration of the CT state is similar to that of the cation. On the basis of
an electronic configuration of the cationic state, that of the CT state was suggested to be of the (osi-si,
2p7r*) type.

1. Introduction intermolecular points of view. The former involves a deforma-
tion of molecular structure, such as a twist of the electron donor
group with respect to the acceptor group. The latter is related

egj solute-solvent interaction, the so-called solvent effect.

. . . - . - ecause most of the ICT experiments have been carried out in

subjects in the fields of photochemistry, photophysics, physico- . : - "

J P Y. P Py iy solution, the ICT state is considered to be stabilized by strong

organic chemistry, and so on. Until now, a vast number of . .
studies have been devoted to elucidating the mechanism of thiselectrostatlc interactions between the solute and polar solvents.
In solution, even though the ICT state is prepared intramolecu-

process. The most widely accepted model is the twisted i T
larly as a result of a large geometrical change, it is difficult to

intramolecular charge-transfer (TICT) model, where at9@st he inf . b T f the ICT
of the dimethylamino group with respect to the aromatic ring extract the information about an intrinsic nature of the

is considered to stabilize the ICT electronic stFar DMABN electronic state. Such a solvent effect cannot be eliminated in

several mechanisms other than the TICT model still have beenSOIUt'on even if a nonpolar solvent is used._ It IS de_5|red,
proposed: for example, a pseudo-Jafeller interaction of two ther'efore, to remove the so!vgnt effect for the investigation of
energetically close-lyindL, and L, type benzenic statdsan the intramolecular characteristics of the ICT state. Development

in-plane bending and rehybridization at the acceptor substituent, Of SUPErsonic jet techniques combined with the use of laser
and a quinoid-type structure model. spectroscopy provides us with the inherent nature of the

To understand the ICT process in condensed phases, we mus(?Iectronic state of molecules in an isolated condition. In addition,
always take at least two factors into account: the int’ra- and clusters of finite numbers of solvent molecules are also generated

in a supersonic jet. Such a molecular cluster is considered to

Since the first report on dual fluorescence p{dimethy-
lamino)benzonitrile (DMABN) given by Lippert et al.intra-
molecular charge-transfer (ICT) processes have been attractiv

(1) (a) Lippert, EZ. Naturforsch1955 10a 541. (b) Lippert, E.; Lder, W.; be a microscopic model of solution, so that the intermolecular
Eggsénrdn!nl\/?gvuva\r}g?lf i”ge“ﬁ‘-"ﬁ%ﬂ%r SpectroscapAangini, A., Ed.; effects of ICT can be investigated as its cluster-size dependence.

(2) For recent reviews, see: (a) Rettig, Ahgew. Chem., Int. Ed. Englogg In this respect, a number of experimental studies with this
25,971, (b) Bhattacharyya, K.; Chowdhury, Khem. Re. 1993 93, 507. technique have been carried out on clusters of ICT molecules

(3) (a) Rotkiewicz, K.; Grellmann, K. H.; Grabowski, Z. Rhem. Phys. Lett. i
1973 19, 315. (b) Grabowski, Z. R.; Rotkiewicz, K.; Siemiarczuk, A.;  such as DMABN™! and 9,%-bianthryl1>13However, the ICT
Cowley, D. J.; Baumann, WNow. J. Chim.1979 3, 443.

(4) (a) Zachariasse, K. A.; Harr, T.; Hebecker, A.; Leinhos, U.hile, W.

Pure Appl. Chem1993 65, 1745. (b) Rettig, W.; Bliss, B.; Dirnberger, K. (7) Peng, L. W.; Dantus, M.; Zewalil, A. H.; Kemniz, K.; Hicks, J. M.; Eisenthal,
Chem. Phys. Lettl999 305, 8. K. B. J. Phys. Chem1987, 91, 6162.

(5) Sobolewski, A. L.; Domcke, WChem. Phys. Lettl996 259 119. (8) Howell, R.; Petek, H.; Phillips, D.; Yoshihara, Khem. Phys. Let.991],

(6) Warren, J. A.; Bernstein, E. R.; Seeman, JJ.IChem. Phys1988 88, 183 249.
871. (9) Shang, Q.; Bernstein, E. R. Chem. Phys1992 97, 60.
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emission from the isolated monomer
observed;1014-20 gnd it is believed that the solvation effect

must be essential for the ICT emission to occur in this molecule.

has never been group, and the acceptor is the phenyl group, whereas the roles

are reversed in the latter model.
Among many phenyldisilane derivativeq-¢yanophenyl)-

Phenylpentamethyldisilane and its derivatives are also known pentamethyldisilane (CPDS) exhibits only the CT emission even

to exhibit the ICT emission in solutiof{=2° Stabilization effects

in a nonpolar solver®? Thus, the CT state of the compound is

of the ICT state by substitution with an electron-accepting group expected to lie very close to or below the locally excited (LE)

as well as solvation effects have been repoftédConcerning

state, so that it is quite suitable for the CT emission to be

the ICT process of the phenyldisilanes, there are two mecha-observed in a jet-cooled condition. To investigate the ICT
nisms that have been proposed. Sakurai and co-workersprocess of CPDS, we have observed laser-induced fluorescence

proposed that the charge transfer occurs framg;as; orbital to
a vacant 2p orbital of the phenyl ring, resulting in thed-s;,
2pr*) state?-23 |n their model, the plane involving the disilanyl
group is perpendicular to the phenyl ring in theehd locally

(LIF), dispersed fluorescence (DF), and two-color resonance
enhanced two-photon ionization (two-color RE2PI) spectra of
CPDS in the jet-cooled isolated condition. As a result, it was
reported in a previous communication that the CPDS monomer

excited (LE;n*) states, since there is a conjugation between €xhibits a dual fluorescence even in the jet-cooled isolated
the osi-si and 2pr orbitals. The term LE state means the state condition3! In the present paper, we report a detailed analysis

prepared by the optical excitation from thg $ate, and ar*

of the CT emission of CPDS. The first experimental identifica-

(*Lp) excited state corresponds to the LE in the present study. tion of a presence of a promoting mode for the CT state

A 90° twisting of the disilanyl group with respect to the phenyl

formation is also described. The promoting mode was assigned

ring is considered to break up the conjugation and then stabilize s a torsional motion of the disilanyl group with respect to the

this (osi-si, 2pr*) state. In this model, the LE state is a

phenyl ring. In addition, an electronic configuration of the CT

perpendicular conformation, whereas the CT state is planar. ThisState is discussed on the basis of the difference in two-color
situation seems opposite to that of the TICT model. Howe\/erl RE2PI efficiencies between the CT and LE states. Flnally, a

the role of the twist is similar to that of the TICT model. Thus,

temporal profile of the CT state is reported, and the rate

the model proposed by Sakurai and co-workers is consideredProcesses are discussed.

