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The hydrogen-bonded clusters of 2-fluoropyridine with water were studied experimentally in a supersonic
free jet and analyzed with molecular orbital calculations. The IR spectra of 2-fluoropyrifih®), (n = 1

to 3) clusters were observed with a fluorescence detected infrared depletion (FDIR) technique in the OH and
CH stretching vibrational regions. The frequencies of OH stretching vibrations show that water molecules
bond to the nitrogen atom of 2-fluoropyridine in the clusters. The hydrogen-bond formation between aromatic
CH and O was evidenced in the 1:2 and 1:3 clusters from the experimental and calculated results. The overtone
vibrations of the OH bending mode in hydrogen-bonded water molecules appear in the IR spectra, and these
frequencies become higher with the increase of the number of water molecules in the clusters. The band
structure of the IR spectra in the CH stretching region changes depending on the number of coordinating

water molecules.

Introduction acridine-(water), clusterst’ They have concluded that the first
water molecule bonds to the nitrogen atom in the pyridine ring
and that the remaining water molecules bond consecutively to
form a chain structure with an increasing cluster size. In the
previous paper on 2-FPthe molecular orbital calculations have
shown the possibility of weak hydrogen-bond interactions
between aromatic hydrogen and oxygen atoms from the
calculated optimized structures. The hydrogen bonds containing
aromatic hydrogen have been already reported in jet conditions
by Mikami et all®1%and Brutschy et &% 22 In this paper, the

Pyridine is one of the most basic biological molecules, and
its derivatives exist widely in biological systems. As pyridine
is also one of the simplest aza-aromatic molecules, it is very
interesting to study the nature of the pyridine moleculehe
pyridine molecule has lone pair electrons on the nitrogen atom
in the ring and can behave as a proton acceptor. In real biological
systems, hydrogen-bond interactions play a key role in deter-
mining the structure of biological molecules. Therefore, it is

very interesting to study the cluster structure and electronic effect IR spectra of hydrogen-bonded 2-FP with water are shown, and
of hydrogen-bond interactions between pyridine and proton the existence of these weak hydrogen-bond interactions is also

donating molecule, such as water. The study of these c:IustersOliscussed
under jet conditions clarifies the hydrogen-bond effect from a ’

microscopic sta_ndpoint. Howeve_,r, pyridine is nonfluorescent, Experimental and Molecular Orbital Calculations

and therefore, little spectroscopic work has been done on the ) )

bare molecul@2 and there are no reports on the electronic The .experlmenta}l setup for thg o'bse.zrvatlon of fluorescence
spectrum of hydrogen-bonded molecule. In our previous reports, excitation spectra in a supersonic jet is the same as reported
the substitution of pyridine for a fluorine atom has increased €!sewher& and is mentioned briefly. 2-Fluoropyridine, which
the quantum yield, and the LIF spectra of fluorine derivatives IS Stored in the nozzle housing, was expanded into the vacuum
of pyridine have been observed for 2-fluoropyridine (24@d ~ chamber with 4 atm of He gas. The vacuum chamber was
2,6-difluoropyridiné under jet conditions. For these molecules, €vacuated wit a 6 in. oil diffusion pump, which was backed
the electronic spectra of hydrogen-bonded clusters with water UP by & rotary pump. A pulsed nozzle was improved from a
have been also reported, and the structure of the clusters haduel injector valve of an automobifé.On the tip of the pulsed
been discussed based on the results of the electronic transitiorY@lVe, & thin metal plate with a 0.4 mm hole was glued. Tunable
and molecular orbital calculations. In recent years, IR spectro- UV laser radiation was obtained with a frequency doubled dye
scopy of hydrogen-bonded clusters with watemder jet ~ laser (Spectra Physics PDL II), which was excited by a
conditions has been considerably developed and has providedreauency tripled Nd:YAG laser (Spectra Physics INDI-50). The
important information on the cluster structure. Among the many UV laser radiation was introduced into the vacuum chamber

works for hydrated clusters, the IR spectra of phemnehter and focused with a lens of 50 cm focal length. The UV laser
clusters in jets, whose electronic spectrum was observed first'adiation was focused at 10 mm downstream from the nozzle
by Abe et al. in jet conditiondhave been studied in det&il!6 exit, and the induced fluorescence was detected with a photo-

