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To investigate the microscopic solvation effect on the intramolecular charge-transfer (ICT) reactmn of (
cyanophenyl)pentamethyldisilane (CPDS), laser-induced fluorescence and dispersed fluorescence (DF) spectra
of clusters of CPDS solvated by,& or acetonitrile (AN) were observed in supersonic jets. In both clusters,

a dual emission originating from a locally excited (LEy* and a charge-transfer (CT) state was observed.

Two significant microscopic solvation effects were observed: an increase in the Stokes shift and an acceleration
of the ICT process. The increases in the Stokes shift were found to be 1100 and 170f®ci@PDS-

(H.0); and—(AN), respectively. A trend of these clusters was related to the stabilization of the CT state by
the dipole-dipole interaction with the solvent molecule. Concerning the rate of the ICT process, an unexpected
result was found by lifetime measurements. The rate of the ICT process is found to be slower in the case of
the CPDS-(AN); cluster than that of the CPD§H,0), cluster, while the stabilization of the CT state is
larger in the former. It was considered that this behavior reflects a reduction of a F@ookion overlap
between the LE and the CT states, which comes from changes in the relative orientations between the LE and
the CT states in the cases of these clusters.

1. Introduction involves a deformation of the molecular structure, such as a
twist of the electron-donating group with respect to the accepting
one. To investigate this factor, the solvation effect must be
eliminated. In solution, even though the CT state is prepared
intramolecularly as a result of a large geometrical change, it is
difficult to extract information about an intrinsic nature of the
L ; S CT state. Thus, spectroscopic measurements in the jet-cooled
(IVR) and V|brat|o_nal pred_lssomat_lon of van der Waals clusters_ isolated condition enable us to investigate characteristics of the
based on extensive studies carried out by Parmenter and_h'SCT state itself. Such information turns out to be a very important
group: The intramolecular charge-transfer (ICT) process is basis to discuss the solvation effect on the ICT process. The
another example where a low-frequency vibration plays an latter or intermolecular factor is related to solus®lvent
important role in the excited-sta_te dynamips. Since t_he_ first interactions, the so-called solvation effect. In general, a CT
report on dL.Jal quorescencg oF(d|methylammo)benz_onltrlle electronic excited state is considered to be stabilized by strong
(DMABN) given by ITlppert, a vast ”“mber of .StUd'eS have electrostatic interactions between the solute and polar solvents.
been deyoted to elucidating the mechanlsm of th!s procese. Since such a molecular cluster is considered to be a microscopic
most widely accepted model is the twisted intramolecular model of solution, a number of experimental studies have been

chargg-tran_sfer (TICT.) model, whe_r e s’awist of the electron- carried out on clusters of ICT systems such as DNABRland
donating dimethylamino group with respect to the electron- 9,9-bianthryl1314

accepting aromatic ring is considered to stabilize the charge-
transfer (CT) electronic stafein this mechanism, the torsional
vibration of the dimethylamino group plays a very important
role in the ICT process. However, several mechanisms other
than the TICT model still have been proposed; for example, a
pseudo-JahnTeller interaction of two energetically close-lying
1L, and L, type benzenic statésan in-plane bending and
rehybridization at the acceptor substituand a quinoid-type

In the field of photochemistry for organic molecules of
physicochemical importance, molecular vibrational dynamics
in the electronic excited state is very important. It is well-known
that a low-frequency vibration such as an internal rotation
accelerates the intramolecular vibrational energy redistribution

