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The OH and CH stretching vibrations of fluoren@,0).-1 > clusters have been observed by-BV and
stimulated RamanUV double resonance spectroscopy in supersonic jets. For flue(eh®),, a clear intensity
alternation was observed for the symmetric and antisymmetric OH stretching modes in the IR and the Raman
spectra, while in fluorene(H,O), the IR spectrum of the OH stretching vibration indicates the water dimer
formation in the cluster. For the CH stretching vibration it was found that the aliphatic CH stretching vibration
shows a remarkable blue shift in the clusters. From the observed spectra and the ab initio calculations at
HF/6-31G and HF/6-31G(d,p) levels, it was concluded thatnthe 1 and 2 clusters have similar structures

in which the water monomer or the dimer locates above the plane of fluorene.

Introduction 20.5)38 For the fluorene-water clusters in jets, Bernstein's
group performed mass-resolved multiphoton ionization and
dispersed emission spectroscopic stuéieEhey proposed the
most probable structures of the clusters and concluded very little
chance of proton transfer in the excited state. The purpose of
the present work is to determine the structure of fluoremater
Qusters by examining the OH stretching mode of the water site
us well as CH stretching vibrations of the fluorene site with
IR—UV and stimulated RamarlUV double-resonance spec-
troscopies. With the aid of ab initio calculations, the clusters
structures in the ground state are discussed.

Spectroscopic studies on water-containing clusters are fas-
cinating in the investigation of the hydrogen-bonding property
of water. Many properties of water are thought to arise from its
special ability to form the networks of hydrogen bonds, where

acceptor. The investigations on pure water clusters have bee
extensively performed both theoretically and experimentally to
provide us with the information of structures, energetics, and
dynamics of the networks in the clustér§.Another interesting
system is the hydrated clusters of aromatic molecules, which
are thought to be a microsolution of aromatic molecules in
aqueous solutiofi.® A number of spectroscopic methods have
been applied, such as electroiicl® microwavel415 |R,16-26 The details of the experimental setup were described in our
Ramar?’~2% rotational-resolved laser-induced fluorescefftcé? earlier publicatior’2128The jet-cooled molecules were gener-
and stimulated emission pumpfiigpectroscopies to obtain the ated by pulsed supersonic expansion of a gaseous mixture of
information on the structures and dynamics of the clusters. helium with fluorene (heated at 330 K) and water. IR and Raman
Among those, the double-resonant vibrational spectroscopy hasspectra of the clusters were obtained as fluorescence-dip spectra,
been demonstrated to be a promising method to determine theso-called fluorescence detected infrared (FDIR) and fluorescence
structures of hydrogen-bonded clust¥rs® Our group per- detected stimulated Raman (FDSR) spectra. In these spec-
formed IR-UV double-resonance experiments for the hydrogen- troscopies, the jet-cooled molecules or clusters were monitored
bonded clusters of aromatic molecules having an OH group andby laser-induced fluorescence (LIF) with a pulsed UV laser light.
reported that the alcoholic OH group is involved in the large The fluorescence signal was used as a measure of the ground-
hydrogen bond network of water molecufés!®?! Zwier's state population. For the measurement of the FDIR spectrum, a
group applied IR-UV double-resonance spectroscopy to ben- tunable pulsed IR laser light was introduced at 50 ns prior to
zene-water clusters and characterized the single, double, the UV pulse and its frequency was scanned. When the IR
m-hydrogen-bonded OH stretching vibrations, which allows frequency is resonant to the vibrational transition, the ground-
them to interpret the probable water clusters’ structt? It state population is reduced, resulting in a depletion of the
was found that, in all the clusters, water clusters are bound to fluorescence signal. Thus, fluorescence-dip spectra were ob-
the benzene ring with a weakhydrogen bond. For substituted tained by scanning the IR wavelength while monitoring the
benzene, such as fluorobenz&her benzonitrile?®37 on the fluorescence signal.
other hand, recent experiments and theoretical calculations For the measurement of FDSR spectra, the same laser system
showed that water molecules are bound on the side of thewas used. Two laser lights, a second harmonic of the Nd:YAG
benzene ring. laser ¢1) and a Nd:YAG laser pumped dye lases)( were used

In this paper, we present the vibrational spectroscopic study for the stimulated Raman pumping. They were combined by a
of the fluorene-water clusters prepared in supersonic jets. It is beam combiner and coaxially introduced into the chamber in a
known that most aromatic hydrocarbons exhibit a drastic counterpropagated manner to the UV light. The Raman spectrum
increase in its acidity in the first electronic excited state and was observed by scanning thelaser frequency while monitor-
some of them induce proton-transfer reactions with solvent ing the fluorescence signal. When the difference frequeney,
molecules. Fluorene is one of the molecules whose acidity v,, was resonant to the vibrational transition, a depletion was
largely changes in S(pKa = —8.6) compared to S(pKa = observed in the fluorescence signal.