In the phenotwater cluster, the water molecule behaves as a Multiplier (R-928, Hamamatsu Photonics). A tunable IR laser
proton acceptor. As to the cluster where water behaves as aPulse was generated with a differential harmonic generation

proton donor, Mitsui et al. have observed the IR spectra of (PFG) between the fundamental light of a Nd:YAG laser
(Spectra Physics GCR-130) and the output of a dye laser (LAS,

* Corresponding author. Tel.: 81-92-8716631; fax: 81-92-8656030; FL2005) that was excited by the frequency doubled Nd:YAG
e-mail: nibu@fukuoka-u.ac.jp. laser, in LINbQ crystals (Inrad, Autotracker Ill). The tunable
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Figure 1. Fluorescence excitation spectrum of 2-fluoropyridine
expanded with water. 34092 372013724

IR radiation was introduced from the counter propagating 3350 34|38 3722 3726

direction due to the UV laser. The IR laser radiation was

introduced into the vacuum chamber 50 ns prior to the UV laser
radiation. The IR spectrum of the cluster was detected as the
decrease in LIF intensity due to the vibrational transition induced
by the tunable IR laser radiation. The fluorescence intensity was
accumulated with a boxcar integrator and analyzed with a

2-FP-(,0),

computer. _ , , _ 3333 3411 3718
Molecular orbital calculations have been carried out with the 5461

Gaussian 9% and Gaussian 63 program packages at the 3278 9345 3790 3721 3744

computer centers of Fukuoka University and Kyushu University, T | | |3 391 ~ I/

respectively. The optimized structures and vibrational frequen- 3550 -

cies of the 2-FP(H,0), (n = 1—3) clusters were obtained I 33‘i6 343|7 3466 ") 3722\}723

through density functional theory with B3LYP functional and 3900 5100 36-910 5800

MP2 calculations. The 6-34#1+G(d,p) basis set was used for wavenum ber/om
these_ calqulations. For t_he optimized structures of the cIusters,Figure 2. Fluorescence detected IR dip spectra of 2-fluoropyridene
the vibrational frequencies were also calculated except for the (4,0), clusters (an = 1, (b)n= 2, and (c)n = 3 in the OH stretching
MP2/6-311-+G(d,p) calculation of 2-FP(H,O); because the  vibrational region. | and Il in the 2-FP(H,0)s cluster correspond to
calculation was too heavy to be carried out with our system. the calculated spectra of bridged and ringed forms, respectively. The
The stabilization energies to form the clusters were corrected bars at upper side of panel a express the experimental band positions
with zero-point vibration, and the basis set superposition error dué to bare water molecules.
(BSSE.) corrections were fixed with the countgrpmsg meﬂfiod. in the vapor phas® The IR laser intensity lower than 3300
A portion of the calculated results anq a deta|le(_j discussion of -1 jecreased gradually because of the intensity drop of the
the cluster structures were reported in the previous paper.  gye jaser used to obtain the IR radiation. The IR intensity around
3500 cnt! was also very weak because of the absorption due
to an OH group existing in the LiNb§xcrystal. In Figure 2a,
Fluorescence Excitation Spectrum.Figure 1 shows the  the IR spectrum of the 1:1 cluster is shown. Two strong bands
fluorescence excitation spectrum when 2-FP was expanded intoare clearly observed at 3531 and 3725 ¢rand assigned to
the vacuum chamber together with water vapor. All bands other the OH stretching vibrations originating from the water molecule
than 38 019 cm! are gone in the absence of watérherefore, in the cluster because the IR spectrum of bare 2-FP has no
the bands observed in the lower frequency side are assigned t@bsorption band in this region. For bare water, symmetric and
the bands due to the hydrogen-bonded 2-FP clusters with wateranti-symmetric OH stretching vibrations were observed at 3657
The assignment of the clusters has been done based on the barahd 3757 cm! in the gas phas®, respectively, as shown in
intensity dependence on the concentration of whidrese three the upper side of Figure 2a. The band intensity of the anti-
strong bands were probed to observe the FDIR spectra of thesesymmetric OH stretching vibration is stronger than that of the
clusters. symmetric one in the IR spectrum of the bare water molecule.
IR Spectra for OH Stretching Vibrational Regions. Figure As shown from Figure 2a, the band in the lower frequency is
2 shows the IR spectra of hydrogen-bonded clusters in a OH stronger than that in the higher one. The band at 3531 ¢ém
stretching vibrational region together with the calculated result the 1:1 cluster is correlated to the band at 3657 kthat is
of the B3LYP/6-31%#+G(d,p) level. The calculated structures assigned to the symmetric OH stretching vibration in a bare
of the clusters with the B3LYP/6-34#1+G(d,p) level are shown  water molecule. The two OH bonds in the hydrogen-bonded
in Figure 3. The MP2/6-31t+G(d,p) calculations also give  water molecule are not equivalent any more, and therefore, they
similar structures for the clusters. Calculated frequencies haveare better to be assigned to hydrogen-bonded and free OH
been corrected with a scaling factor of 0.9577 and are shown stretching vibrations in the cluster. The red shift of 126 &m
as bars with the results of experiments. The length of a bar from the symmetric stretching vibration of the bare molecule
indicates the absorption intensity. The value of the scaling factor clearly shows that the water molecule behaves as the proton
is determined to reproduce the frequencies of symmetric anddonor in the cluster. The two OH stretching vibrations at lower
anti-symmetric OH stretching vibrations of bare water observed and higher frequencies observed in Figure 2a can be assigned

