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Density functional theory (DFT) calculations of protonated methanol—water mixed clusters, Ht(MeOH),(H,0),
(n = 1—8), were extensively carried out to analyze the hydrogen bond structures of the clusters. Various
structural isomers were energy optimized, and their relative energies with zero point energy corrections and
temperature dependence of the free energies were examined. Coexistence of different morphological isomers
was suggested. Infrared spectra were simulated on the basis of the optimized structures. The infrared spectra
were also experimentally measured for n = 3—9 in the OH stretching vibrational region. The observed broad
bands in the hydrogen-bonded OH stretch region were assigned in comparison with the simulations. From
the DFT calculations, the preferential proton location was also investigated. Clear correlations between the
excess proton location and the cluster morphology were found.

I. Introduction

Recent development of spectroscopic measurements and
theoretical calculations has successfully unveiled structures of
various hydrogen-bonded clusters, which are important models
for solvations in the condensed phases.! ™3 Protonated water and
methanol clusters, H(H,0),, and H*(MeOH),,, have especially
been studied in detail up to the large sizes (n = 100 and m =
17, respectively) because of their fundamental importance in
understanding of the hydrogen bond network structure as well
as the proton solvation in the protic solvent.*~26 The tetrahedral
4-coordination nature of water leads to the morphological
development of protonated water clusters from the 1-D chains
to the 3-D polyhedral cages via the 2-D net structures. This
evolution has been confirmed by infrared (IR) spectroscopy,
and the size and temperature dependence of the preferential
network morphology has been discussed on the basis of the
extensive theoretical calculations.*~22 On the other hand, the
maximum coordination number of methanol is limited to 3, and
it restricts the morphology of protonated methanol clusters to
much simpler one.?72¢ Topological consideration on the
morphology of the protonated methanol clusters demonstrated
that the “bicyclic” structures are the terminal of their morpho-
logical development, and the IR spectroscopic studies and
theoretical calculations have also supported the preference of
the simple network morphology in the protonated methanol
clusters.?>2¢

In spite of the very different preferences of the hydrogen bond
network morphology, bulk water and methanol seem to mix
each other at an arbitrary ratio. However, mass spectrometry
of liquid beams, neutron diffraction, and X-ray emission studies
strongly suggested that the water and methanol moieties in the
mixed solution are separated from each other in the microscopic
level.?’=2 Gas-phase mixed clusters would give us a much

* To whom correspondence should be addressed. E-mail: jlkuo@ntu.edu.sg
(J.-L.K.); asukafujii@mail.tains.tohoku.ac.jp (A.F.).

f Nanyang Technological University.

# Tohoku University.

10.1021/jp8057299 CCC: $40.75

clearer picture on the microscopic mixing between the two
components. Along with this line, there have been many mass
spectrometric studies on the protonated methanol—water mixed
clusters, HY(MeOH),,(H,0),,, abbreviated to H™M,,W,, in the
following.30~38 It is, however, difficult to extract direct informa-
tion on the hydrogen bond structure from the mass spectrometric
measurements, except some proposals of the specific magic
number structures. For example, the mass spectrometric study
by Castleman, Jr., and co-workers suggested that HM,,W,, (m
<10, m + n = 21) forms the similar cage as H"W,;.>*3° Chang
and co-workers carried out the pioneering IR spectroscopic study
on H™1,,W,, at the small sizes [m =1, n=1-6), (m =4, n
= 1), and (m + n = 4)] and succeeded to determine the
preferential hydrogen bond network structures in combination
with the density functional theory (DFT) calculations.?~4? As
for the much larger sized clusters, we observed the IR spectra
of H*M,,W,, in the wide size range (m = 1—4, n = 4—22) and
proved the completion of the 3-D polyhedral cage formation at
m + n = 21 in the mixed clusters*? that was first proposed by
the mass spectrometric study.>*3 In these IR spectroscopic
studies, small but definite frequency shifts of the dangling OH
stretching vibration bands played a key role to extract the
hydrogen bond structure information. On the other hand, the
hydrogen-bonded OH stretching bands were so broadened that
their assignments have not yet been fully examined, though size
dependent spectral shifts are seen in the clusters of m + n <10.

