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Morphology of Protonated Methanol Clusters: An Infrared Spectroscopic Study of
Hydrogen Bond Networks of H(CH3OH), (n = 4—15)

Asuka Fuijii,* Satoko Enomoto, Mitsuhiko Miyazaki, T and Naohiko Mikami*
Department of Chemistry, Graduate School of Science, Tohokuetsity, Sendai 980-8578, Japan

Receied: August 13, 2004; In Final Form: October 24, 2004

Infrared spectroscopy of large-sized protonated methanol cluste@a®H), (n = 4—15), was carried out

in the OH stretch region to characterize the development of the hydrogen bond network with the cluster size,
n. The band intensity of the free OH stretching mode decreasednyighd the band finally disappeared at

n = 7. On the other hand, the broad absorption band due to hydrogen-bonded OH stretches exhibited a
remarkable shift with the cluster size, and it finally converged on 3300 éonn > ~10. The size dependence

of the infrared spectra was morphologically interpreted in terms of the formation of the bicyclic hydrogen-
bonded structure of the clusters.

Introduction demonstrated that the clustersrof= 3 to n = 9 have cyclic

. structures to maximize the number of hydrogen bonds in the

The hydrogen bond has been one of the most important gy steni3-17 A mixed cluster system, benzea@MeOH), (n =
chemical subjects, and great efforts have been dedicated t0)_g) \yas also studied by IR spectroscopy, and it was shown
elucidate its naturé.To establish a microscopic picture of the 5t the methanol moiety still holds the cyclic structures though

hydrogen bond is an ultimate goal of gas-phase spectroscopyine hydrogen-bonded ring is distorted for 3 to solvate the
of molecular clusters, and significant progress has been achieved,romatic ringt8 19

in the past decade by application of infrared (IR) spectroscopy .
to size-selected clusters in combination with the development . As for the protonated methanol,'kMeOH), experimental

) . . 3
of quantum chemical calculatioAs® Very recently, such an information on the hydrogen bond structure is very limftt,

approach has been applied to large-sized protonated Waterdesplte its importance as a model of the proton solvation by

clusters, H(H,0),, up ton = 277-9 IR spectroscopy of the molecules other than water. Chang etl Zgl. carried out IR
OH stretch region successfully clarified the stepwise develop- spectroscopy of the clusters nt= 4 and & -*“While a linear
ment of the hgdro en bond n)étwork with size: ‘:he chain-t % chain structure was predominant fo= 4, the coexistence of
structures areytrangsformed to net-type structu,res and the)r/1p'[hethe linear chain and the cyclic form was found fo= 5. They
. - ype st i suggested that the interconversion between the linear and cyclic

three-dimensional (3-D) cage structure is completedh at f )

7o . . orms causes a fast intracluster proton transfer. No structural
21,779 which is the well-known magic number in the cluster

size distribution of the mass spectrdfil This result well information has been available for larger protonated methanol

reveals how the tetrahedral coordination nature of water inducesCIuSters so far. Mass spectrometry of protonated methanol was
. performed by Zhang et al. up to= 2423 but no magic number,
the 3-D structure of hydrogen bond network in protonated water. | . o ; .
. . which suggests a specific structure, was found, in contrast with
Moreover, these studies clearly demonstrated the utility of IR

. ) the case of the protonated water clustérs.
spectroscopy for structural analysis of large-sized clusters ) . )
including more than 10 molecul@s®12 As was demonstrated in the previous IR studies of protonated

In contrast to such extensive studies on the hydrogen bondWater, IR spectroscopy of size-selected clusters enables us to
nature of water clusters, studies on the hydrogen bond of probe trends of the hydrogen bond network development even

methanol clusters have been much less exterddié though in large-sized cIu_ster€i9 In the present study, we apply IR
methanol is a prototype to understand hydrogen bonds in spectroscopy 1o size-selected WleOH), from n = 4 up ton

alcohols. While water can be four-coordinated and the double- _ 15 in the. OH stretch region. The IR spectra show a
. . . remarkable size dependence originating from the development
proton-donating site plays a very important role to form the

3-D hydrogen-bonded structures, methanol can be three-Of the hydrogen_bond network. Morphologlc_al con3|derat|c_)n
. . .~~~ of the coordination nature of methanol predicts the formation
coordinated at maximum and no double-proton donation is

allowed. Such a difference in the hydrogen bond nature would ?gebg:gggfvzgrl:;tire:&\r/vah|ch are qualitatively consistent with
cause a type of hydrogen bond network of methanol totally P )

different from that of water. An X-ray diffraction study .

suggested that methanol basically forms chainlike structures in Experiment

the liquid phas&? On the other hand, IR spectroscopy of neutral

methanol clusters, (MeOH)n = 2-9), in the gas phase IR spectra of the F(MeOH), cluster cations were recorded

by IR predissociation spectroscopy using a mass spectrometer
equipped with linearly aligned tandem quadrupole mass filters
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qclhp.chem tohoku.ac.jp (A.F.): nmikami@gclhp.chem tohoku.ac.jp (N.M.) connected by an octopole ion guide. The details of the apparatus