to be a TICT-like one. On the other hand, Shizuka and co-

workers proposed that a (2p, 3d7si—sj) state is formed by the
electron transfer from the 25 orbital to a vacant 3ds;_s;

orbital2#=2° In this model, no twisting is necessary. In their

2. Experimental Details

In the present study, a conventional supersonic jet apparatus and a
laser system were used. CPDS was synthesized by a method described

recent work, Shizuka and co-workers reported that conforma- in ref 22. CPDS was heated to 350 K to gain enough vapor pressure.

tional changes in the Si-dimethyl group adjacent to the phenyl

group play an important role in the ICT procé8sn the above

two mechanisms, roles of the disilanyl and phenyl groups are

The CPDS vapor seeded in He gas was supersonically expanded into
a vacuum chamber through a pulsed nozzle with an orifice 0.8 mm in
diameter. A frequency-doubled output of a tunable dye laser (Lambda
Physik FL3002) pumped by a XeCl excimer laser (Lambda Physik

opposite. In the former model, the electron donor is the disilanyl LPX105i) was used for the excitation of the jet-cooled CPDS. The

(10) Howell, R.; Phillips, D.; Petek, H.; Yoshihara, Khem. Phys1994 188
303.

(11) Howell, R.; Jones, A. C.; Taylor, A. G.; Phillips, @@hem. Phys. Lett.
1989 163 282.

(12) Honma, K.; Arita, K.; Yamasaki, K.; Kajimoto, @. Chem. Phys1991,
94, 3496.

(13) Honma, K.; Kajimoto, OJ. Chem. Phys1994 101, 1752.

(14) Grassian, V. H.; Warren, J. A.; Bernstein, E. R.; Secor, HI.MChem.
Phys.1989 90, 3994.

(15) Bernstein, E. R.; Grassian, V. H.; Warren, JJAChem. Phys199Q 93,
6910.

(16) Gordon, R. DJ. Chem. Phys199Q 93, 6908.
(17) Kobayashi, T.; Futakami, M.; Kajimoto, @hem. Phys. Lettl986 130,
63

(18) Gibson, E. M.; Jones, A. C.; Phillips, @hem. Phys. Lett1987 136,
454,

(19) Kajimoto, O.; Yokoyama, H.; Ohshima, Y.; Endo, €hem. Phys. Lett.
1991, 179, 455.

(20) Kajimoto, O.; Yamasaki, K.; Arita, K.; Hara, KChem. Phys. Lettl986
125 184.

(21) Sakurai, H.; Sugiyama, H.; Kira, M. Phys. Chem199Q 94, 1837.

(22) Kira, M.; Miyazawa, T.; Sugiyama, H.; Yamaguchi, M.; Sakurai, J.
Am. Chem. Socd993 115 3116.

(23) Kira, M.; Miyazawa, T. InfThe Chemistry of Organic Silicon Compounds
Rappoport, Z., Apeloig, Y., Eds.; John Wiley & Sons: New York, 1998;
Vol. 2, Chapter 22.

(24) Shizuka, H.; Obuchi, H.; Ishikawa, M.; Kumada, 8.Chem. Soc., Chem.
Commun.1981, 405.

(25) Shizuka, H.; Sato, Y.; Ishikawa, M.; Kumada, WM. Chem. Soc., Chem.
Commun.1982 439.

(26) Shizuka, H.; Sato, Y.; Ueki, Y.; Ishikawa, M.; Kumada, 84Chem. Soc.,
Faraday Trans. 11984 80, 341.

(27) Shizuka, H.; Obuchi, H.; Ishikawa, M.; Kumada, M Chem. Soc., Faraday
Trans. 11984 80, 383.

(28) Shizuka, H.; Okazaki, K.; Tanaka, M.; Ishikawa, M.; Sumitani, M.;
Yoshihara, K.Chem. Phys. Lettl985 113 89.

(29) Hiratsuka, H.; Mori, Y.; Ishikawa, M.; Okazaki, K.; Shizuka, H.Chem.
Soc., Faraday Trans. 2985 81, 1665.

(30) Yamamoto, M.; Kudo, T.; Ishikawa, M.; Tobita, S.; Shizuka,JHPhys.
Chem. A1999 103 3144.

laser light irradiated the jet at 10 mm downstream from the nozzle
orifice. The fluorescence was collected with a lens placed at the right
angle to both the jet and the laser beam, and was detected by a
photomultiplier tube (Hamamatsu 1P28). The signal was integrated by
a boxcar averager (EG&G Par 4420) and processed by a microcomputer.
A 25 cm monochromator (Nikon P250) was placed in front of the
photomultiplier tube, when dispersed fluorescence spectra were mea-
sured. Slit width was set to 1 mm. In the case of two-color RE2PI
spectroscopy, two sets of Nd:YAG pumped tunable dye lasers were
used (Continuum Surelite IlI/LAS LDL 20202; Continuum Powerlite
8000/Continuum ND6000). A delay time between the two laser shots
was controlled by a digital delayed pulse generator (SRS DG535). lons
generated were mass-analyzed by a time-of-flight mass spectrometer
and then detected by an electron multiplier (Murata). Laser wavelengths
were calibrated by an optogalvanic signal from an Fe/Ne hollow cathode
lamp.

3. Results

A. Observation of CT Emission from the Jet-Cooled
CPDS. Figure 1la shows a LIF spectrum of jet-cooled CPDS
observed in the present study. A band origin of the-&
transition is located at 35 519.0 c¢f The bands indicated by
asterisks were assigned as those of CPP$0);-» clusters
on the basis of both mass analysis and population labeling
spectroscopy as described later. An expanded portion near the
origin region is inserted in Figure 1b, where a progression of