Phenylpentamethyldisilane and its derivatives are also known
to exhibit ICT emission in solutiok?~23 Stabilization effects
of the ICT state by substitution with an electron-accepting group
as well as solvation effects have been repottéfTo reveal
intrinsic characteristics of the CT electronic state, we have
carried out a laser spectroscopic study on jet-coolpd (
cyanophenyl)pentamethyldisilane (CPDS) in the previous study.
structure model We have rgported_an observation of a dual g_mission of the CPDS
o . monomer in the jet-cooled isolated condition and an experi-
When one considers the ICT process of a molecule in o0 igentification of the presence of a promoting mode for
condensed phases, at least two factors must be taken intQne T state formation. The promoting mode was assigned as
account: intra- and intermolecular points of view. The former ;. sional motion of the disilany! group with respect to the
PE—. g oud be add  Emal Raruk phenyl ring. An electronic configuration of the CT state was
Ishikawa, haruki@gelihp chem tohoku.ac.jp: Naohiko Mikami, nmikami@ 210 determined to be therds;, 2pr*) type based on two-
color resonance-enhanced two photon ionization efficiencies

gclhp.chem.tohoku.ac.jp. i
T Part of the special issue “Charles S. Parmenter Festschrift”. between the CT and LE states. Based on the electronic
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configuration of the CT state, an accepting mode of the ICT
process was assigned to be the-Si stretching mode rather _{ (a)
than the torsional motion.
In the present study, laser-induced fluorescence and dispersed CPDS-(H20)2
fluorescence spectra of solvated CPDS clusters were observed, mT
to investigate microscopic solvation effects on the ICT process
of CPDS. In addition, temporal profiles of the CT emissions
were also recorded. Water £481) and acetonitrile (AN) mol-
ecules were used as solvents. We discuss two important solvent
effects, a stabilization of the CT state and an acceleration of
the ICT process of CPDS. The rate of the ICT process is found

to be slower in the case of the CPB@\N); cluster than that L“"‘L'“

of the CPDS-(H,0); cluster, while the stabilization of the CT (c)

state is larger in the former. CPDS-(AN)1

2. Experimental Section bM
In the present study, a conventional supersonic jet apparatus J LI I L L B L

and a laser system were used. CPDS was synthesized by a 35350 35400 35450 35500 = 35550 35600

method described in ref 16. CPDS was heated to 350 K to gain Wavenumber / cm

enough vapor pressure. The CPDS vapor seeded in He gas whiclfigure 1. LI_F spectra of jet-_cooled CPDS_ apd_its solvated clusters.

contains a small amount of vapor of solvent molecules was Recorded without (a) and with (b) acetonitrile in the sample. Mass-

. . selected REMPI spectrum which monitored the mass of CRBS!),

supersonically expanded into a vacuum chamber through aig’shown in trace ©).

pulsed nozzle with an orifice 0.8 mm in diameter. Concentra-

tions of solvent molecules diluted in He were adjusted so that TABLE 1: Wavenumbers of the 0% Band (i) and Intensity

sharp bands of solvated CPDS clusters clearly appeared in theMaximum of the CT Emission (¥ct), and the Stokes Shift

LIF spectra. A frequency-doubled output of a tunable dye laser (Vstoked Of CPDS and Its Solvated Clusters

(LAS LDL 20202) pumped by a Nd:YAG laser (Continuum Vo A For®  Vsoke®  AVsiokel?

Surelite I1) was used for the excitation of the solvated CPDS “~ppg 35518.8 28700 6800

clusters. The laser light irradiated the jet-11b mm downstream CPDS-(H,0) 35456.5 —62.3 27550 7900 1100

from the nozzle orifice. The fluorescence was collected with a CPDS-(AN); 35430.9 —87.9 26900 8500 1700

lens placed at a right angle to bgth the jet and the laser beam aShift of 7% and Fseres compared with those of the monomer

and was detected by a photomultiplier tube (PMT) (Hamamatsu (A5, Avse) are also listed. All the values are in unit of ch

1P28). The signal was integrated by a boxcar averager (EG&G® Uncertainty in the DF spectra was about 50&m