Experimental Section
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Figure 1. LIF excitation spectrum of jet-cooled fluorene and its clusters
with water in the band origin region of the;-SS transition. The v
spectrum was measured (a) at low water vapor pressure and (b) at higher
water vapor pressure. v .,
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The UV light was a second harmonic of a XeCl excimer laser
pumped dye laser (Lambda Physik LPX 100/FL 2002). The IR Vibrational energy (em™)
beam was generated with a LiNp@rystal by a difference Figure 2. (a) Fluorescence-detected infrared (FDIR) and (b) fluorescence-
frequency mixing between a part of the second harmonic of an detected stimulated Raman (FDSR) spectra of fluoréi® obtained
injection seeded Nd:YAG laser (Quanta Ray GCR 230) and PY fixing the UV laser frequency to band A in Figure 1. (c) FDIR
the output of the Nd:YAG laser pumped dye laser (Con- spectrum obtained by monitoring band B of Figure 1.
tinuum: ND-6000). The same Nd:YAG laser/dye laser system B tein’ int ted that t t i due t
was used for the stimulated Raman pumping. The fluorescence, ernstein’s group. interprete at two ftransitions due to
was collected by lenses and detected by a photomultiplier tube fuorene-H;0 and—(H.0), are overlapped in this barfdiThey

(Hamamatsu photonics 1P28). The output signal was Iorocessed’;\lso emphasized that progressions of intermolecular modes due

by a boxcar integrator (PAR 4420) connected to a personal to different sizes of the clusters occur closely with each other,
computer. which make the LIF spectrum complicated. The high-frequency

Ab initio molecular orbital calculations for equilibrium shifts of the electronic transitions and an intense progression
conformers of fluorene(H,O), clusters were performed with of the intermolecular mode indicate a decrease of the stabiliza-

the Gaussian 94 program at HF/6-31G and HF/6-31G(d,p) tion energy and a large geometric change of the clusters.in S
levels. Full energy optimized structures were calculated without INterestingly, the decrease of the stabilization energy of the
any geometry constraints. Obtained vibrational frequencies wereClUSters in  presents a contradicted result against a reported
multiplied by a scaling factor of 0.906 at the HF/6-31G level increase of acidity of fluorene in;Sn the condensed phade.
and 0.874 at the HF/6-31G(d,p). The scaling factors were Figure 2a shows the FDIR spectrum of fluorerté;O
determined from a least-squares fitting of the calculated IR obtained by tuning the UV laser frequency to band A. The
spectra of the most probable structures to those of the observedspectrum shows two OH stretching bands at 3719 and 3632
ones. Fluorene was purchased from Aldrich Chemical Co. and cm™* of the HO site, which are listed in Table 1. As seen in

was used without further purification. Figure 2a, the dip intensity of the former band is stronger than
. . that of the latter band. The aromatic and aliphatic CH stretching
Results and Discussions bands are seen in the 2908100 cn1? region. Figure 2b shows

1. Fluorene-H,O. Figure 1a shows the laser-induced the FDSR spectrum of fluorerdi,0 in which the UV
fluorescence excitation (LIF) spectrum of fluorene in a jet, being requency is also fixed to band A. It is seen that the intensity
measured under a low concentration of water vapor. The Of the 3632 crn™ band is much stronger than that of the 3719
strongest band at 33 778 cfrand all other bands belonging to cm! band. The intensity alternation for the two OH stretch
the monomer are in good agreement with the reported sgéctra. ~ bands between the IR and Raman spectra leads to a conclusion
Figure 1b shows the LIF spectrum obtained under a higher waterthat the bands at 3719 and 3632 ¢ncorrespond to the
vapor pressure for the jet expansion. It is seen that the bandsantisymmetric and the symmetric modes, respectively. This
belonging to fluorene (H,0), increase their intensities. As seen  intensity alternation is very similar to that of free®, and the
in the figure, the $-S transitions of the fluorene(H.0), result indicates that two OH oscillators ob® in fluorene-
clusters are blue shifted from the monomer band and are veryH20 must be symmetrically equivalent. Another noticeable point
congested, which also reproduced well with the earlier vidrk. is that the antisymmetric and symmetric modes gDHexhibit
The origin (band A) of the 5% transition of fluorene-H,O a red shift of 37 and 19 cm, respectively, from those of free
appears at the 57 crhhigher frequency side of the monomer water#? The magnitudes of the shifts are smaller than those of
origin and that of fluorene (H,0), locates at the 42 cm (band the o-type hydrogen boné, which is more than 100 cm, and
C) higher frequency side. For the band at 62 értband B), close to that of ther-type hydrogen bonét3435Thus, such
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TABLE 1: Observed and Calculated OH Stretching
Vibrational Frequencies (cm 1) for Energy-Optimized
Minimum Energy Conformer of Fluorene —Water Clusters