(31) Tajima, Y.; Ishikawa, H.; Miyazawa, T.; Kira, M.; Mikami, N. Am. Chem.
Soc.1997 119, 7400.
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Figure 1. LIF spectrum of the jet-cooled CPDS. A Band is located at 2
35519 cm. Bands denoted by asterisks belong to the CPP&0):1-2 &
cluster. An expanded portion in the vicinity of thé Band is shown in 2
spectrum (b). 2 T 7ay
1 . . . . .9 BCN 6b1 12
25.0 cnr! separation is clearly recognized. Among the dominant ¢
bands, a band at the lowest frequency was assigned a§ the O - 7a,
band. Here, the vibronic bands associated with a low-frequency
vibrational mode were tentatively denoted as modé We J
assigned this mode as a torsional motion of a disilanyl group =
ith respect to the phenyl ring. A detailed discussion on the LU
w ' 0 1000 2000 3000

assignment of the moder™ will be described later. Because
the torsional motion should be symmetric with respect to an
equilibrium angle and is a nontotally symmetric vibration, as a Figure 3. High-resolution DF spectra of the jet-cooled CPDS. Tie 0
result, vibrational levels having even quanta of this mode are band was used as the excitation. A horizontal axis is plotted against the
L . . . vibrational energy in the Sstate.
allowed in the transition from the vibrational ground state due _ _ - N
to a symmetry restriction. Thus, the two dominant peaks with motion of a phenyl ring? In addition to transitions to totally
a 25 crtinterval can be assigned gsandz), making a short ~ Symmetric levels such as 1 and 7a, those to nontotally symmetric
progression due to the torsional mode. A éiand is located vibrational levels, 6b ang@icn, exhibit rather large intensities.
508.3 cn! above the band origin. The ptband is also The appearance of the 6b band is interpreted by a vibronic
accompanied by the low-frequency progressiari, * interaction, which is a well-known character of ther*
Figure 2 shows DF spectra obtained by exciting various levels transition of the benzene system. A vibration of~550 cm™
of the S state. In the figure, spectrum (a) is obtained by the 1S often observed in CN-substituted benzenes, and is assigned
excitation of the Blevel, exhibiting a dual emission: an intense {0 an in-plane _benzd modgcn, of the CN group with respect
emission with distinct vibrational structures starting from the t0 the phenyl ring? It is considered that this vibrational level
level of the laser excitation and a red-shifted broad emission. IS mixed with the 6b level because these levels have the same
To identify a character of the former emission, a high-resolution Symmetry and similar vibrational frequency. This mixing is
DF spectrum was measured, as shown in Figure 3. Vibrational confirmed by a vibrational analysis based on ab initio MO
assignments and energies of levels observed in the Spectrurrg:alculatlons. Thus, it is explained that the vibronic band to the
are_summarlzedom Table 1. The Secor?d StrgngeSt ba_nd IS(32) Varsayi, G. Assignments for Vibrational Spectra of8e Hundred Benzene
assigned as thejlband, where mode 1 is a ring breathing Derivatives Adam Hilger: London, 1974.

Vibrational energy / cm™
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Table 1. Vibrational Assignments and Energies of the Levels

Observed in the High-Resolution DF Spectrum? — (a) 08 Aion = 266 nm
2
Eyp/cm=t assignment To
200
334 7a .
550 ﬂCN TO
648 6b —_
O
1%% 1a+ Ben 5 (b) Xion = 320 nm
1190 Ben+ 6b =
1419 1+ 7a 2
1645 1+ fBen g
1756 1+ 6b = —
2207 1+1 (c) CT monitor
2304 1+ fen+ 6b LIF
a Notations of the vibrational modes are taken from ref 31.
PBen level appeared in the DF spectrum due to the intensity LI I L L Y IR B B ) B L

borrowing from that to the 6b level. Almost all of the sharp 35500 35520 35540 35560 35580
bands that appeared in the high-resolution spectrum are related Wavenumber (v4) / cm-"!
to the vibrational levels in the phenyl moiety. Therefore, the Figure 4. Two-color RE2PI spectra of CPDS. The wavelength of the

laser pumped LE (2p, 2p*) state only the CT emission is displayed in the bottom for comparison.

For the red-shifted broad emission, the peak maximum, which  B. Two-Color RE2PI Spectrum of CPDS. When we
is located at 28 700 cd, exhibited a shift of about 6800 crh observed the REMPI spectra of CPDS in the origin region, we
from the excitation level. This feature is very similar to that of have noticed an anomaly of the intensity distribution among
the CT emission of CPDS observed in a nonpolar solvent(  the @, 75, and 73 bands. Two-color RE2PI spectra of CPDS
= 26300 cnt!).?2?2 To distinguish the CT emission from were also measured and compared with the LIF spectrum
phosphorescence, we have measured the decay of the emissiomptained by monitoring the CT emission part. Figure 4 shows
and it was found that its lifetime is about 15 ns, and is much two-color RE2PI spectra of CPDS in the origin region of the
shorter than a typical decay time of a triplet state. On the basis S;—S transition; the spectra (a) and (b) were measured with
of a similarity with the CT emission observed in the solution, the ionization laser wavelengtili,) of 266 and 320 nm,
we assigned this broad emission as a CT emission of CPDS inrespectively. It is apparent that the relative intensity of the
vapor. It should be noted that CPDS exhibits such a dual vibronic bands, tharé band especially, with respect to th% 0
emission from the ground vibrational level in the LE state even band depends akn; in spectrum (a), theg(band is as intense
under a jet-cooled isolated condition. This means that the as ther? band, showing the similar spectral feature to the LIF
solvation effect is not necessary for the CT process to occur in spectrum obtained by monitoring the total emission (Figure 1b).
the case of CPDS. Moreover, a drastic enhancement of theln spectrum (b) of Figure 4, on the contrary, the intensity of
intensity of the CT emission was observed in the case ofjhe  the @ band becomes much weaker than that of théand.
band excitation (Figure 2b). Despite a very small increase in The result indicates that the yield of two-color RE2PI is not
the excitation energy of only 25 crh the intensity of the CT constant for each band with respectig. Thus, we observed
emission was greatly enhanced. However, an additional excita-the ionization yield spectra of CPDS via th§ &nd ther?
tion of mode %", that is, therg band, does not show any bands, as shown in Figure 5. lonization yield via ﬁﬁdaand
drastic change in the DF spectrum as shown in Figure 2c. Theremains almost unchanged in an energy region plotted, whereas
result indicates a characteristic level dependence of the CTthat via the § band substantially decreases as the ionization
emission efficiency and the importance of the modeiti the energy becomes smaller. This means that the appearance energy
CT process. This is the first experimental identification of the of the CPDS cation via the} band is substantially lower than
vibrational level dependence on the CT state formation. It is that via ther; band. As mentioned above, the vibronic level
noted that the Qlevel in the § state has mainly the LE  in S, exhibits a dominant character of the CT state, while the
character, whereas th@ level has almost the CT character. S; origin @ has a less CT character. In this respect, the