The preferential location of the excess proton is another highly
important issue in protonated mixed clusters.>*~*> The magni-
tudes of the gas-phase proton affinities (PA) of isolated
molecules are not necessarily reliable indexes to predict the
preferential location of the excess proton between two compo-
nents because of the stabilization with the solvation. For
example, dilute aqueous methanol is weakly acidic though the
PA of methanol (180 kcal/mol) is higher than that of water (165
kcal/mol). 46 To experimentally probe the excess proton location,
fragmentation mass spectrometry had been regarded as the
unique method. For H"M,,W,, (m > n), the major fragment
channel changes from water loss to methanol loss with increase
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of the cluster size, and it was proposed that the ion core
switching from the MeOH,™" core to the H;O% core occurs to
form a specific inclusion structure.3~3% Later on, IR spectro-
scopic studies on the proton location in various protonated mixed
clusters were extensively carried out by Chang and co-workers,
and they observed the coexistence of the MeOH,t and H;0™
ion cores in H'M,,W,, [(m =4, n= 1), (n+n =4), and (m =
1, n = 3-5)].37%2 On the other hand, in the theoretical analysis
of the compatibility of methanol and water in the hydrogen bond
network of the large cluster (n + m = 21), we found that the
MeOH," core is no longer stable and that H;O" moiety dictates
the dodecahedral cage cluster structures.*> This gives rise to a
question when the coexistence of the two types of the ion core
changes to the clear preference of the H;O™ ion core. In the
previous study, we also examined the proton location in
H™M ;W5 and found that the protonated methanol core is stable
only in the noncubic structures.”* These results suggest the
correlation between the cluster morphology and the preferential
location of the excess proton, though the systematic study has
not yet been performed.

In the present work, we carry out DFT calculations on stable
structures of various morphologies and corresponding IR spectra
of H*M|W,, (n = 1—8). Part of them (n = 1—6) have been
studied by Chang and co-workers,*® but we employed more
extensive and systematic approaches to survey possible struc-
tures. Relative energies of isomers and temperature dependence
of the preferential structures are examined by the calculations.
IR spectra in the hydrogen-bonded and dangling OH stretch
region are simulated on the basis of the optimized structures.
The size-selected IR spectra of the n = 7—9 clusters are also
experimentally observed by infrared dissociation spectroscopy.
In addition, those of n = 3—6, which have first been reported
by Chang and co-workers,*® are remeasured for convenience
of the comparison with the theoretical simulations. The hydrogen-
bonded OH stretch features in the observed IR spectra, which
show moderate size dependence, are analyzed in comparison
with the simulations. The preferential location of the excess
proton is also systematically examined from the chain like type
clusters to the three-dimensional cage type clusters. The
correlation between the excess proton location and cluster
morphology is discussed.

II. Computational Methods

1. Quantum Chemical Methods. All the DFT calculations
reported in this work were carried out using the commercial
Gaussian 03 program package.*’ We optimized the geometries
without any symmetry constraints at the B3LYP level of
computations with the 6-31+G* basis set. The reliability of this
level of calculations for protonated clusters has been well
established by previous studies>? 113943 For each energy-
optimized structure, the frequency calculation was performed
to confirm the geometry is an energy minimum, and the zero
point energy (ZPE) correction is estimated by the harmonic
approximation (ZPE=Zh;w/2). To access thermal effects, we
also calculated the Gibbs free energy at various temperatures
up to 200 K.

2. Structure Survey of H"M;W,. To construct a wide
variety of input structures of HYM;W,, for the DFT study, we
have engaged the following two approaches. For small sizes,
only linear, tree, and cyclic structures can be formed, and these
structures can be constructed manually. Wu et al. have taken
this approach and carried out a rather comprehensive search
for up to n = 4.%0 Following their examples, we have also built
all the possible linear, tree, and cyclic structures for n < 4 with
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the hope to observe some systematic trends and then use these
empirical rules to build larger clusters.