Par 4420) and processed by a microcomputer. When dispersed

fluorescence (DF) spectra were measured, a small monochro4onization (REMPI) measurement. A small amount of water

mator (Nikon P250) was placed in front of the photomultiplier vapor which contaminated the sample compartment was found

tube. In addition, a total or undispersed fluorescence wasto be sufficient to provide an abundance of CPHH,0),

collected simultaneously from the opposite side to the DF clusters. The red shifts of theg ®ands of CPDS(H;0)=1.2

measuring system. This fluorescence intensity was used toclusters measured from that of the monomer were found to be

compensate fluctuations of laser intensity and a long-time 62.5 and 124.7 crii for then = 1 and 2 clusters, respectively.

change in a nozzle operation condition. In this case, a wide slit Figure 1b shows a LIF spectrum recorded when acetonitrile

width of the monochromator was set to 1 mm. In the measure- (AN) molecules were diluted in He carrier gas. A strong peak

ment of fluorescence time profiles, a fast-response PMT 4t 35 430.9 cmt! was assigned to the) ®and of the CPDS

(Hamamatsu R1564U-06) of the 0.1-ns response was used. ThgaN), cluster. It was confirmed by a REMPI spectrum, which

monochromator was set in front of the PMT to discriminate monijtored the mass of CPDSAN); (274 amu), shown in

the CT or the LE emission component. The time profiles of the Figure 1c. The amount of red shift of th% pand measured

emission were recorded by a digital oscilloscope (LeCroy rom that of the CPDS monomer (87.9 chris larger than that

9354AL) operating in a random interleaved mode. Fundamental ¢ the CPDS-(H,0); cluster. Spectral carriers of bands ap-

outputs of laser wavelengths were qaliprated by simultaneouslypeanng near 35 400 crhare assigned as CPBBAN), clusters.

recorded LIF spectra of molecular iodiffe. Details concerning these bands will be reported in a forthcoming

paper? In Table 1, the wavenumbers of thg ifands o) and

the amounts of their red shif\@g) for both clusters compared
A. LIF Spectra of Solvated CPDS ClustersFigure 1 shows with that of the monomer are summarized.

LIF spectra of solvated CPDS clusters observed in the present B. DF Spectra of Solvated CPDS ClustersDispersed

study. A LIF spectrum displayed in the top panel was measured fluorescence (DF) spectra from th&tﬁhnd of each cluster are

without adding acetonitrile to the samplqo, Band of CPDS shown in Figure 2. For comparison, a DF spectrum fromrthe

CPDS-(H20)1 cPDS
I ) LI | T

(b)

Intensity (arb.)

:

3. Results and Discussion

monomer appears at 35518.8 Tmaccompanying a low- level of the monomer is also represented in Figure 2a. It is
frequency progression of a 25-chinterval. This low-frequency  clearly seen that strong structureless broad emissions appear in
vibration was assigned to be a torsional motiah ¢f the all the spectra. The broad part appearing below 32 000 ¢sn

disilanyl group with respect to the phenyl ring in our previous due to the CT emission from the ICT state. On the other hand,
study?* Similar low-frequency progressions starting at 35 456.5 the structured part above 32 000 chis called the LE emission
and 35394.3 cmt were assigned to the bands of CPDS  from the locally excited state. Wavenumbers of intensity maxima
(H20),, n=1 and 2 clusters, respectively. The number of water of the CT emissionsitct) were evaluated by fitting the spectra
molecules was determined by a resonance-enhanced multiphotonvith Gaussian functions. The values %t and Stokes shifts
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(a) CPDS (a) CPDS-(AN),: LE
1 —
0 —
(b) CPDS-(AN),: CT
(b) CPDS-(H20)1 =]
g §
& T
2 B
2 3
e (c) CPDS-(H,0),: CT
(c) CPDS-(AN),
IIIIIIIIIII!I'IIII]IIIII
20 30 40 50 60
time / ns
T T T T T[T Figure 3. Temporal profiles of (a) the LE and (b) the CT states of
20000 24000 28000 32000 36000 CPDS-(AN); and (c) the CT state of CPBDEH,O); clusters. All the
Wavenumber / cm-* profiles were measured at thg Band excitation. Observed data are
Figure 2. Dispersed fluorescence spectra of CPDS and its solvated epresented as filled diamonds, whereas thick solid lines indicate
clusters. (a) CPDS monomer excited at ﬂ'ﬁeband (b) CPDS simulated profiles. Thin solid lines indicate response functions of our
(H20), cluster excited at thegct)and. (c) CPDS(AN); cluster excited system.
at the § band. LE CT
(Vstokes= Vo — V1) Of these clusters are also summarized in k+CT CT
Table 1. An attachment of a single;® molecule provides an
increase in the Stokes shif\{sioked of 1100 cnt! compared k cT
with that of the monomer, whereas this value is 1700 tfor
the case of AN. These increases in the Stokes shift due to the
clustering of a solvent molecule are one of the clear features of
the microscopic solvation effect. A trend of the increases in