In addition to the vibrational level dependence, an excitation difference in the appearance energy of the ionization yield
energy effect on the CT state formation was also observed. spectra corresponds to the difference in the CT character. As
Figure 2d shows the DF spectrum from thée Gvel, with the will be discussed later, the ionic state which is accessed with
excess energy of 508 cth Despite no involvement of the mode  lower ionization energy is characterized to be the state having
“” for this level, the intensity of the CT emission is substantially a favorable FranckCondon region from the CT state of the
enhanced, and the LE emission is extremely weak. In addition, neutral CPDS.
the DF spectrum from the 6 level was found to be quite Considering the above, one may easily find the reason the
similar to that from the 6blevel, showing no substantial mode intensity of the @band is substantially weaker than that of the
“7” dependence of the ICT emission yield. It is considered that ré vibronic band in the two-color RE2PI spectrum with, =
the fast intramolecular vibrational energy redistribution (IVR) 320 nm, which corresponds to the total photoionization energy
in the § state makes the effect of the mode ‘lependence of 8.27 eV. Because the difference in the vibronic band intensity
unclear, in the relatively high excess energy region. originates from the difference in the CT character, we also
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Figure 6. DF spectra of the solvated CPDS clusters with water molecules.
observed the LIF spectrum measured by monitoring only the (&) CPDS-(HzO),, (b) CPDS-(HzO), (¢) CPDS monomer. The bands used
CT emission, as shown in Figure 4c. Relative intensities between?t the excitation were for (a) and (0 for (c), respectively.

2 . . . . .
the and therg bands in Figure 4c are very similar to those in of the water molecule increases, the amount of the red-shift also

Figure 4b. Because the relative intensities in Figure 4c represent . < eases by about 1000 cfn Such a large change in the red-
relative yields of the CT state, this similarity indicates that the gpig s 4 clear indication of the stabilization of the CT state by

|<r31n|zc.:at|on laser I]Lght aﬂ"l’r - :;’]20 nm p[cks up molsculesdm the solvation. These two features, the acceleration of the ICT
_t g_ T start]e prﬁ erentially. The |on|zat|(;nhenerg_y epenhenéﬁ_process and the stabilization of the CT state, are a clear
Indicates that the appearance energy of the cation via the CTipgication of a microscopic solvation effect. The ICT processes

state is much lower in energy than that via the LE state. This of solvated clusters of CPDS with other solvents were also
behgvior ;hould carry the information about the electronic investigated and will be reported elsewhéte.
configuration of the CT state as discussed later. D. Ab Initio MO Calculations of Neutral and Cationic

C. Solvated Cluster of CPDS with Water.As indicated in States of CPDS.To interpret the CT character difference of
Figure 1b, we assigned band origins of the CPQ$,0), and the appearance energy of the CPDS cation, we have carried out
the CPDS-(H,0); clusters. The number of the attached water ap injtio molecular orbital (MO) calculations of the neutrag)(S
molecules was determined by the mass analysis. The amounts;nq cationic () states using a Gaussian 98 program package.
of the red-shift of origin bands of the (1:1) and (1:2) clusters ap gptimized structure for each state was obtained at RHF or
measured from that of the monomer are 62.5 and 1242.cm  yyF |evel with 6-31G(d) basis set, for®r Do, respectively.

respectively. A similar pattern of the LIF spectrum was observed ggong lengths and angles in the optimized geometry for each
in the case of benzonitrile clusters with water, with red-shifts siate are listed in Table 2. Figure 7a shows a position of each
of 70.2 and 139.5 cnt for the (1:1) and (1:2) clusters,  aiom listed in Table 2. In the case of, & was found that the
respectively’® Thus, the CPDSwater clusters are expected to  perpendicular conformation, where the disilanyl group lies in a
have a similar structure to those of the benzonitrl@ater  plane perpendicular to the phenyl ring, corresponds to a global
clusters. In the case of the benzonitril@ater clusters, water  inimum. A planar conformation, where the disilanyl group
molecules are known to be found at the CN site through a |iesin a plane containing the phenyl ring, is located 523 tm
hydrogen bond. The fact that the progressions of the mote “  pjgher in energy than the perpendicular one. Figure 8 shows
are still clearly seen for the CPBSvater clusters indicates that potential curves of §nd Dy along the torsional angle. At each
attached water molecules do not disturb the torsional motion point, only the torsional angle was fixed, and the remaining
of CPDS. This also supports the similarity of the cluster structure ggrdinates were optimized. It is suggested that only the
between the CPDS and benzonitrile. perpendicular conformation exists in a jet-cooled condition,
Figure 6 shows DF spectra of the CPB®ater clusters.
Contrary to the case of the CPDS monomer, only the CT (34) Shimanuki, Y.; Ishikawa, H.; Tajima, Y. Kira, M.; Mikami, N., in
emission was observed in the case of the clusters. No LE (35) Fn’zrfgfﬁfiwj.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
emission was observed. This means that the solvation of a small 4 Eheeseman, J-CF?-?Dzaap'gﬁg‘r’lvsggvmﬁéin';"%“tgﬂomggﬁii-l 2 Jri Statmann,
number of water molecules accelerates the ICT process. In KN Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
addition, the solvation leads to an increase of the red-shift of s;te'\fgs%nnlfcg.' E_-;? E;arlna?”:i_%f; é‘a"g"m& %érgl'('ﬁﬁ’nrg,’ f_';; l\(/lj;;I?gE,rSg!’I(J.';;
the peak maximum of the CT emission measured from the laser ~ Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
excited level. The amounts of the red-shifts are 7900 and 8800 & /= Sieranon B B Ll G L, P i M A bong.