Results and Discussion
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P 1.849 A stretching vibrations. The frequencies of the free OH stretching
q \ vibrations are similar to that of the 1:1 cluster.

b, \: \i1-§21 2 Figure 2c shows the IR spectrum of the 1:3 cluster. In the
2203 ,;'_1_ lower frequency side, three bands are observed at 333, 3411,
i N A A and 3461 cm®. In the higher frequency side, only a single peak
P i, il is observed. This may be due to the fact that the free OH
h A h stretching vibrations are accidentally overlapped in this fre-
il g gt qguency. For the structure of the 1:3 cluster, two structural
isomers were expected from the molecular orbital calculation
as shown in Figure 3. The assignment of the structure was done
based on the calculated optimization energy and intermolecular
vibrational frequencies observed in the dispersed fluorescence
N 1.500 A spectrunt The appearance of the three bands in the region of
b 17634 Y.'"'— the hydrogen-bonded OH stretching vibration corresponds well
g g 2004 A : ‘.,. with the assignment of the bridged form structure for the 1:3
1'3;?‘& ( 1805 A cluster. The ringed form structure predicts four hydrogen-bonded
“: I 1885 A *‘: OH stretching vibrations in the lower frequency region as shown
", i 1.082 A% in Figure 2c. As to the calculated frequencies of the hydrogen-
2.104 Aoy, .,f.%l«q ;j. i bonded 2-FP with water, the frequency and intensity are shown
! ? W in the figure together with the observed spectra.
IS ' The frequencies for the free OH stretching vibrations, around
\?' 3720 cnt?, are reproduced very well for the observed spectrum.
However, the bands for the hydrogen-bonded OH stretching
vibrations have calculated lower frequencies than those ob-
bridoed-fiorm ringed-fiorm served. This tendency is also observed for the three hydrogen-
T bonded clusters. These results show that the B3LYP/6-311
i 215 dcalimol (d,p) calculation reproduces well the observed results for free
| | OH stretching vibrations. However, for the hydrogen-bonded
Figure 3. Structures of the clusters optimized with the B3LYP/6- OH stretching vibrations, the calculated frequencies underesti-
311++G(d,p) level. Stabilization energies with BSSE and zero-point mated the observed results with the use of scaling factors
energy corrections are given in kcal/mol. The hydrogen-bond lengths gptimized for the bare water molecule. The calculated hydrogen-
for the clusters are also shown in angstroms. bonded OH frequencies are 50 4670 cnt! lower than that
o observed. However, the relative frequency shifts as the increas-
to the vibrations due to the hydrogen-bonded and free OH g \vater molecule reproduces the observed results very well.
stretching vibrations, respectively. The vibrational mode cal- rqr example, for the lowest frequency OH stretching vibrations,
culation of the cluster _also_ shqws th_at the atomic motion for the calculated red shifts f137 and—72 cnt reproduce well
the lower frequency wbragon. is mainly from the hydrogen- ine observed-131 and—67 cnr! measurements from 1:1 to
bonded OH stretching. Mitsui et al. have observed the OH 1.5 and from 1:2 to 1:3, respectively. This fact means that the
stretching vibrations at 3714 and 3404 chin the hydrogen-  se of the scaling factor adjusted for hydrogen-bonded OH
bonded cluster of acridine with watérThe band due to the  frequencies gives close values for the observed hydrogen-bonded
hydrogen-bonded OH stretching vibration of the acridim@ter  op stretching vibrations and different ones for the free OH
cluster is lower than that of the 2-FP-water cluster. This means stretching vibrations. The discrepancy could be ascribed to the
that the hydrogen-bond energy of acridineater is larger than  se of the same scaling factor both for free and for hydrogen-
that of 2-FP-water. The proton affinity of acridine and 2-FP is  ponded OH stretching frequencies and/or to the insufficiency
972.6 and 930 kJ/mol, respectivélyin the case of phenol, the  of the B3LYP functional to reproduce the hydrogen bond
red shift of the phenolic OH stretching frequency by hydrogen- properly. However, the MP2/6-33+G(d,p) calculations shown
bond formation relates well to the proton affinity of the bonding in Table 1, where the calculation for the 1:3 cluster has not
partner in the cluste¥ Proton affinity is considered to be peen carried out, give closer values for the hydrogen-bonded
directly related to the strength of the hydrogen-bond interaction. OH frequency as compared with the results of the B3LYP/
The degree of red shift of the OH stretching vibration of the 6-3114++G(d,p) calculations. The fact seems that the MP2
water molecule under the hydrogen-bond formation correspondscalculation gives better results for the OH stretching vibration.
well to the strength of the hydrogen bond between 2-FP and The discussion for the reliability of these calculations needs
water, where the water molecule behaves as a proton donor. more experimental and theoretical examples.