Such an ad hoc method is limited only to smaller clusters,
because both the complexity in the morphology and the number
of chemically acceptable conformations within a given morphol-
ogy increase exponentially with respect to the cluster size. For
medium-sized clusters (that n &~ 5 or 6), an exhaustive search
is no longer practical, we have, therefore, relied on our previous
experience with protonated water clusters H"W,, to construct
H™M W, isomers; that is, a H"M;W, can be easily obtained
by replacing an acceptor—donor (AD) or double acceptor-single
donor (AAD) water by a methanol from their structural cousin
of H+Wn+1. 4

III. Experimental Methods

IR spectra of the H"™M;W,, cluster cations were recorded by
IR predissociation spectroscopy using a mass spectrometer that
was equipped with linearly aligned tandem quadrupole mass
filters connected by an octopole ion guide. The details of the
apparatus have already been described in the previous papers,’>43
and only a brief description is given here. H"M|W, was
produced by a photoassisted discharge of the methanol/water
mixed vapor seeded in the Ne buffer gas (total pressure of 3
atm). The gaseous mixture was expanded from a pulsed
supersonic valve through a channel nozzle. The channel was
equipped with a pin electrode at its sidewall, and a direct current
voltage of —300 V relative to the channel was applied to the
electrode. The discharge in the channel was triggered by
irradiation of the electrode surface with a laser pulse (355 nm,
5 mJ/pulse), which is synchronized with the pulsed valve
operation. The H*M;W,, cluster cations were cooled through
the expansion from the channel. The cluster cations were size-
selected by the first quadrupole mass filter, and then they were
introduced into the octopole ion guide. The mass resolution of
the first mass filter was set to be high enough to exclude the
contamination of undesired cluster species. Within the octopole
ion guide, the size-selected clusters were irradiated by a counter
propagating IR laser and were sent to the second quadrupole
mass filter, which was tuned to pass only the mass of the
H™™, W, fragment ion produced by the vibrational excitation.
Thus, an IR spectrum of the size-selected cluster was recorded
by monitoring the fragment ion intensity while scanning the IR
laser frequency. The IR light was generated by an infrared
optical parametric oscillator (Laser Vision) pumped by the
fundamental output of a YAG laser (Continuum Powerlite 8000).

IV. Results and Discussion

1. Morphologies of the Mixed Clusters.

A. Construction of Structures of Small Isomers of H-M;W,,
< 4 or 5. For H'M|W,, < 4, only linear (L,), tree (T,), and cyclic
(C,, and Ct,) structures can be formed (n represents the number
of the water molecules in the cluster), and we have carried out
an exhaustive search on all the possible conformations within
each morphology. The most stable conformation in each
morphological type is shown in Figure 1 along with their relative
energies Ey. The values in the parentheses are the ZPE corrected
energies (E, +ZPE). The zero of these energy scales are set to
the energies of the most stable isomers in each cluster size.

Linear Structures (L,). Linear (L,) structures are the most
basic form and they exist for n = 2. Only the most stable L,
structure in each cluster size is shown in Figure 1, and all the
L, structure that are stable after the geometry optimization are
tabulated in Supporting Information. It is obvious that the stable
conformation tends to have the MeOH, " ion core in the center
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Figure 1. The most stable structures of the linear (L,), tree (T,), and
cyclic (C, and Ct,) forms of HF(MeOH),(H,0),, (H"M;W,) and their
relative energies (Ep) in kcal/mol. The values in the parentheses are
the ZPE-corrected relative energies (Ey + ZPE). The zero of these
energy scales is set to the energy of the most stable isomer of each
size. The positions of the methanol/water ion core are highlighted with
the blue circles/green squares, respectively. The complete list of the
isomers is seen in Supporting Information.

of the cluster. It is interesting to note that the similar trend was
seen in H™M,, in our previous study.? While conformations
with the H30™ ion core also can be stable as local minima, they
are about 3 kcal/mol higher in E, than the most stable linear
form. Since this trend is confirmed for up to n = 5, we have
used this empirical rule to construct representatives for the L,
clusters of n > 5.

Tree Structures (T,). Tree structures are more complicated
than the linear forms. We have examined a very extensive array
of conformations within the T, family and only selected isomers
are depicted in Figure 1. A complete list of the tree structures
can be found in Supporting Information. Within the T, family,
isomers can have branches of different length; we use a three-
digit label to indicate the length of their three branches. In the
present study, we found that isomers with more evenly
distributed branches tend to be more stable. For example in
H*™M; W, the 222 isomers are more stable than the 321 isomers.
This trend is further confirmed in H*™M; W3 in which we can
see that 322 isomers are more stable than the 331, 421, and
511 isomers.