cm~for the (1:1) and (1:2) clusters, respectively. As the number C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
(33) Ishikawa, S.; Ebata, T.; Mikami, Nl. Chem. Phys1999 9504. Inc.: Pittsburgh, PA, 1998.
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Table 2. Optimized Geometry of the Do and the S, States of 2500
CPDS q (b) Do )
Do So Do So 2000
bond lengths bond angles -
Ci—C 1400 1.397 &-Sig—Sipo 101.397  108.962 £ 1500 —
C—Cs 1382 1.382 @Siy—Ci1 116.458 108.610 o
C3—Cy 1.391 1.389 @G—Sip—Cit 115596 108.380 =
Si1o—Sig—Ci1 101.444 111.109 g1000—
Co—Hy 1.075 1.075 SSio—Ci2 102.161 110.010 =
Cs—Hs 1.073 1.074  SiSio—Cis 101.651 110.066 w
Ciz-Sho-Ci7 115851  109.029 500+
Cs4—Cs 1.444 1.445 &—Siip—Ci3 115.773  108.857
Cs—Ne 1.135 1.137 0—
C1—Siy 1.858 1.911 dihedral angle LI L L L O L Y
Sig—Sip 2.726 2.371 @-C;—Sig—Siyo 90.713 89.851 0 30 60 90 120 150 180
Sig—Ci1 1.871 1.899 Torsional angle (degree)
Siipc—Ci2 1.870 1.900 q D
Sig—Ciz  1.872  1.900 500 - (a) So
400 —
—C— —Cc— S 300 -
[ | N
Ng-C5-C, C,—Sig Sijg—Cy3— £ 200
\ | | | 2
LF37C —Cim — G * 100 4
Hg Hy ! |
00—t --=---=-0Db - - -
(b) LI I N I N N D D Y N N B I B |
M Me 0 30 60 90 120 150 180
Me\Si/Me Me&Si Me Torsional angle (degree)

| 37 A /|2.73/§
108.6°4. 01.4°

S 101.4° ).
NIMe SisSIMe
PN Ph— LM

neutral (Sg) cation (Do)

Figure 7. (@) Atom notation of CPDS. All the methyl groups are omitted.

Figure 8. Potential energy curve along the torsional coordinate for (a) the
S and (b) the I3 states obtained by the ab initio MO calculation.

ab initio calculation is shown to be ofa;i_s; type. In addition
to the elongation of the SiSi bond, the bond angles at both of
the Si atoms are altered drastically upon ionization.dreSch
Si atom takes a $ghybridization; because all of the values of
each C-Si—C and S+Si—C bond angle are-109, that is a

(b) Schematic representation of the optimized geometries of the disilanyl tatrghedral structure. On the other hand, the bonding structures

group in both the and the [3 states.

around the Si atoms are not tetrahedral anymore gnTbe

because of a substantial energy difference from the other. A Values of three €Si—C bond angles are 11%nd Si-Si—C
very recent ana|ysis of the rotational enve|ope of a h|gh_ angleS are 100 This structure indicates that the hybridization
resolution LIF of a jet-cooled PDS clearly exhibited that the Of the Si atoms in the Pbecomes splike and the half-filled
perpendicu|ar conformation is a dominant Species in the jet_ Si—Si bond|ng orbital consists of 3p orbitals of the Si atoms.

cooled conditior?® Although the level of our calculation was

not high enough to discuss exact barrier height, the above
analysis of PDS also supports that the perpendicular conforma-

4. Discussions

A. Assignment of the Low-Frequency Mode %". It was

tion is the most stable in the case of CPDS. Itis also noted thateyealed that the low-frequency mode plays an important

a curvature near the minimum of & very small and that the

role in the CT state formation. Therefore, an assignment of the

amplitude of the torsional motion is quite large, even fora small node 4 is of particular significance in this study. A similar

guantum number state.

low-frequency progression was observed in the MPI spectrum

The structure of the cyanophenyl group and the methyl groups of phenylpentamethyldisilanéd-PDS)36 The most probable
remains essentially unchanged upon ionization. Each methyl assignment of this mode appearing commonly in phenyldisilanes
group takes a tetrahedral structure and is oriented so that theg 5 torsional motion of the disilanyl group with respect to the
steric repulsion among the methyl groups is minimized. On the phenyl ring. An isotope effect on the vibrational frequency

contrary, the structure of the disilanyl group ig B substantially
different from that in §as shown schematically in Figure 7b.
The Si-Si bond length is 2.73 A in B whereas it becomes
2.37 Ain §, corresponding to that the S8i bonding orbital,
osi-s;j, IS half-filled in Dp. Actually, a SOMO obtained by the

(36) Kira, M.; Miyazawa, T.; Mikami, N.; Sakurai, HOrganometallics1991,

, 3793.

(37) Tsutsui, Y.; Wasada, HChem. Lett1995 517.

(38) Ishikawa, H.; Sugiyama, M.; Kishi, T.; Kira, M.; Mikami, N.; Kajimoto,
O.; Reddy, A. M.Chem. Phys in press.

should provide a plausible assignment of the modelt was
expected that a deuteration of hydrogen atoms in the phenyl
ring (ds-PDS) is the most effective way to assign whether the
mode 7" is a torsional motion or not. The deuteration of
hydrogen atoms in the phenyl ring affects not only vibrational
modes which are localized on the phenyl ring but also relative
motion of the disilanyl group with respect to the phenyl ring.
However, the phenyl ring itself does not have a low-frequency
mode, whose frequency is below 50 tTherefore, if the
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Figure 11. High-resolution DF spectrum of CPDS in the vicinity of trﬁa 0
6b{T3 band. A 0.75 m monochromator was used in this measurement. A short
progression of modez” is observed.
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Figure 9. LIF spectra of (ahs-PDS and (b)ds-PDS.

(a) CeH5SiMesg

% T5 T
[ 33.2cm
Figure 12. Vector model of the lowest frequency mode of CPDS obtained
by the ab initio MO calculation. Because the mass of the disilanyl group is
— heavier than that of the phenyl ring, it is seen that the phenyl ring rotates
around the SiCphenyi bond, whereas the disilanyl group does not move.
This figure was prepared using a program in ref 37.

g
©
>
% (®) %SDSS'ZMeS 5 . ring: stretch, bending, and torsion. Among them, the frequency
E ?0 %0 1o of the torsional motion must be the lowest. Thus, we assigned
7] 31.7 cm” the mode %" to be the torsional motion of the disilanyl group
with respect to the phenyl ring.
| In addition to the above discussion on the assignment of the
mode ", we compared its frequency inpy®vith that estimated
by an ab initio MO calculation. Figure 11 shows a high-
T T e TS resolution DF spect_rum_ in the vicinity of t_h(% band. A low
0 20 40 60 80 frequency progression is clearly seen. This progression corre-
Relative wavenumber / cm-1 sponds to the mode™ in the fluorescence excitation spectrum.
Figure 10. Comparison of the low-frequency mode”‘between (a)hs- Contrary to the LE state, the interval is not harmonic. The
PDS and (b)ds-PDS. The abscissa represents relative wavenumbers from interval between thegQ':lnd Tg bands is 25 cmt, whereas that
each § band. between thers and 73 is 30 cntl. This indicates that the

torsional potential of &is a bit anharmonic. Thus, the frequency

frequency of the moder* would change by the deuteration, of the mode %" in Sp is at most 12.5 cm'. The calculated
we could assign the mode™ as the relative motion of the  vibrational frequency of the torsional motion was obtained to
disilanyl group with respect to the phenyl ring. be 8.9 cn! by the HF/6-31G(d) ab initio MO calculation, which