Figure 2b shows the IR spectrum of the 2-Rifater 1:2 CH Stretching Vibrations. Figure 4 shows the FDIR spectra
cluster. Four bands are observed at 3402, 3499, 3720, and 3724f bare and 2-FPwater clusters in the CH stretching vibrational
cm~1. Two lower bands are assigned to the bands due to theregion. For bare 2-FP (Figure 4a), four CH stretching vibrations
hydrogen-bonded OH stretching vibration and the higher two might be expected at most from its molecular structure; however,
bands to free OH ones, respectively. The band at 3499 @n more than four bands are clearly observed in this region. This
observed very weakly because the intensity of the IR laser means that the CH stretching vibrations interact with the
radiation is very weak in this region. Therefore, the corrected overtone and/or combination bands, whose fundamental vibra-
intensity of this band is considerably stronger than that observed.tions exist in the lower vibrational energy region, through
The relatively strong two bands observed at 3402 and 3499 cm anharmonic couplings. Figure 4b shows the IR spectrum of the
are assigned to stretching vibrations of hydrogen-bonded OH. 2-FP-H,0 cluster. The vibrational structure around 3050¢m
The bands at 3720 and 3724 chhare due to the free OH  changes slightly from that of the bare one. This change is

L6 hoakna! 14.5 localimal
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TABLE 1: Observed and Calculated Frequencies of
2-Fluoropyridine —Water Clusters (cm1)

(a) bare 2-FP

calculated
B3LYP/ MP2/ 3035469\ 3091
2-FP- 6-314++G- 6-311++G- 3086 3078
(H,0),  assignment observed (d,pp (d,pp 3;_7;4_’-——4 bare H,0 2v,
n=0 v 3756 3756 3763 EE—
V1€ 3657 3657 3651 (b) 2-FP-(H ,0)
CH str. 3076 3056
CH str. 3105, 3095, 3091 3066 3046
CH str. 3078, 3074,3069 3046 3025 2041
CH str. 3056, 3035, 3021 3031 3015 3061 \
2%, 3151 3069 3060 3075
n=1 FreeOH 3725 3725 3724 3083
H-bonded OH 3531 3487 3519 '
CH str. 3078 3058 a1
CH str. 3096, 3083, 3075 3070 3050 () 2-FP - .0 )
CH str. 3061, 3041 3050 3030 27 T2
CH str. 3043 3024
2%p, 3184 3158 3120
n=2 Free OH 3724 3726 3719
Free OH 3720 3722 3712
H-bonded OH 3499 3438 3481 3043 3097 3195 3209
H-bonded OH 3402 3350 3397
CH str. 3079 3058 3086
CH str. 3097, 3086, 3065 3069 3050
CH str. 3043, 3032 3047 3029 1 . .. { {
CH str. 3030 3022
2%y, 3209 3180 3180 (d) 2-FP - ,0),
2%y, 3195 3132 3139
n=3 Free OH 3723
Free OH 3718 3721
Free OH 3720
H-bonded OH 3461 3391
H-bonded OH 3411 3345
H-bonded OH 3333 3278
CH str. 3079
CH str. 3098, 3086, 3068 3070
CH str. 3042, 3035 3048 v v v )
CH str. 3024 3000 3100 32910 3300
2%, 3214 wavenum ber/cm
2%, 3223 3178 Figure 4. Fluorescence detected IR dip spectra of 2-fluoropyrielene
2%y, 3208 3145 (H20) clusters (an =0, (b)n =1, (c)n = 2, and (d)n = 3 in the