* Present address: Department of Chemistry, Graduate School of ScienceNave already been described in previous papé&rand only a
Kyoto University, Kyoto 606-8502, Japan. brief description is given here. HiMeOH), was produced by a
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ned MWMM A significantly reduces the quality of the spectra in the sizas of
- I > 10. Because the evaporation of one methanol molecule is
predominant in the spontaneous dissociation paths, we observed
n=s _,_//"‘“"/w\\ P the IR spectra ofi = 11—15 by monitoring then — 2 fragment

to avoid the interference due to the background signal. In the

n=6 Nﬁh\\ A size range oh = 11—-14, we also measured the IR spectra by

monitoring both the fragments, and we confirmed that no

n=7 M — spectral changes occur depending on the monitoring fragmenta-
" ‘ ' ' ‘ tion channel except for the quality of the spectra, as shown in
; W the Supporting Information. All the IR spectra in Figure 1 were

R PAFARons AR normalized to the laser power. The spectral gap between 3440
n=9 W and 3520 cm! was caused by the depletion of the IR laser

W T power due to the absorption by the water impurities in the DFG
n=10 crystal.

M ‘ The observed IR spectra of= 4 and 5 are essentially the
n=11 : —-—_ e same as those reported by Chang et&.They demonstrated
n=12 w that the IR spectral feature af= 4 and 5 shows a temperature

: Thertonp dependence, which indicates the presence of the cyclic and linear

n=13 MM chain isomers. The present IR spectra are similar to those

measured under the higher internal temperature condition of

PRI | e e ot Chang et al., and both of the isomers may contribute to the
n=15 WMWMM spectra. Despite the contribution of several isomers, the present
_ ewentiithuinr @ S o ey IR spectra show a remarkable change of the spectral features
2800 3000 3200 3400 3600 3800 with an increase of the cluster size. Such a change represents
wavenumber (cm’) the trend of the development of the hydrogen bond network
Figure 1. IR dissociation spectra of protonated methanol clustets, H ~ Structure.
(MeOH), (n = 4-15), in the OH stretch region. The spectranof In the spectra, the relatively sharp feature at 3670 cis
4-10 andn = 11-15 were measured by monitoring the- 1 andn assigned to the free OH stretching vibration, and the broad

— 2 fragment cations, respectively (see the text). The spectral gap — 1 .
between 3440 and 3520 cfnwas caused by the depletion of the IR absorption in the range of 286600 cn1™ is attributed to the

laser power due to the absorption by the water impurities in the Nydrogen-bonded OH stretch€s.®2122Small shoulders seen
nonlinear optica| Crysta| to generate IR ||ght around 3000 cmt! are due to the CH stretches of the methyl
group?® and the CH bands show no remarkable changes with
photoassisted discharge of methanol vapor seeded in Ne (totakhe cluster size. The free OH stretch band becomes weaker with
pressure of 3 atm). The gaseous mixture was expanded from aan increase of the cluster size, and it finally disappears=at
pulsed supersonic valve through a channel nozzle. The channel7. This disappearance of the free OH stretch clearly demonstrates
was equipped with a wire electrode at its sidewall, and a dc that the clusters form a kind of cyclic structure foe 7, where
voltage of —300 V relative to the channel was applied to the all the hydroxyl groups are hydrogen-bonded with each other.
electrode. The discharge in the channel was triggered by Though a trace of the free OH band is actually seen fer i
irradiation of the electrode surface with a laser pulse (355 nm, < 9, it would be the contribution of minor isomers of higher
5 mJ/pulse), which is synchronized with the pulsed valve internal energies. On the other hand, though the hydrogen-
operation. The F(MeOH), cluster cations were cooled through  bonded OH stretch bands show substantial size dependence from
the expansion from the channel. The cluster cations were size-n = 4 to n = 9, they finally converge on a broad absorption
selected by the first quadrupole mass filter and then introduced centered at 3300 cm for n > ~10. It is worth noting that this
into the octopole ion guide. The mass resolution of the first spectral feature fon > ~10 is very similar to those of cyclic
mass filter was set to be higher than 1 amu to exclude the neutral methanol cluste#g;1°
contamination of undesired cluster species. Within the octopole  prigr to consideration of implications in the observed IR