Figure 9 shows LIF spectra t§-PDS andds-PDS observed reproduces the experimentally obtained frequency. An optimized
in the present study. Thegoaand of ds-PDS is located at  geometry obtained in the calculation will be described later
37 049.3 cm?, which is blue-shifted by 163.5 cthas compared ~ together with that of a cationic CPDS. A vector representation
to that of thehs-PDS (36 885.8 cmt). An expanded portion  of the mode " is shown in Figure 12. It is clearly seen that
near the f band is shown in Figure 10. Frequencies of the the mode #" mainly consists of a torsional motion of the phenyl
mode %" are 33.2 and 31.7 cni for hs-PDS andds-PDS, ring and a little contribution of methyl group. Thus, our
respectively. The frequency of the mode s reduced by 1.5 assignment was confirmed both experimentally and theoretically.
cm! (ca. 4.5% frequency change) by the deuteration of the B. Electronic Characterization of the LE and CT States.
phenyl ring. A frequency change of ca. 8% is predicted by the In the case of PDS, it is noticed that the intensity of thg 6b
ab initio calculation folhs-PDS andds-PDS. This suggests that  band of the LIF spectrum is much larger than that of tﬁe 0
the mode %" corresponds to a relative motion of the disilanyl band as shown in Figure 9. In addition, rotational band contours
group with respect to the phenyl ring. There are three kinds of of the Cg and the 6@ bands show different transition types with
relative motions of the disilanyl group with respect to the phenyl each otheP® These features can be interpreted by a vibronic
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So Dy of states in the CT state, Accordingly,
Zpﬁ 2p1f‘
— — — — 2‘7.[ ~
* f _H_ * f _T__ Keg-ct= F'EIJLE|H|IPCTﬁp (1)
2P7T o i-Si 2pn &) i-S1 . . . .
e e where W g o ct represents a vibronic wave function in each
LE cT electronic state.
2pTt 2pTt Let us consider first a dependencepodn k g—ct. The red-
_ e shift of the CT emission measured from the excitation wave-
A w AL AL 4— number was about 7000 crh Because our observation was
2pm . 20T o, carried out in a collision-free condition, there is no energy

relaxation except for a radiative process. Thus, such a large red-
Figure 13. Electronic configuration of § LE, CT, and [3 states of CPDS. shift implies that the emitting levels in the CT state should have
a vibrational excess energy of several thousand wavenumbers,
coupling that is similar to that in the case of the-Sy transition even though the emission terminates at the considerably high-
of benzene. This indicates that the electronic transition of PDS energy Franck Condon region of & The value ofp at such
preserves the symmetry forbidden character ofith® (1By,— large excess energy levels in the CT states should be so large
1A, transition of benzene. In the case of CPDS, on the other that a small increase in the vibrational energy of only 25&m
hand, the intensity of the §tband is substantially weaker than ~does not cause a substantial change.iffhus, it is unlikely
in the case of PDS, showing that the CN substitution reduces that the remarkable changeki—crt would be due to the change
the forbidden character. Nevertheless, the common appearancef p. Therefore, we conclude that the significant change in the
of the 61 band for both of the molecules indicates that the CT emission intensity by the excitation of the modg ¢omes

electronic character of the;§LE) state is that of therz* from a change in the interaction matrix eleme#it, g|H|Wcrll
excitation which is localized at the phenylsystem. Next, the interaction between the LE and the CT states in
Major electronic configurations representing thgl<¥, CT, terms of nonadiabatic interaction is considered. Because the spin
and Dy states are schematically shown in Figure 13. All of the state in both states is singlet, the ICT process of CPDS can be
2pr and theos;_s; orbitals are filled by electrons ingSwhile treated as a process of internal conversion (IC). In general
an electron in the 2porbitals is excited to the 2 orbital to treatment for the IC process, the interaction matrix element can

form the LE (2pr, 2p*) state. As described above, the ab initio  be expressed as

MO calculation reveals that thes;_s; orbital is half-filled, N

whereas the 2p orbitals are fully filled in D, characterizing ~ Wie(4.Q)IHIWc(a,.Q)0

that the first ionization energy is due an electron loss not from Pe
the phenyl ring but from the SiSi bond. Comparing the = Z @LE(Q,Q)‘@LE(Q)‘_
electronic configuration of the LE state with that of,DX is 3Q§
indicated that the ionization tod¥ia the LE state requires the

$cr(a.Q) NXCT(Q)D

electron transfer from thesi—s; to the 2pr orbitals as well as ~ @ Q) Q} @.Q) i %

a removal of an electron in the 2p orbital as indicated in Z LE FoY

Figure 13. Such a rearrangement in the electron configuration 3

may resultin a substan_tial_gec_)metrical change upon io_nization. er(0,Q)| §— XCT(Q)D(Z)
On the other hand, the ionization via the CT state requires only 0Qy

a removal of an electron in the 2p orbital, as far as the

electronic configuration of the CT state is assumed, as shownWwhere|.e or c1(0,Q)and Lk or c(Q) represent electronic and
in Figure 13. In this case, large geometrical changes uponvibrational wave functions of the LE or CT states, respectively.
ionization are not expected to occur, so that the FC region uponCoordinatesq and Q are those of electrons and vibrational
the ionization from the CT state may not be so different from modes, respectively. A vibrational modé&”“which has a
the equilibrium of the CT state. This assumption well explained nonzero value of the matrix element

the fact that the appearance energy of the cation via the CT

state is much lower in energy than that via the LE state as B’LE(q*Q)‘i
described above. Thus, the two-color RE2PI ionization spectrum 9Qk
strongly suggests that the electronic character of the CT state )

of CPDS is a ¢si_s, 2p7*) type state. The CT process from IS referred to as a promoting mode. _ _

the LE states is described as the electron transfer fromghe In the previous section, the e_Iectronlc configurations of the
to the half-filled 2pr orbitals in the LE state. That is, the LE and CT states are characterized as ther(2pr*) and the
disilanyl and the cyanophenyl group act as an electron donor (9si-si 2P7) types, respectively. In the ICT process, an electron
and an acceptor in the CT process, respectively. in theog,s-i orbital is trgnsferred into the half-filled 2porbital.