. . - . CH stretching vibrational region.
a Scaling factor of 0.9577 is multiplied.Scaling factor of 0.9397

is multiplied. ¢ Anti-symmetric OH stretching vibratiod.Taken from ) ] ] ) )
ref 29.e Symmetric OH stretching vibratiohTaken from ref 30. respectively, interact with the aromatic hydrogen at the sixth

9 Double scaled-OH bending frequency. position in the pyridine ring. The environment from the point

reasonable because the hydrogen-bond formation with waterOf view of the 2-FP side is similar among th? tW_O clusters as
affects the fundamental vibrations of 2-FP and the anharmonic €XPected from the cluster structure shown in Figure 3. This
interactions. In the spectrum of the 1:2 cluster shown in Figure "€Sémblance of the environment gives similar vibrational
4c, the vibrational structure is different from those of the bare interactions between the clusters and results in a similar
and 1:1 cluster. The band at 3043 ©hhas a broader band  Vibrational structure for the IR spectra. This fact also corre-
profile as compared with other bands observed in this region. sponds well to the assignment of the 1:3 cluster to the bridged
The broader bandwidth is also observed at the 3042 drand form. Molecular orbital calculations also suggest the resem-
in the 1:3 cluster (see Figure 4d). The molecular orbital blance of the vibrational structure (see Figure 4c,d). This similar
calculations for the 1:3 clusters show that the-€B distance  type of interaction also has been reported by Mikami ég.&.

in the bridged form is considerably short, 2.194 and 2.198 A and Brutschy et &°%23 This phenomenon is very interesting
with the B3LYP/6-313-+G(d,p) (see Figure 3) and MP2/6-  hecause the CH bond, which is considered to be nonactive for
311++G(d,p) calculations, respectively. The stretching vibration pygrogen-bond interactions, behaves as a weak proton donor.
under hydrogen-bond interactions usually gives a relatively | 4qgition to the bands assigned to the CH stretching vibrations,

broader band profile as observed for the hydrogen-bonded OHrelatively stronger and broader bands are observed at 3184 cm

stretching vibrations of these clusters (see Figure 2). The broader. : . .
bandwidth in the CH stretching vibrational region might in the 1:1 cluster, 3195 and 3209 ctrin the 1:2 cluster, and

originate from the hydrogen-bond interaction of the CH bond. 3208 and 3223 crit in the 1:3 cluster. These bands are assigned

The short distance between CH and O atoms is also obtainedeither to water originating bands or combination bands including
in the calculations at the MP2/6-31G(d,p) and MP2/6-315- intermolecular vibrations because these bands are observed along

(d,p) levels. The band structure of the 1:3 cluster in this region With cluster formation with water. To clarify the origin of these

also resembles to that of the 1:2 cluster. The resemblance oftands, the IR spectra of the 2-FED0), (n = 1 to 3) clusters
the vibrational structure between 1:2 and 1:3 clusters is have been observed and are shown in Figure 5. As can be seen

explained as follows. The oxygen atoms of the second and third from the figure, the bands originating from the CH stretching
coordinating water molecules in the 1:2 and 1:3 clusters, vibrations give similar frequencies and band structures to those



2-Fluoropyridine-Water Clusters in Supersonic Jets J. Phys. Chem. A, Vol. 110, No. 31, 2008631