While both kinds of the ion cores are geometrically possible
in tree structures, isomers with H3O™ in the center seem to be
energetically favored because the triple proton-donation nature
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of H30™ is advantageous to form the branching site of the T,
structures. The MeOH,™" ion core can be stable only in isomers
with one exceptionally long branch. Therefore, it would be
reasonable to suppose that the H;O% ion core is preferred in
larger tree structures. Furthermore, there is a clear tendency for
the MeOH moiety to stay close to the ion core. This trend is
easy to understand as the proton affinity of MeOH is larger
than that of H,O.%¢

Cyclic Structures (C, and Ct,). Simple cyclic structures can
be divided into two categories. In the first kind, two terminal
molecules of a L, structure are bound to each other. The binding
site becomes a double acceptor (AA) site (we call this type
structure C,). In the second category, the hydrogen bond network
in the ring is further extended by branching out a “tail” (we
call them Ct,).

We have built all possible conformations of C, structures
starting with the 3-member ring. Only one 4-member and two
5-member rings survive after the geometrical optimization. Our
search result agrees with the findings by Wu et al., though they
listed only the most stable forms.*? We have further constructed
6-member ring structures and have located three stable struc-
tures. We found two empirical rules for the C, structures: (1)
the MeOH,™ ion core seems to be preferred, and (2) the AA
water prefers to be away from the ion core.

Structural isomers of Ct, were built by adding one or more
water molecules to the different positions on the above-
mentioned C, structures. We found the following trends: (1)
the ion core seems to have different preference depending on
the ring-size; that is, H3O" is preferred in 5- and 6-member
rings and MeOH, ™" in the 4-member ring. This is consistent with
the fact that the H—O—H angle in MeOH, ™" is smaller than the
H—O—H angle in H30"; therefore in small-sized rings,
MeOH," would result in less stress and more stable structures.
(2) Similar to the T, structures, the MeOH site also tends to
stay close to the ion core.

B. Isomers of More Complicated Morphologies Deriving
Jfrom H(H20),+,. Isomers of more complicated morphologies
are derived from protonated water clusters. It has been shown
that hexamer and larger protonated water clusters exhibit
multicyclic forms, and cubic and other cagelike structures are
stable for octamers or larger clusters as low-energy minima.'®
Our strategy here is to select the most stable conformation within
each of above-mentioned morphology on the basis of our
previous studies on the protonated water clusters and use them
for a systematic study on the effect of replacement to a methanol
molecule at different locations. !

Bicyclic Structures (bC, for n = 5) and Tricyclic Structures
(tC, for n = 6). When two sites in a cyclic structure are bridged
by a hydrogen bond chain, the structure develops into a bicyclic
(bC,) structure. More hydrogen bonds segment the hydrogen-
bonded ring with increase of the size, and then the morphology
is categorized into the tricyclic structure (tC,). Because of the
strategy we adapted, our initial input structures contain only
the H3O™ ion core, and proton transfer occurs frequently during
the geometry optimization. For isomers, in which the MeOH
and H3;O7 sites are far away from each other, we have also
attempted to pull the proton along different possible transfer
pathways and have found that the proton can also relax to the
more stable position with our method. The most stable structures
of the bC, family are shown in Figure 2, and we found the
following trends: (1) MeOH has a tendency to stay as close to
the ion core as possible. Between 2- and 3-coordinated sites,
the former is preferred. (2) Both forms of the ion core seem to
coexist, and there is no clear preference. The MeOH,™ ion core
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Figure 2. The most stable structures of the bicyclic (bC,), tricyclic
(tC,), and cage structures (Cage,) of H"M W, and their relative energies
(Ep) in kcal/mol. The values in the parentheses are the ZPE-corrected
relative energies (Ey + ZPE). The zero of these energy scales is set to
the energy of the most stable isomer of each size. The positions of the
methanol/water ion core are highlighted with the blue circles/green
squares, respectively. The complete list of the isomers is seen in the
Supporting Information.

is found to be stable only on 2-coordinated sites. Though we
have attempted to construct a few isomers with MeOH, ™ sitting
on a 3-coordinated site, none of them survives upon the
geometry optimization.