C. Mechanism of the CT Process: Torsional Motion as a In evaluating the matrix element, the dependence of these MOs
Promoting Mode of the CT Process.As mentioned above, with respect to the torsional angle should be very important, so
the torsional modez” plays an important role in the CT process. that we examined Fh_e_ characte_ristic of the_se MOs on the basis
According to Fermi’'s golden rule, a rate constant for the CT of the results of ab initio theoretical calculations. Although MOs

¢CT(q!Q)D

proceSSkLE_'CT’ should depend on the lnteracnon matrix element (39) Henry, B. R.; Siebrand, W. I®rganic Molecular Photophysic®irks, J.
between the LE and the CT stat&¥, g|H|Wcrl)and the density B., Ed.; John Wiley & Sons: New York, 1973; Vol. 1, Chapter 4, p 185.
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Figure 14. Torsional angle dependence of (a) molecular orbitals and (b)
their energies which are related to thezgndos;-s; orbitals. The numbers
61, 62, and 63 indicate order of orbitals from the bottom. The 63rd orbital
corresponds to HOMO. The 62nd orbital corresponds to anotheogtptal

that has a node perpendicular to the-Spheny bond.
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Figure 15. Schematic representation of the ICT processes in the (a)
condensed phase and (b) isolated molecular condition.

the CT state has' aymmetry, since both the half-filleds;-s;
and therr* orbitals have asymmetry. Thus, it is necessary that
Qk in the eq 2 must be of‘asymmetry, otherwise the integral
in eq 2 vanishes. The torsional motion satisfies this symmetry
requirement.

By assuming that the value of the matrix element

e

does not largely change wit, eq 2 can be rewritten as

¢CT(q!Q)D

W, (0.Q) AW (0. QT { [3@.20
@LE(QI’)

%Qr ¢CT(quO)@
7er Q[ Te@er @0 @)

9
0Q,
whereQ' represents a set of vibrational coordinates except for

the torsional mode”. In this respect, the drastic change in
thelct/l g ratio with respect to the quantum number of tan

examined here were obtained by calculations for the electronic pe explained as a result of the variation of the vibrational overlap
ground state, the results should provide us with a qualitative tgrm

picture of the interaction between thes2pnd os;—g; orbitals.
Figure 14a shows a torsional angle dependence of theap
osi-si orbitals. In the planar configuration, the HOMO orbital
is of a pure 2p@. On the other hand, the Zmndos;—s; orbitals

are mixed with each other in the perpendicular configuration.

Their mixing ratio depends on the torsional angh &s shown

in Figure 14a. Torsional angle dependences of these orbital 7.

@LE(QI) xcr(Q) D

9
0Q,
in eq 3. The last term in eq 3 represents the vibrational overlap

integral along all the vibrational coordinates except for the mode
“7”. This integral depends on the vibrational modes which are

energies are plotted as shown in Figure 14b. It is noted that theassociated with the structural difference between the LE and
difference in energy between the 63rd (HOMO) and 61st orbitals the CT states and are called accepting modes.

increases with the torsional angle. This energy repelling between The structural similarity between the CT and fates was
these orbitals indicates an interaction between these orbitals.suggested as mentioned in sections 3B and 4B. Both states have

This result indicates that the interaction matrix element

H’LE(Q:Q) ‘BLQT ¢CT(qu)D

an unpaired electron in thesi—s;i orbital; a local structure of
the disilanyl group should be similar to each other. Because
the electronic configuration of the LE state is tha* type,
there is no substantial structural change in the disilanyl group
associating with therz* excitation. Thus, the major structural

should have an appreciable value and that the vibrational modechange between the LE and the CT state should be localized in

“7” is a promoting mode of the ICT process of CPDS.

the disilanyl group. On the basis of the equilibrium structure

Symmetry consideration to this process also supports theobtained by the ab initio MO calculation, it is expected that the

above discussion. The CPDS molecule in its equilibrium
configuration, which is perpendicular, hasCa symmetry. In
this case, the plane of reflection contains the Siibond and
CN group, and is perpendicular to the phenyl ring. On this

most probable candidate of the accepting mode is -aSbi
stretching vibration. Other candidates of the accepting mode
are changes in the bond angles around Si atoms due to the
change in the hybridization of the orbitals at the Si atom from

symmetry, the electronic symmetry of the LE state is considered sp*-like to sg-like.

to be &, since the transition dipole moment of the* transition

lies perpendicular to the reflection plane. On the other hand,
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represents a so-called reaction coordinate. The term “reaction 1.0 -
coordinate” is often used for accounting for the transition from

the LE to the CT state and also for the large Stokes shift. It is

assumed that the LE state has a similar equilibrium structure to 0.5 -
that of the $ state. Thus, the LE emission spectrum exhibits a

so-called mirror image of the absorption spectrum. On the other

hand, there is a substantial structural difference between the 30'0 T
CT and the §or LE states. Therefore, the FrareRondon s
region of the CT— & emission appears in a much longer 205 —
wavelength region as compared with that of the LE emission. g
In ICT process in solution, the reaction coordinate consists of E

both the intramolecular structural change and the change in the 0.0 —
solvation coordinate; these two effects are not easily separated
in the condensed phase experiments. In the present experiments

in the jet, however, the reaction coordinate consists of only the 05

intramolecular structure, since our observation was carried out

in an isolated molecular condition without solvation. As 0.0 X

discussed above, both the promoting and the accepting modes AL RARRD RRRRN RRRE RRRRN RARRE RRRN

play important roles in the ICT process of the CPDS, and they -0 ¢ 10 20 30 40 50 60

are the most inherent part of the reaction coordinate of ICT. Delay time / ns

The structural change in the ICT process discussed here shoulGsjgure 16. Temporal profile of the CT state population observed by a
be related to the change in hybridization at the Si atom. pump—probe technique using nanosecond pulse lasers. The bands excited

From a viewpoint in the above scheme, one can describe thedre indicated in the figured represents experimental data, andepresents
’ simulated data.