nearly lying OH stretching vibrations. In the case of the 2-FP
water clusters, the explanation mentioned stated previously is
not reasonable for the appearance of these overtone vibrations
originating from the anharmonic coupling with an OH stretching
vibration because the overtone vibration is also observed in the
1:1 cluster where the energy difference between the overtone
and the OH stretching vibrations is considerably large. In the
spectra of the hydrogen-bonded acridieater clusters, several
bands also have been observed between 3200 and 3400 cm
which have not been definitely assign€édThe overtone
vibrations might be also observed in acridingater clusters
because these band positions are dependent on the cluster size,
and the bandwidths are considerably broader than that of the
band due to the CH stretching vibration. These facts indicate
that the hydrogen-bond formation of water increases the intensity
of the overtone vibration of the bending mode in some cases.
(C) 2'FP'(D20) 3 Under the harmonic oscillator approximation for an OH bending
vibration, the overtone vibration is infrared inactive. The
anharmonic coupling with hydrogen-bonded OH stretching
vibrations is not the reason for the appearance in the IR spectrum
3035 for the 2-AP-(H,0); cluster because the energy gap between
3044 3070 the vibrational levels, 347 cm (3531-3184 from Figures 2a
3088 and 4b), is considerably large. The reason that infrared intensity
o for the overtone vibrations is gained might originate from the
anharmonic character of the hydrogen-bonded OH bending
3000 3100 ?11200 3300 vibration itself. However, for the 1:2 and 1:3 clusters, the
Wavenum ber/cm coupling between the overtone and the OH stretching vibrations
Figure 5. IR dip spectra of 2-fluoropyridine(D;O), clusters (an = might not be discarded for the appearance of overtone vibrations
1, (b)n =2, and (c)n = 3 in the same region as in Figure 3. in the IR spectra because the interval between the vibrational
levels becomes smaller as the number of water molecule in the
of the corresponding 2-FRH:O), clusters. These experimental  clusters increases. The mechanism of the appearance of the
results clearly indicate that these bands other than the CHovertone vibrations could not be clarified from these experi-

stretching vibrations originate from water itself. If these bands ments. Detailed theoretical analysis should be helpful for this
originated from the intermolecular vibrations between 2-FP and jssye.

water, the band structure might be similar between the corre-
sponding clusters, and the frequencies of 2-fP,0), might

be slightly lower than those of 2-FRH,0),. Therefore, these
bands obviously originate from overtones or a combination band  The IR spectra of the clusters confirm the structural assign-
of intramolecular vibrations of the water molecule. Because the ment of the clusters, which has been performed based on
only intramolecular mode of water lower than 3000 énis electronic transitions and molecular orbital calculatib@sEP

the OH bending vibration, the candidate for the band must be behaves as a proton acceptor in the clusters as expected. The
the overtone vibration of the symmetric OH bending mode that hydrogen-bond interaction between 2-FP and water is weaker
is observed at 3151 cm for bare water in the vapor pha%e. than that between acridine and water as expected from the proton
The calculated overtone frequencies of OH bending vibrations affinity of these molecules. The CH stretching vibrations of bare
are shown in Figure 4 with arrows and are given in Table 1. 2-FP interact with a combination and/or overtone vibrations
The calculated frequencies of the overtone vibrations shift the through anharmonic interactions, and a very complex band
higher frequency side as the number of bonding water moleculesstructure is observed as expected from the molecular structure.
increases in the clusters. These calculations reproduce well theThe aromatic hydrogen atom behaves as a proton donor in the
tendency of the observed frequency shift in the experiment. 2-FP—(water) s clusters. The similarity in the environment for
Saykally et al. have also observed the bending vibration of pure the pyridine ring between 1:2 and 1:3 clusters gives a similar
water clusters with a cavity ring down technique and have shown vibronic structure in the CH stretching region. The calculated
the blue shift of the OH bending vibration with an increase of frequencies with B3LYP/6-3tt+G(d,p) reproduce well the
the cluster sizé? It should also be noted that the band profiles observed frequencies of the free OH stretching vibrations in
of these bands became broader as the cluster size increasedhe clusters. However, as to the hydrogen-bonded OH stretching
These broader bandwidths are also observed for hydrogen-vibrations, the use of a scaling factor optimized for bare water
bonded OH stretching vibrations located in the higher frequency molecules gives lower frequencies than those observed in the
side. This phenomenon indicates that the hydrogen bond makesxperiment. MP2/ 6-31t+G(d,p) calculations have shown a
the vibrational band broader not only for OH stretching closer frequency for the 1:1 and 1:2 clusters than that of the
vibrations but also for OH bending overtone vibrations. These B3LYP/6-311+G(d,p) calculations, although the scaling factor
broader band profiles mean that the hydrogen bond considerablyis also optimized for bare molecules. The overtone vibrations
enhances the absorption intensity of these overtone vibrationsof the OH bending vibration become higher in frequency and
because the intensity should be proportional to the integratedstronger in intensity in the IR spectrum as the cluster size
absorption profile. Kleinermanns et*&lalso have observed the increases. The phenomenon corresponds well to the result
bands in this region for phenelvater clusters and suggested observed for the blue shift of the OH bending vibrations in pure
that an overtone vibration appears with a Fermi resonance withwater clusters?

Conclusion
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