the Stokes-shift observed in the present study is very reasonable,
since the CT state is more stabilized by a solvent having a larger
dipole moment. The dipole moments are 1.854 and 3.924 D
for H,O and AN, respectively’

In the case of the CPDSH.0); cluster, a relative intensity  could not be observed, since the LE emission intensity was too
of the LE emission decreases very much compared with that of low. As seen in Figure 3b,c, both of the CT emissions of the
the monomer. This indicates an acceleration of the ICT processCPDS-(AN); and—(H,0); clusters exhibit a profile with rise
due to the solvation. CPDS clusters solvated with Ar or other and decay components. Apparently, the rise rate of the GPDS
solvent molecules were found to exhibit similar results to the (AN), is slower than that of the CPBEH,0);.

CPDS-(H,0) clusters in our preliminary experimerifs{ow- The time profiles were analyzed assuming the kinetic model
ever, LE emission with an appreciable intensity was observed schematically represented in Figure 4. In this model, temporal
in the case of the CPDYAN); cluster as shown in Figure 2c.  profiles of the LE and the CT state populations are expressed
This was a rather unexpected result. Since the relative intensityas follows.

ratio between the LE and CT emissions reflects the rate of the . .
ICT process, it was indicated that the ICT process is less 1~ A2 17" 0
accelerated in the case of the CPB®N); cluster compared e = { Ty — exp(—4,t) + A — 1, exp(—ﬂzt)}l LE

in the CPDS-(H,0); cluster. To examine the rate of the ICT _

process, lifetime measurements were carried out. = AL exp(Ail) + Ay exp(4o) (1)

C. Temporal Profiles of the CT States of Solvated CPDS K cr
Clusters. Figure 3 shows time profiles of the LE and CT =— - — — 0
emission from the vibrational ground level of the CPBBN)1 'er® A=A expAat) ~ expAb e
cluster in the LE excited state. In each trace, a response function = Ac{expAt) — exp4t)} (2)
of our apparatus, which measured as a time profile of a scattered
light, is also displayed. The width of the response function was wherel ¢ is an initial population of the LE state in arbitrary
mainly determined by the temporal width of the laser pulses units
used in the present study. For comparison, the time profile of
the CT emission of the CPBSH,0); cluster is also shown in _1 L., |\ 172
Figure 3c. A time profile of the LE state of the water complex =5k + ko) £ 51k — ko) + 4K crk et} 3)

Figure 4. Two-states model of the ICT process. Rate constants denoted
in the figure are defined in the text.
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TABLE 2: Parameters Obtained in the Temporal Profile
Analysis for Each Specie¥

state (11,), ns (142), ns
CPDS CT 3.9 15.0
CPDS-(H,0) CT 0.6 7.1
CPDS-(AN), CT 2.2 51
CPDS-(AN); LE® 2.2 5.1

aThe definition of each parameter is described in the tekixed
in the fit. ¢ AJ/A, = 0.674.