relative intensity

observed calculated
frequency  assignment IR Raman frequency
(2:1) Water Cluster
2927 Vfg:gha'ic w
3027 ?:rgmatic VW
3052 eérgmatic w
3072 aromatic w
3081 %rEmatic w
3632 V1 m s 3623(20/38)
3719 V3 S w 3719(45/21)
(2:2) Water Cluster
3527 21 VS m 3554(168/82)
3604 V1 S m 3610(64/32)
3706 V3 m 3696(95/819
3710 m
3722 V3 S VW 3722(55/25)

apg antisymmetric OH stretching mode.. symmetric OH stretch-
ing mode.? Intensity: vs, very strong; s, strong; m, medium; w, weak;
vw, very weak.cAll values are rounded up to the nearest number.
Values are taken from the HF/6-31G(d,p) level calculation and are
multiplied by a factor of 0.874. Numbers in the parentheses are
calculated IR intensity (km/mol) and Raman activity “(Amu?),
respectively ¢ Conformer | of Figure 3¢ Conformer | of Figure 8.
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Figure 3. For conformers | and Il, the distance of an oxygen atom of
H,0O from the plane of fluorene is indicated. Energy-optimized structures
of fluorene-H,O obtained at the HF/6-31G(d,p) level calculation.

small red shifts for both modes suggests thaDHs bound to
the r-electron of fluorene.

Figure 2c shows the FDIR spectrum obtained by fixing the
UV frequency to band B. In the spectrum of band B, a number
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Calculated energies and OH stretching frequencies are listed in
Table 2. In the minimum energy conformer I, a water molecule
locates above the middle of the fluorene molecule, and its
hydrogen atoms are bound to two benzene rings through the
m-type hydrogen bond. In conformer II, on the other hand, a
water molecule is bound to one of the benzene rings. This
structure is very similar to that of the benzeit&,O cluster
reported by Zwier et a*3>In conformer Ill, the oxygen atom

of H,O is lying in the same plane of the aromatic ring, but at
the opposite side of the hydrogen atoms of the central methylene
group. In this configuration, the lone pair electrons of oxygen
are interacting with the closely lying hydrogen atoms of the
two benzene rings on both sides. It is seen from Table 2 that
the relative energies of the conformers change at different
calculation levels.

The simulated spectra for the three conformers at the HF/6-
31G(d,p) level are presented in Figure 4, which are compared
with the observed FDIR (Figure 4a) and FDSR (Figuré 4a
spectra. In Figure 4, stick diagrams<i{il) show the calculated
IR spectra of the OH stretch bands for the conformerHl)
respectively. Similarly, the stick diagrams')b(d') show the
calculated Raman spectra for the three conformers. As seen in
the figure, the calculated OH stretching vibrational frequencies
are more or less the same among the conformers. However, the
relative band intensities of the simulated IR and Raman bands
for conformers | and lll show a better agreement with the
observed spectra than those of conformer II. In conformer I,
the calculated IR intensity of the symmetric mode is rather
strong, which does not reproduce the observed one. Bernstein’s
group proposed that fluoren¢l,O may have the structure of
conformer Il from the |=J potential calculatio®® The poor
agreement between the observed and calculated IR spectra,
however, suggests that conformer Il may not be the probable
conformer. As for conformers | and lll, because both the
calculated spectra reproduced well the observed IR and Raman
spectra of the OH region, it is difficult to discriminate one of
them only from the OH stretching vibrations.

