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Infrared (IR) spectra of size-selected benzewater cluster cations (§Els—(H.O)n]t, n = 1-23) were
measured in the OH and CH stretch regions to investigate the cluster structures, especially at large sizes. In
the size range af = 4—23, the IR spectra show features almost identical to those of protonated water cluster
cations H(H,0),, consistent with the occurrence of the intracluster proton-transfer reaction from the benzene
moiety to the water moiety, as suggested in the previous IR and electronic spectroscopic studies of the small-
sized clusters. The structure of the protonated water moiety was found to be almost the same as that of
H*(H,0), up ton = 23, including the characteristic three-dimensional cage structure=a21. On the basis

of the IR spectra, it was demonstrated that the phenyl radical participates in the direct solvation gbthe H
core in the clusters ofi < 10. In the larger sized clusters, while the protonated water moiety forms the
exclusive hydrogen bond network, the phenyl radical is finally pushed out to the exterior of the network,
reflecting the microscopic hydrophobicity of the aromatic ring.

Introduction indicated the presence of 10 dangling OH bonds in the clé%ter.

The proton is the simplest and most important cation in nature, V&Y recently, IR spectra of HHO), of n = 27 were
and its interaction with water, which is the most abundant Simultaneously reported by our group and Shin ée&hlt was
solvent on the earth, has been subject to much interest fromdeémonstrated that the hydrogen bond network o{HHO)n
various fields of scienck: To establish a microscopic picture ~ d€velops into 2-D net-type structuresrat~ 10, and the 3-D
of the solvation of the proton, a great number of studies have ¢losed-cage structure formation is completed nat= 21,

been carried out for the protonated water clustéH3O), in consistent with the previous mass spectrometric and theoretical
the gas phast:3° Detailed energetics of the proton hydration calculation studies fon = 21. In addition, it was found that

many computational studies on the geometric structures, ener- To examine the microscopic view of the hydrated proton,
getics, and dynamical behavior of the protonated water clustersnot only the protonated water clusters but also clusters involving
have been carried olit-2! However, experimental information  molecules other than water are important because impurity
on the structures of HH,0), is still very limited, especially molecules generally exist in actual aqueous solutions. Moreover,
for large-sized clusters af > 10. Structures of small-sized™ such a cluster can be a model of various solutions containing
(H20), of n < 8 have been extensively studied by infrared (IR) some solutes. However, the effects of the impurity molecules
spectroscopy and density functional theory (DFT) calcula- on the hydrogen bond structures have not yet been fully
tions?2-25 |t has been shown that the small-sized clusters have understood. As for small-sized protonated water clusters, IR
chain-type structures, in which hydrogen-bonded linear water spectroscopic studies on-*(H,0),, n < 6 (X = CH;OH
chains develop from the hydronium ion 4B or HsO,") site [ref 31], (CHg)-O [ref 32], and phenoxy radical (Els0°) [refs
located at the center of the clustéfs2®> Two-dimensional (2- 33 and 34]), showed that these systems have structures nearly
D) net-type structures can be formed by the binding of the identical to those of pure HH.O).+1 replacing a water molecule
terminal site within a water chain, and a preliminary step of with X. For larger sized cluster cations, many mass spectrometric
such a process is found m= 7—8.24 However, structures of  studies have been carried out to probe their structures. For
larger sized clusters, which would be a key to understanding example, it has been reported that(8H;OH)n(H20), shows
the bulk system, have not been experimentally probed for a long magic numbers at + n = 21, suggesting the compatibility
time. The only exception is the HH;0),; cluster, which is a  petween water and methanol to form a dodecahedral &dge.
well-known magic number in the mass spectra of(HO), hydrated alkali-metal cluster cations, which can be potential
produced by any ionization methdd:*2°2"The extraordinary  analogues to protonated water, it is known that Rb*, and
stability of then = 21 cluster has been interpreted in terms of cgt show the magic number at = 20 and cage structures
the regular dodecahedral cage structure encaging a watekimilar to that of a protonated water cluster are supposed, while
molecule within the cavity, and mass spectrometric studies have| j+ gnd Na show no clear magic numb&#&-40 Such different
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qelhp.chem.tohoku.ac.jp (A.F.) nmikami@qclhp.chem.tohoku.ac.jp (N.M.). Of @ balance in energy between hydration and hydrogen
Fax: 81-022-217-6785. bonding?® Although structures of some specific sizes, such as