and

ky = kaE + LF +Kien k= kaT + ch tker 4

Here, k-5€T and K5 are rate constants for the fluorescence
and the nonradiative decay in the LE(CT) state, respectively.
The rate constants of the forward and backward CT processes
arek;cr andk_cr, respectively. All the rate constantsandA,

are in units of s%. The time profiles of the CT emission of AN
and HO clusters displayed in parts b and ¢ of Figure 3,
respectively, were analyzed by least-squares fits based on eq 2.
The time profiles of the CT emission were well-reproduced as
shown in the figure. Parameters obtained by the fits were listed
in Table 2. A time profile of the CT emission from thé ievel

of the CPDS monomer was also analyzed in the same manner.
Parameters obtained by the fit agreed well with those obtained
by a pump-probe measurement reported in ref 24. The rise
and decay time constants414) of the CT state of both solvated :
clusters are smaller compared with those of the monomer. Therigure 5. Optimized structures of solvated CPDS clusters obtained
decrease in the rise time constant indicates the acceleration oby DFT calculations at the B3LYP/6-31G(d,p) level. (a) CPEB,0);

the ICT process by the solvation, while the decrease in the decayin So, (b) CPDS-(AN)1 in S, (¢) CPDS-(H20): in Do, and (d) CPDS
constant is considered to be due to an opening of a nonradiative(AN): in Do. See details in the text.

decay process such as dissociation. ] o )

When the two-states model is applicable, the time profile of considered to be due to the electrostatic interaction between
the LE state should be expressed by eq 1. In general, the leastthe 7-electron and hydrogen atoms of the phenyl and methyl
squares fit of such a profile becomes difficult or less plausible 9roups. Binding energies of these clusters were calculated to
when values of two exponents are close in order due to a Pe 1360 and 1410 cm for the CPDS-(H.0), and the CPDS
numerical instability in the fitting procedure. Thus, only two (AN)1 clusters, respectlvgly. A basis-set superposition error was
preexponential factors were fitted, while two exponents were corrected. Thus, the stabilization of thessate by the solvation
fixed to the values obtained in the fit of the CT emission, in Was found to be nearly the same for these clusters, though the
the analysis of the LE emission of the CPB@N); cluster. origins of the intermolecular forces are different.

The result of the fit was well-acceptable. This means that the ~ The present calculations are limited to thesgte. However,

ICT process of the CPDSAN); can be described by the two-  in both the clusters, the relative orientation between the CPDS
state model as expressed in Figure 4. and solvent molecules in the LE state should be very close to
The analysis of the temporal profiles of the CT states of both that in the g state. The similarity is rationalized from the LIF
clusters clearly showed that the effective rate of the CT state and REMPI spectra shown in Figure 1a and c, in which the
formation of the CPDS(AN); cluster is much slower than that  intensity of the origin band of each cluster is the strongest among

of the CPDS-(H,0); cluster. This unexpected behavior will  the vibronic bands. The large FC factor of the origin band

be discussed below.
D. DFT Calculation of the Structure of Solvated CPDS
Clusters. Structures of the solvated CPDS clusters in thgir S

represents that the structural change upon the excitation should
be small.

The relative orientation of the solvent molecule in the CT

state were elucidated by density fuctional theory (DFT) calcula- state is one of the most important factors in understanding the
tions at the B3LYP/6-31G(d,p) level. The Gaussian 98 program ICT process. In the previous study, the result of the two-color
packagé® was used in the calculation. Figure 5 shows optimized REMPI spectroscopy indicated similarities in the electronic

structures of both clusters. In both cases, the solvent molecule,configuration and structure between the CT and thstBtes*