To determine which conformer is the most probable one for
fluorene-H,0, we examined the CH stretching vibrations. As
shown in Figure 3, the difference in intermolecular binding
between fluorene and water is quite obvious; the water molecule
of conformer Ill is lying in the same plane of the aromatic ring
and its lone pair electron is interacting with the aromatic CH
hydrogen. In conformer I, on the other hand, the water molecule
is bound to the aromatic ring by zatype hydrogen bond. In
addition, it is seen that the lone pair electron 0$CHis
interacting with the central methylene group. Thus, either the
aromatic CH stretching or aliphatic CH stretching vibration may
show a characteristic shift in the two conformers.

Figure 5 shows the calculated IR spectra of the CH stretching
vibrations of (a) bare fluorene and (b{d) the fluorene site of
the three fluoreneH,O conformers. It is seen that a higher
frequency aliphatic CH stretching vibration shows a large blue
shift in conformer | compared to that of bare fluorene, while
shifts of the aromatic CH stretching vibrations are very small

of bands appear at the OH stretching region. It is seen, however,in all the conformers. Figure 5e also shows the calculated

that the two bands at 3719 and 3632 ¢ncoincide with the
vibrations observed by monitoring band A. In addition, it was

found that other bands are due to the OH stretching vibrations

of fluorene-(H,0), from the comparison of the spectrum with
the FDIR spectrum observed by fixing the UV frequency to
band C, which will be shown later.

Figure 3 shows three stable forms of fluoreri,O obtained
by ab initio calculations at HF/6-31G and HF/6-31G(d,p) levels.

spectrum of the aliphatic CH stretch vibration for fluorene
(H20),, which will be discussed later.

In Figure 6 are shown the FDIR spectra of (a) fluorene and
(b),(c) fluorene-(H20); 2 in the aliphatic CH stretching region.
In Figure 6b, the highest frequency aliphatic CH stretching band
of fluorene-H,0 is blue shifted as large as 6 cincompared
to bare fluorene, while shifts of other vibrations are very small.
This behavior is well reproduced in the calculated spectrum of
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TABLE 2: Energies and Frequencies of the OH Stretching Vibrations for Fluorene-Water Clusters Obtained at the HF/6-31G
and HF/6-31G(d,p) Level Calculations

conformer | conformer I conformer Il assignmehts
HF/6-31G HF/6-31G(d,p) HF/6-31G HF/6-31G(d,p) HF/6-31G HF/6-31G(d,p
Fluorene-H,O

AEP 0 0 140 159 85 84
3611(4) 3622(20) 3617(10) 3624(39) 3612(10) 3622(27) v
3746(43) 3718(45) 3750(11) 3719(37) 3751(69) 3725(70) Vs

Fluorene-(H0).

AEP 0 0 2595 1731
3494(252) 3554(168) 3610(10 3621(18) 21
3609(38) 3610(64) 3614(4) 3623(19) 21
3718(81) 3696(94) 3747(70) 3717(38) V3
3740(93) 3699(55) 3748(50) 3719(53) V3

a3, antisymmetric OH stretching mode;, symmetric OH stretching modAE is the difference in energy in crhwith respect to the minimum
energy conformerc Calculated frequencies are multiplied by a factor of 0.906 at the HF/6-31G level and 0.874 at the HF/6-31G(d,p)Revel.
intensity (km/mol) are presented in parentheses for calculated frequencies.
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formers Il at the HF/6-31G(d,p) level calculation, respectively){b Fluorene-(Ho0)y
(d') simulated Raman spectra for conformerdll at the HF/6-31G(d,p)
level calculation. (e) ] ConformerlI
3195
. . 20 3245
conformer | (Figure 5b). Thus, the comparison between the | I allll
. . L]
observed and the calculated CH vibrations strongly supports 0 ' . . : 1
3150 3200 3250 3300 3350 3400

the most probable form of fluoreréd,0O to be conformer I.
The reason for the blue shift of aliphatic CH stretch is thought
to F’e due to ,the defprmatlon of the central methylene group Figure 5. Simulated IR spectra of CH stretching vibrations of (a)
owing to the interaction of methylene hydrogen and the lone fiyorene, (b}-(d) three conformers of fluorere.0, and () conformer

pair electron of HO. Table 3 shows the calculated CH bond

Vibrational energy (cm-1)

| of fluorene-(H.0), at the HF/6-31G(d,p) level calculation. The

lengths and HCH bond angle of the central methylene group of vibrations in the 3156 3250-cnT* region are assigned to the aliphatic
fluorene and fluoreneH.0. As seen in the table, the HCH bond ~ CH stretching mode and those in the 33@3#00-cm region are due

angle increases and the CH bond length becomes shorter fo
conformer |, while changes in the other conformer are very

small.

blue shift in fluorene-(H,O), (Figure 6c). This blue shift
suggests that one of the water molecules in fluorgi0),
also has a similar conformation to that of fluorerté,O.