T Present address: Department of Chemistry, Graduate School of Science,n = 20 or 21, of clusters are easily inferred on the basis of
Kyoto University, Kyoto 606-8502, Japan. ' Lo
+ Present address: Department of Chemistry, Graduate School of Science Ma@ss spectrometry, actual structural similarity between hydrated

Hiroshima University, Higashihiroshima 739-8526, Japan. cluster cations and HH;0), has not yet been confirmed.

10.1021/jp045823f CCC: $27.50 © 2004 American Chemical Society
Published on Web 11/04/2004



IR Spectroscopy of Benzen&Vater Cluster Cations J. Phys. Chem. A, Vol. 108, No. 48, 20040657

In this paper, we report an IR spectroscopic study of
benzene-water cluster cations [{le—(H20)n]*, n = 1—-23, as et J/\.A“_JMM n=1M w
a model system of HH,0), including an aromatic impurity B
to reveal its effects on water hydrogen bond network structures.
Previous IR and electronic spectroscopic studies have demon- ZM MAM 1iw W
strated that the [gHs—(H20),]" cluster cation exhibits the y

intracluster proton-transfer reaction from a8 bond of GHg" w \MM('LW 1M

to the water moiety, and the clusters can be regardedsal e NK“’*
H*(H,O)n] with n = 441743 Mass spectrometry of photoionized 4 w
[CeHs—(H20)] " clusters withn ~ 20 showed a size distribution NM M\‘M .JhTMm b M
similar to those of Fi(H,O),, and the magic number at= 21
was also found? This result has also been understood by the 5 WMM»« 17 %MJMM
proton-transfer reaction from¢8s*. Therefore, the [gHe—
(H20)4 ™ (n = 4) clusters are regarded to be protonated water /E/""M\ me
with phenyl radical as an impurity, and are expected to be an M 1W MM
appropriate system to study the effects of the aromatic impurity
on the hydrogen bond network. 7 WJM 1M w
Experiment
P B.J’Mﬂj\ "’M/W«\m. ZMMNWW W\M
IR spectra of the [gHs—(H20)," cluster cations were
recorded by using a mass spectrometer equipped with linearly 9M m MW M
21

aligned tandem quadrupole mass filters connected by an octopole

ion guide. The details of the apparatus have already been

described in previous pape¥si2and here we give only a brief 10 W o]
description. The [gHs—(H20),] " cluster cations were produced ZM
with collisions between photoionized benzene and water mol- 44 MMM

ecules in a channel nozzle followed by an adiabatic expansion.

Vapors of benzene and water were picked up by buffer Ne gas, 12 WW W%MMW

and the gaseous mixture was expanded into a vacuum through

the channel nozzle equipped at a pulsed valve. The total 3000 3200 3400 3600 hVIR/cms.ooo 3200 3400 3600
stagnation pressure of the gaseous mixture was typically 3 atm. )
Benzene was resonantly ionized via the-S, 6% transition Figure 1. IR spectra of size-selected d8s—(H.0)] " (n = 1-23)

s . clusters in the OH and CH stretch regions. The spectral gaps seen
within the channel nozzle by a second harmonic of a dye Iaseraround 3500 cmt are due to the IR absorption by the nonlinear crystal

output, which was int_ro_dl_Jced into the channel through a side ;g4 1o generate the IR light.