ion guide, the mass-selected cations were irradiated by aspectra of H(MeOH), we examine the general geometrical
counterpropagating IR laser, and were sent to the secondnatyre of the hydrogen bond in methanol. Here we introduce
quadrupole mass filter, which was tuned to the mass ofithe  gchematic symbols to represent hydrogen bonds and their
1 orn— 2 fragment ion produc_ed by the vibrational excitation. -gordination types, as shown in Figure 2. Figure 2a represents
Thus, an IR spectrum of the size-selected cluster was recordedye gefinition of the symbol of a hydrogen bond, where an open
by measuring the fragment.ion intensity while scannir!g the IR Gircle means an oxygen atom of methanol and a hydrogen bond
laser frequency. The IR light was generated by difference s represented by an arrow from a proton donor to an acceptor.
frequency mixing (DFG) between the fundamental outputs of according to the coordination number, molecules in a hydrogen
a YAG laser and a dye laser. bond network are categorized into several types. In a linear
hydrogen bond chain, as seen in Figure 2b, three different types
of molecules exist; each terminal molecule plays a role only of
Figure 1 shows the IR dissociation spectra df(MeOH), a proton donor or of an acceptor, and we call such a molecule
(n=4-15) in the OH stretch region. The spectrancf 4—10 D or A, respectively. The A site molecule still has a free OH
were measured by monitoring tine— 1 fragment cations. We  group and can donate its proton to form a new hydrogen bond.
observed that-310% of the parent cluster cations spontaneously A molecule between the A and D sites is not only a proton
dissociate after passing through the first quadrupole mass filter.donor but also an acceptor, and such a molecule is called AD
Such a spontaneously produced fragment causes a backgroun¢hcceptor-donor). When a terminal molecule is bound to an
signal in the measurement of IR spectra, and its interference AD site in a chain, branching of the hydrogen bond chain occurs,

Results and Discussion
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(a) Hydrogen bond and its direction
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(b) 1- and 2-coordinated sites
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Figure 2. Symbolic representations of the hydrogen bond: (a)
definition of the symbol, (b) one- and two-coordinated sites in a
hydrogen bond network, (c) three-coordinated sites in a hydrogen bond

network. (d) DD
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Figure 4. Schematic representation of hydrogen bond network
development in protonated methanol clusters: (a) cyclic structure (
> 5), (b) cyclic structure with a side chain £ 6), (c) bicyclic structures

O AAD (n = 7), (d) variation of bicyclic structuresi(= 8).

methanol clusters because such structures require both AAD
ADD AD and ADD sites.

Figure 3. Schematic representations of hydrogen bond network On the other hand,_ in {MeOH}), the CH%_OH2+ (or (CHs-

structures: (a) cyclic structure in methanol clusters, (b) net-type OH)—H™—(CH3;OH)) ion core can be a unique double donor

structure formed in water clusters. (DD) site, and it partly loosens the structural restriction seen in
(MeOH),. The IR and ab initio study of H{MeOH), by Chang

and the branching site becomes a three-coordinated site. Aset al. has demonstrated that the protonated methanol clusters

shown in Figure 2c, there are two types of three-coordinated prefer linear chain structuresmt< 4 and start to form a cyclic

sites; one is a double-acceptor single-donor (AAD) type, and Structure an = 52%221n the cyclic structure of H(MeOH}),

the other is a single-acceptor double-donor (ADD) type. Here because of the double-donor nature of the protonated site, there

we should note that methanol cannot be an ADD site while €Xists a free OH due to a double-acceptor (AA) site, as shown

water can be both of them. This difference causes a remarkablen Figure 4a. A linear chain can originate from this AA site

difference in the cluster structures of water and methanol. ~ With the transformation of the AA site to the AAD site (Figure

4b). Different from the case of (MeOHl)this side chain should

be terminated by an A site, and it can be bound to an AD (or

to the DD) site of the ring moiety, when the chain length is

long enough to form the second ring. When the free OH of the

We first examine possible hydrogen bond network structures
of neutral methanol clusters, (MeOHIt is obvious that a linear
chain and a cyclic form can be available for methanol clusters.

In fact, IR spectroscopy of (MeORhas demonstrated that iy (terminal A site) is bound to the AD (or DD) site of the
(MeOH), forms simple cyclic structures in the size range of 3 ying 4 picyclic structure is created with the transformation of
< n = 9.1%19When a branching of the ring occurs to develop he A and AD (or DD) sites to the AD and AAD (or ADD)
into a more complicated network, the branching site should be sjtes, respectively. This situation is schematically represented
AAD; thus, the terminal of the side chain becasreeD site, as iy Figure 4c. Such a bicyclic structure formation is not allowed
schematically shown in Figure 3a. Because this side chain isin (MeOH),, but the double-donor nature of the protonated core
terminated by the D site, it cannot be bound to an AD site in enables Fi(MeOH), to evolve into this more complicated
the ring to form another ring. Therefore, the hydrogen bond structure.

network of (MeOH) is restricted to a chain form or a ring form The formation of the bicyclic structure is accompanied by
with side chains. Net-type hydrogen bond structures, which are the disappearance of the free OH. The free OH band in the IR
schematically shown in Figure 3b, are never formed in neutral spectra of H(MeOH), is found to disappear at= 7, and this
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=7, and quantum chemical calculations qualitatively supported
this analysis. The convergence of the hydrogen-bonded OH
stretch into the 3300 cmt band is consistent with the
predominance of the two-coordinated (AD) sites in the large-
sized clusters of the bicyclic structure.
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cf@]‘“ Supporting Information Available: Comparison between
} the infrared spectra of {MeOH), (n = 11—-14) by monitoring
Figure 5. A stable [2.2.1] bicyclic structure of H{MeOH), obtained then — 1 andn — 2 fragment channels (PDF). This material is
by B3LYP/6-31G calculations. available free of charge via the Internet at http:/pubs.acs.org.
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