ICT process of CPDS as follows. First, the transition from the
LE to the CT states is promoted by the torsional motion, and Table 3. Rise and Decay Time Constants of the CT State of

then the vibrational relaxation along the—=8i bond stretch CPDS

motion occurs in the CT state leading to the Stokes-shifted CPDS (0) CPDS () CPDS—(H,0): (07)
emission (see Figure 15b). However, since the ICT process that rise @y/ns) 4 0 0

we observed occurs in a jet-cooled isolated molecular condition, — decay 42/ns) 15 135 6.5

the following two points must be noted. The first point concerns
the transition from the LE to the CT states. Alternative
representation of this process is that the LE and the CT state
are mixed by the term in eq 2, which is neglected in the Born
Oppenheimer approximation. Because the magnitude of the
interaction between the LE and the CT states is determined by
the vibrational overlap term

SWavenumbers. Thus, the-S8i stretch vibration is considered
to be the most likely candidate for the vibrational mode that is
associated with the large Stokes shift of the CT emission. In
the case of polysilanes such agh®;o, SisMej,, and SgMes 4,
Michl and co-workers have proposed a similar interpretation
in which a large Stokes shift is associated with a largeSi
B D bond elongation in the upper stdfe.

a_Q 2er(@Q) D. Time Domain Properties.Finally, time domain properties

of the ICT process of CPDS and its cluster with water are briefly
there is no necessity of the large amplitude torsion. The seconddescribed. As discussed in section 3B, the proper selection of
point is that there is no energy relaxation except for the radiative the laser wavelength of two-color RE2PI makes it possible to
decay. Thus, the vibrational relaxation in the CT state corre- detect only the CT component in the electronic excited state,
sponds to the intramolecular vibrational energy redistribution S;. Thus, the temporal profile of the CT state emission can be
(IVR) process. When the extensive IVR occurs, the transition recorded by changing the delay time between the excitation
from these levels exhibits a broad profile, the band center of (pump) and ionization (probe) laser shots. Figure 16 shows the
which corresponds to the Franeondon accessible region in  temporal profile of the CT state observed in the present method.
S from the minimum of the CT state. As a result, the large The temporal profile of the CT state excited at tijgb@nd is
Stokes shift of the CT emission observed in the present studywell reproduced by a double exponential curve with a rise and
becomes similar to that observed in the condensed phase. Ay decay constant, which are listed in Table 3. As expected, the
mentioned above, the large Stokes shift can be associated withCT state rises slower in the case of tHgb@nd excitation than
the substantial structural difference between the CT andghe S that in the case of the band excitation.

states. In many TICT models, it is generally accepted that the  Assuming a kinetic model schematically represented in Figure
structural change along with the torsional coordinate is respon- 17, the temporal profile of the CT state population in arbitrary

sible for the large Stokes shift. However, the present experimentunit, ler(t), can be expressed by a double exponential function
shows that it is not the case for the ICT process of CPDS.

Because the torsional barrier is calculated to be about 568 cm R t t
in S, this value is not large enough to explain the large Stokes () = ﬁ{ exp(— /1—) - exp(— /1—)} IEE (4)
shift of several thousand wavenumbers. On the other hand, the 2 1 2 1

ab initio calculation shows that an elongation of the-Si
distance makes the potential energy higher by thousands of(40) Plitt, H. S.; Balaji, V.; Michl, JChem. Phys. Letl1993 213 158.

[e@)
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LE CT CT state is much better than that from the LE state. The intensity
Kor of the CT emission, that is, the CT state formation rate, is
significantly dependent on the torsional motion of the disilanyl
group with respect to the phenyl ring. On the basis of the
i e electronic configuration of the LE and the CT states and the
torsional angle dependence of thg-si and orbitals, it was
revealed that the torsional motion is the promoting mode of
So the ICT process of CPDS. The vibrational dependence of the
CT emission intensity was considered to reflect the overlap of
wave functions between the LE and CT states. On the other
hand, the accepting mode of the ICT process is considered to
be a Si-Si stretching motion rather than the torsional motion.
As discussed in the last paragraph of section 4C, attention is
necessary to compare our result with the ICT process in
— %(k1 +k,) + %{(kl — k)’ + 4k, etk c}¥? (5)  condensed phases. Because our observation was carried out in
the jet-cooled isolated molecular condition, the vibrational
relaxation that occurs during the ICT process is the IVR
and relaxation; that is, there is no energy relaxation. The LE and
CT states are mixed or interact with each other by the changes
k, = kaE + LrE +Kier k= kaT + CrT +k o (6) in the e]e.ctronic wave function along the torsional coordinate
of the disilanyl group. Although the present work leads us to a
conclusion that the equilibrium geometry of the CT state alon
Here, k' and k“” are rate constants for the fluores- o torsional motion 2hou|d begdisplacgd from that of the Lé]

cence and the nonradiative decay in the LE (CT) state, gate a definitive determination of the equilibrium geometry of
respectively. The rate constants of the forward and backwardhe T state requires more detailed spectroscopic information,

CT processes a@CT a}nd K cT, respecti.vely. All of the r.ate such as an observation of a direct excitation from th&She
constantsk, are in units of s, while rise and decay time CT state.

constantsﬂ,' are in units of s. As Iis';ed ir_] Tgble 3, the values Finally, we would like to briefly comment on the TICT
of A1 » are different for the and ther; excitation. Because the problem. In the TICT model of DMABN, the torsional motion

Figure 17. Kinetic model for the ICT process.

whereIEE is an initial population of the LE state in arbitrary
unit

1
A1

difference in energy between thédnd EETe)fZ IeveLLs(CiTs) only 25 s considered to be both the accepting and the promoting modes.
cm™L, itis assumed that the valueslgF“? andicr“P arethe  on the other hand, the torsional motion is the promoting mode
same. On the other hand, the value&afr andk-cr for the @ but not the accepting mode in our CPDS case. Our results

and ther? levels should be significantly different. Unfortunately, suggest that a twist of 90is not necessary in the transition
there are not enough data to determine each rate constant whiclkom the LE to the CT states even though the torsional motion
contains more physical meaning. In addition to the temporal s the promoting mode, since the ICT process occurs even in a
profiles of the CPDS monomer, that of the CPE$I20) zero point vibrational level in the LE state in the jet-cooled
cluster excited at itsgband is also shown in Figure 16. Itis  condition. In addition, the most distinct structural change during
apparent that the decay time constaiaf,becomes smaller as  the ICT process of CPDS is an elongation of the-Si bond.
compared to those of the monomer cases. The reduction of theThys, the ICT process of CPDS is considered to be different
lifetime of the CT state by the solvent effect is also reported by from that of the TICT molecules. However, our results suggest
the study in the solutiof?: Thus, the solvation with a single  that the necessity of the twisting between the electron-donating
water molecule provides the similar feature of the decay and -accepting groups does not necessarily mean that the most
processes of CPDS in solution, as well as the spectroscopiCimportant structural change between the LE and the CT states
characterization by the solvation. is the twist of 90 for the ICT process of the TICT molecules.
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In the present study, we have discussed the ICT process of
the jet-cooled isolated CPDS monomer. The electronic config-
uration of the CT state is strongly suggested to be of élae &,
2p*) type by the fact that the ionization efficiency from the JA017753L
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