pinhole drilled at the vicinity of the pulsed valve. The produced

[CeHs—(H20),] " cluster cations were size-selected by the first cm™ is caused by undesired depletion of the IR light due to
quadrupole mass filter and then were introduced into the the water impurities in the nonlinear optical crystal used.
octopole ion guide. Though the mass of{g)s" is the same With an increase of the cluster size, the IR spectra show
as that of [GHe—(H20)13] " (M = 312 amu), the production of  gradual changes in their features, reflecting the evolution of the
the former was totally suppressed by the control of the partial hydrogen bond network. In our previous paffewe reported
pressure of benzene. Within the octopole ion guide, the mass-the IR spectra of [gHs—(H20)n] " in the size range of £ n <
selected cations were irradiated by a counterpropagating IR laser§, and found that a very broad hydrogen-bonded OH band begins
and were sent to the second quadrupole mass filter, which wasto appear an = 4 and the CH stretching bands conversely
tuned to the mass of a fragment ion produced by the vibrational disappear at this size. Moreover, the size-dependent spectral
excitation. Thus, an IR spectrum of the size-selected cluster wasfeature for 4< n < 6 was found to be very similar to those of
recorded by measuring the fragment ion intensity while scanning X—H*(H20), (X = H20 [ref 24], CHOH [ref 31], and (CH)-.O

the IR laser frequency. Although §8¢—(H20),* clusters larger ~ [ref 32]), which have the kD" (or HsO.*) ion core at the center
than n ~ 15 produced several fragment species upon the of the cluster. Therefore, we have concluded that the intracluster
vibrational excitation, we recorded the IR spectra by monitoring proton-transfer reaction fromeHs" to the water moiety occurs
only then— 1 fragment ion channel, i.e., evaporation of one atn = 4 and the clusters can be regarded a${{S-H"(H.0),],

water molecule. as schematically shown in Figure 2a. The occurrence of the
intracluster proton transfer has also been confirmed with
Results and Discussion electronic spectroscopy of the aromatic moitty.
In accordance with our previous conclusion, the IR spectra
Figure 1 shows IR spectra of §8s—(H20)]* (n = 1-23) for n = 6 also show features very similar to those of pure

in the OH and CH stretch regions measured by monitoring the protonated water clusters, which have been reported very
n— 1 fragment ions. Relatively sharp bands appearing around recently?°3° Figure 3 shows an example of the comparison
3700 cn1?! are attributed to free OH stretching vibrations and between the IR spectra of §8s—(H.0),]" and [HO—

broad features around 3068500 cnt! to hydrogen-bonded  HT(H,O)] in the size range ofi = 3—10. Details of the IR

OH stretching vibrations of the water moiey2541-43Bands spectroscopy of [[D—HT(H,0),] were described in our previ-
seen at around 3100 crhfor n = 1—3 are assigned to CH  ous papef? It is clearly seen in Figure 3 that in the rangerof
stretching vibrations of the aromatic moiety, but these bands = 4—7 both the clusters show very similar spectral features at
are buried in much stronger hydrogen-bonded OH stretch bandsthe same size and the size dependence of the spectral feature is
for n = 441 The gap in the spectra in the region of 34&520 tentatively saturated at = 8—10.
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Figure 3. Comparison of the IR spectra of (left) §8s—(H20),] " and

(right) [H.O—H*(H20),] at n = 3—10. Note the correspondence of
the cluster sizes (see the text).