H,O or AN, is attached near the CN group of CPDS. The local The electronic configuration of the)Btate was found to be of

structures are very similar to those of benzonitrile clust#g.
In the case of the CPDSH,0); cluster, the water molecule is
attached by the hydrogen bonding between shelectron of

a osi-si ' type, where an electron in thesi_s; orbital is
eliminated upon ionization. Based on these facts, we have
determined the electronic configuration of the CT state to be

the CN group and the hydrogen of water. In addition to the osi-sit* one. Since the CT state has a positive charge at the
hydrogen bonding, there should be an appreciable contributiondisilanyl group, its charge distribution should be very different
of the dipole-dipole interaction. On the other hand, the main from those of the &and the LE states. Thus, the relative

contribution of the cluster formation is the dipeldipole
interaction in the case of CPBD&AN);. Relative orientation

orientations of the solvents in the CT state should also be
different from those in the &and the LE states. However, it is

between the two CN groups is not strictly parallel. This is difficult to determine the relative orientation of the solvents
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theoretically, since it is difficult to carry out such a calculation change of the CPDS molecule in the ICT process, whereas the
on the CT electronic state. Instead, DFT calculations of the latter is related to the reorientation of the solvent molecules.
cationic (o) state were carried out for the clusters investigated Since the former or intramolecular structural change is consid-
here. Since the Pstate also has a positive charge at the disilanyl ered to be nearly the same between these clusters, the difference
group like the CT state, its charge distribution should be more should come from the intermolecular factor. As discussed in
similar to that of the CT state compared with thga8d the LE the above section, there is a large possibility of the solvent
states. Thus, the DFT calculations on thesEate should provide  reorientation in the case of AN cluster but a small possibiltiy
us with some insights in considering the orientation of solvents for the HO cluster. This difference should be reflected as a

in the CT state. large difference in the FC overlap between the LE and the CT
In both clusters, the structures presented in Figure 5a,b arestates, that is, the change in the ICT rate.
found to be the global minimum of the State for each cluster. The differences in the physical properties between AN and

Another local minimum was not obtained either both cluster. H20 are the capability of hydrogen bonding and the dipole
In the case of the Pstate, a local minimum was found for the ~moments. A competition between the dipeliipole interaction
CPDS-(H,0); cluster. The water molecule is located above and the hydrogen bonding in stabilizing the energy of total
the phenyl ring as shown in Figure 5c. In this structure, the systems should make a difference in the probability of the
water molecule lies in the plane which involves two silicon reorientation of the solvents in these clusters. To elucidate the
atoms of the disilanyl group and is perpendicular to the phenyl details of the ICT process, it is necessary to measure the ICT
ring. The oxygen atom is heading to the disilanyl group, which rates of the other solvated CPDS clusters.

is positively charged. This structure lies higher (290 éin

energy than in the structure similar to that shown in Figure 5a. 4. Concluding Remarks

On the other hand, the structure shown in Figure 5d was found  |n the present study, the microscopic solvation effects on the
to be the global minimum and the structure similar to that shown |cT process of jg-cyanophenyl)pentamethyldisilane were in-
in Figure 5b was a local minimum in the case of CPESN),. vestigated. The two significant solvation effects were observed
In the structure shown in Figure 5d, the molecular axis of AN eyen in the case of 1:1 solvated clusters. The stabilization of
lies in the plane which involves two silicon atoms of the disilanyl  the CT state was indicated by the increase of the Stokes shift
group and is perpendicular to the phenyl ring. The energy in the DF spectrum. The amount of the stabilization in energy

difference between these structures is 270tm was related to the dipotedipole interaction by the solvent. The
The possibility of the reorientation of the solvents was most significant finding was the inverse relation between the

considered based on these results. In the case of ERDE),, stabilization of the ICT state and the acceleration of the ICT

it would be less possible for the reorientation giHmolecule process compared between the cases of CRBIgO); and

to take place, since theB molecule is tightly bound by the ~ —(AN); clusters. This behavior was interpreted as a result of

hydrogen bond. On the contrary, a possibility of the reorientation the difference in the FC overlap between the LE and the CT

of AN molecule during the ICT process was suggested in the states, which indicates a possibility of the reorientation of the

case of the CPDS(AN); cluster. solvent molecules in the ICT process. To elucidate the details
E. Microscopic Solvation Effects on the ICT Process of  of the ICT process, we are carrying out measurements on

CPDS. As mentioned above, two significant effects of the clusters with other solvents and also on higher clusters.

microscopic solvation were found in the present study: the
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