2. Fluorene—(H20),. As shown in Figure 1b, the origin for
fluorene-(H20), (band C) occurs at the 42 crh higher

fo the aromatic CH stretching mode. For the vibrational frequencies,
no scaling factor is multiplied.

frequency side from the origin of the fluorene monomer. Figure
It should be noted that the aliphatic CH stretch shows further 7a,b shows the FDIR and FDSR spectra for fluore(i¢;,O),

obtained by fixing the UV frequency to band C in Figure 1b.
All the observed frequencies are listed in Table 1. In the FDIR
spectrum, four OH stretching bands are identified at 3527, 3604,
3706, and 3722 cri, corresponding to four OH oscillators of
two water molecules. The unusual structure of the 3710cm
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Figure 6. FDIR spectra of the aliphatic CH stretching vibrations of
(a) fluorene and (b),(c) fluorergH,0); .

TABLE 3: Calculated HCH Bond Angle and CH Bond
Lengths of the Central Methylene of Fluorene and Three
Conformers of Fluorene—H,O

CH bond lengths(A)

H;CH; angle (deg) Chf CH;
fluorene 107.25 1.0873 1.0873
fluorene-H,O
conformer | 107.85 1.0855 1.0871
conformer Il 107.33 1.0870 1.0871
conformer lll 107.20 1.0874 1.0883
@ CH group, which is bound to 0.
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Figure 7. (a) FDIR and (b) FDSR spectra of fluorengH,0), obtained
by monitoring band C of Figure 1.

band is due to the water vapor absorption of the IR intensity.
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Figure 8. Energy-optimized structures at the HF/6-31G(d,p) level
calculation. Structures are presented at two visual angles.
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Figure 9. (a) FDIR and (§ FDSR spectra of fluorerg(H,0),. (b)

and (c) are the simulated IR spectra for conformers | and Il at the HF/
6-31G(d,p) level calculation. (pand (¢) are the simulated Raman
spectra for conformers | and II.

Figure 8 shows the ab initio calculated equilibrium structures
for fluorene-(H20),. Calculated energies and frequencies are
listed in Table 2. Conformer I is the minimum energy form in
which a water dimer, (bD),, is located above the fluorene plane.
In this conformer, a hydrogen of one water is bound to one of
the benzene rings throughmatype hydrogen bond, and the lone
pair electron of the other water is bound to a hydrogen of the
central methylene of fluorene. On the other hand, conformer Il
is a very high energy conformer in which each water molecule
locates at opposite sides of the fluorene plane.

Figure 9 represents comparisons of the FDIR and FDSR

In both the spectra, the intensity alternation between IR and spectra with the simulated spectra obtained by the HF/6-31G-
Raman bands is not evident, indicating that four OH oscillators (d,p) level calculation for the two conformers. It is seen that

of two waters are not equivalent in the cluster.

the band positions and the relative intensities of the calculated
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OH vibrations for conformer | show better agreement with those
of the observed bands than those of conformer Il. From the
vector diagrams of the corresponding band, we assigned the

3722- and 3706-cmt bands of fluorene (H,O), to the acceptor
antisymmetric and donor free OH vibrations, respectivéijhe
3604-cnT! band corresponds to thetype hydrogen-bonded
OH stretching vibration, while the band at 3527 @ntorre-
sponds to the-hydrogen-bonded OH stretching vibration. For
the higher energy conformer Il, either the position or relative

Guchhait et al.
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u.;

stretching modes are distinguished from their red shifts. The 110, 8501.

stable structures and their OH and CH stretching vibrations were

simulated at HartreeFock level molecular orbital calculations,

(26) Janzen, Ch.; Spangenberg, D.; Roth, W.; Kleinermann, ®hem.
Phys.1999 110, 9898.
(27) Hartland, G. V.; Henson, B. F.; Venturo, V. A,; Felker, P. 3

which were used to determine the probable cluster structure. phys.’Chem1992 96, 1164.

Not only the OH stretching vibration but also the CH stretching
vibration of fluorene showed characteristic shifts, which were
very useful in determining the most probable structure of the
fluorene-H,0 cluster. For fluorene(H,0),, its structure is the

one in which a water dimer locates above the fluorene plane

and is bound to the benzemeplane and aliphatic CH group
by weak hydrogen-bonds.
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