Figure 2. Schematic representations of structures of theHES o ) ] )
(H-0)] " cluster cations. (a) Chain-type hydrogen bond networlnfor ~ ratio is reversed with an increase of the cluster size. Such a

< 10. The phenyl radical may solvate thg® ion core directly. (b) spectral change indicates a trend that an AD water molecule in
Net-type hydrogen bond network for 39n =~ 20. The phenyl radical 3 hydrogen bond chain is bound to another AD water molecule
locates at the exterior of the water moiety. (c) Cage-type hydrogen (4 pe transformed to three-coordinated waters of double-denor
bond network fom > 21. The water cage formation is completedat . .
= 21, and the phenyl radical is attached on the water cage surface bysmgle—acceptpr (ADD) and AAD types, respectively. A shoulder
the zz hydrogen bond (see the text). band appearing at3550 cm! from then ~ 18 cluster also
supports this transformation, since this band has been ascribed
Figure 4 is an expansion of the IR spectra afHig—(H,0),] * to the hydrogen-bonded OH stretch of ADD watéf?Because
in the free OH stretch region. Four different types of bands are these ADD and AAD waters have nearly tetrahedral bonding
seen in this region. The pair of bands at 3650 and 3750'cm geometries, the increase of such water sites indicates the primary
is the symmetric;) and antisymmetriciz) OH stretches of process producing partially 3-D hydrogen-bonded cage struc-
one-coordinated (single-acceptor) water, respectively, which tures. Atn = 21, the intensity of the AD water band substantially
locates at the terminal of a 1-D hydrogen bond chain. The free decreases and the AAD water band becomes predominant in
OH band at 3715 cmt is the dangling OH stretch of two-  the free OH region. This means that the hydrogen bond network
coordinated (single-acceptesingle-donor, AD) water in the  of [CsHe—(H2O)n]* consists only of three-coordinated waters
hydrogen bond chaiff:*46At n ~ 10, thev; andvs bands of from then = 21 cluster, and formation of a closed 3-D cage
the terminal water gradually disappear from the free OH structure is completed, as schematically shown in Figure 2c.

stretching region while a new band alternately appears3605 The hydrogen bond network evolution from the chain forms
cml. This new band is due to a dangling OH stretching (n < 10) to the net forms (16 n ~ 20) and then to the cage
vibration of three-coordinated (double-acceptsingle-donor, forms ( = 21) in the benzenewater cluster cations is

AAD) water**~4° which appears at a bridging site of hydrogen remarkably similar to that observed in the protonated water
bond chains. At the same time, a small peak appears near 320@lusters?®39No pronounced effect of the phenyl radical can be
cmtin the hydrogen-bonded OH stretching region. This band found for the hydrogen bond network development. It should
would be attributed to the hydrogen-bonded OH stretch of AAD be, however, noted that the size correspondence between the
water#8-50 in accordance with the appearance of the dangling IR spectra of the benzenreavater cluster cations and protonated
OH stretch band. The spectral change at 10 implies that, at water clusters is different in the small-sized and large-sized
this size region, a terminal water molecule of a hydrogen bond clusters. For the small-sized clustersof 8, as seen in Figure
chain is bound to an AD water in another chain with a donation 3, the IR spectrum of [§Hes—(H20),] " is clearly similar to that
of one proton. Then, the terminal water is transformed to an of H*(H,O)n+1 (i.e., HO—H™(H,0),). This means that the
AD water and the AD water to an AAD water. The disappear- phenyl radical plays the same role as one water molecule in
ance of thev; andv; bands means that all the terminal waters the hydrogen bond network at this size range, and it may directly
are bound, so that the hydrogen bond structure becomes a 2-Dcoordinate to the kD™ (or HsO,™) ion core with ao-type
net-type structure consisting of AD and AAD waters, as hydrogen bond. This is because the protonated ion core is
schematically shown in Figure 2b. produced by the proton transfer from the-B bond of the

At n < 10, the intensity of the dangling OH stretch band of benzene cation moiety. A schematic picture for this size range
AD water is larger than that of AAD water, but the intensity was already given in Figure 2a. On the other hand, the water
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o different from that in Figure 3.

Figure 4. An expanded view of the free OH stretch region of the IR

spectra of [@Hg—(Hz0)] * (n = 1-23). Bands appearing at 3650 and  formation, and its presence disturbs the evolution of the 2-D
3750 cnt! are assigned to the symmetrig)and antisymmetrici) and 3-D network structures, which are more stable forms for
OH stretch vibrations, respectively, of a terminal water molecule in a |arge-sized clusters. Therefore, the phenyl radical is finally
hydrogen bond chain. Bands at 3695 ¢rare the dangling OH stretch pushed out from the hydrogen bond networknat 10, and a

of three-coordinated (AAD) water. Bands at 3715 ¢rare due to the h fthe si d fth h
dangling OH stretch of two-coordinated (AD) water. Sharp dips seen change of the size correspondence of the IR spectra occurs. The

in the spectra are due to the IR absorption by the atmospheric water information of the exclusive water moiety can be regarded as the
the optical path. primary process of the microscopic hydrophobicity. Of course,
we note that the cage structure of water would be specific in
cage formation is completed at the same size=(21) in both the gas phase, and we should be careful to generalize the present
the benzenewater cluster cations and protonated water clusters. result to the hydrophobicity in solutions.
This is clearly demonstrated in the comparison of the free OH  The nuclear distance between the diagonal hydrogen atoms
stretch region of the IR spectra of &—(H0),]" and H- in phenyl radical is~0.5 nm, while the cavity size of the water
(H20),, as seen in Figure 5 (note that the size definition of the cage (the nuclear distance between the diagonal oxygen atoms)
protonated water cluster is different from that in Figure 3). In atn = 21 is roughly estimated to be only 6-0.8 nm. In this
this size region, the water molecules form the exclusive respect, the phenyl radical cannot be accommodated in the cage
hydrogen bond network and the phenyl radical is pushed out of the observed cluster sizes, and it should be attracted to the
from the network. Such a change of the size correspondence ofsurface of the water cage. Because it has been reported that
the spectra implies that the role of the phenyl radical in the phenyl radical prefers a-type interaction rather thanatype
solvation structure is switched betwean= 8 andn = 20. interaction to form a cluster with a metal cation of a closed-
Because of the very gradual change of the spectral feature inshell electronic structuré,,we suppose a-hydrogen-bonded
this region, it is difficult to identify a unique onset of the structure, where one of the dangling OH bonds of the water
switching only on the basis of the IR spectra. When we consider moiety is bound to ther-electrons of the phenyl radical (like
the nature of the hydrogen bond, however, it is quite reasonablein neutral GHs—(H20)y),* for the large-sized cluster cations.
to suppose that this switching of the solvation structures occursAt the present stage, however, we have no experimental data
with the evolution of the network structure from the chain to to distinguish ther- andz-type interactions between the phenyl
the net type. In the net-type structure, each water molecule radical and water moiety in the large-sized clusters, and this
contributes to at least two hydrogen bonds. The collaboration zz-type hydrogen-bonded structure is still tentative. We observed
effect among hydrogen bonds enhances the hydrogen bonda metastable decay of the parent cluster cation with an efficiency
strength so that the binding energy of water molecules is larger of a few percent in the second mass filter. Thus, the internal
than the simple sum of the binding energies of isolated hydrogenenergy of the clusters in the present experiment is rather high,
bonds, which is estimated to be about 1500 &rim neutral so that it is reasonable to expect that the bonding site with the
water dime?152With respect to this point, phenyl radical has phenyl radical may migrate on the surface of the water cage.
a disadvantage to join the complicated network because phenyl In the present measurement, any fragment species due to the
radical can only be a single-proton acceptor in hydrogen bond evaporation of the phenyl radical were not found with the IR
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irradiation, despite the evaporation of a few water molecules

taking place in the large-sized clustersiof 15. This preference

for the water evaporation over phenyl radical might be a result

from the extensive intracluster vibrational energy redistribution
prior to the dissociation though the dissociation dynamics of
the cluster cations has not yet been well studied at present.

Conclusion

In this study we carried out IR dissociation spectroscopy of
the size-selected fEls—(H20)n] ™ (n = 1—23) clusters prepared
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