When the hydrogen bond network in bC, or tC, is further
extended by branching out a “tail”, the morphology would be
categorized into bCt, or tCt,, respectively. We found, however,
the energies of bCt, and tCt, are higher than those of bC, and
tC, at the same size (see Supporting Information).

Cage Structures (Cagey for n = 7). In the octamer (1 +n =
8) or larger, 3-D cage structures can be formed. The choice of
the ion core becomes very simple in the cage structures. Only
the H3;O™ ion core is found to be stable. This finding is inline
with the observation we noticed for bC,, and tC, that MeOH,™
can be stable on 2-coordinated sites, which are missing in
polyhedral cages. As is the other structures, the MeOH site tends
to stay close to the ion core and prefers the 2-coordinated sites.

2. Relative Stabilities of the Isomer Structures. We have
performed the geometry optimizations on a wide variety of
structural isomers. Their relative stabilities of all the isomers
we have examined are summarized in Figure 3. The distribution
of the electronic energies (Ey), ZPE, and total energies (Ey +
ZPE) of isomers is shown for each cluster size (n = 5—8). The
isomers are categorized by their morphologies and are arranged
from left to right roughly following the “compactness” of the
morphology. In each cluster size, the energy of the most stable
isomer (or the smallest correction term) is set to zero of the
energy scale of each item. Some general trends are clearly seen
from the figure, as summarized below.

The electronic energy Ey is depicted in the left-most column,
and it shows a systematical trend favoring the more compact
structures. This trend becomes very clear for n = 7 and 8, and
it is inline with the simple bond counting concept as there are
more hydrogen bonds in the more compact structures. On the
other hand, it is obvious from the middle column that the ZPE
terms show the opposite trend favoring the open structures. This
is attributed to the trend that more compact structures have
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Figure 3. Relative energetics of all the structural isomers of H'M;W,,
computed at BALYP/6-31+G*. Electronic energy (Ey), ZPE correction
term (ZPE), and the total energy at the zero vibrational level (Ey +
ZPFE) are summarized in the figure. Morphologies with and without a
“tail” are grouped together. For example, C/t includes both of C, and
Ct,.. The energies of isomers in the same morphology are compiled in
a column, and the morphologies are arranged roughly following their
“compactness”, that is, from the most “open” structure on the left to
the most “compact” one on the right. The stripes are made for eye-
guiding purposes to illustrate the trends in Ey and ZPE.

higher vibrational frequencies, reflecting their more rigid
structures. For n = 5—8, the difference in ZPE among the
different morphologies can be as large as 4 kcal/mol, and it is
comparable or sometimes larger than the difference in Ej.
Because of the compensation between Ej and ZPE, the total
energy (Eyp + ZPE), which means the relative stability at 0 K,
shows no clear dependence on the morphology. In fact, these
energies are very close to each other (less than 1 kcal/mol) for
n = 5—8. Within the accuracy of the present calculations, it is
not reliable to make an unambiguous assignment on the global
minimum isomer.

It is interesting to see that the difference of ZPE among
isomers (AZPE) exhibits a more quantitative trend than those
in Ey. For example, AZPE between L,/T, and C,/Ct, is about 1
kcal/mol. AZPEs are found to be about 3 and 4 kcal/mol for
L,/T, — bC, and L,/T, — tC,, respectively. This survey helps
to quantify the influence of ZPE to determine the relative
stabilities among the different morphologies. Moreover, these
values would be able to use for future studies on much larger
protonated clusters, of which evaluation of the second deriva-
tives (vibrational frequencies) becomes too costly.
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3. Thermal Effects Accessed via the Gibbs Free Energy.
It has been shown that the entropic effect is rather significant
in determining the most probable structure of hydrogen-bonded
clusters at realistic experimental temperatures.®-16-22:2648=51 For
example, Monte Carlo simulations on neat protonated water
clusters indicate large-amplitude motion is prevalent at tem-
perature above ~100 K.!649=5! However, nuclear quantum
effects were not included in such classical simulations, and the
ZPE correction alters the relative stability. In this work, we use
the Gibbs free energy based on the harmonic approximation at
various temperatures as an economical alternative way to include
both the entropic and nuclear quantum effects. We should note
here that the thermal simulations have proven that the structures
of small/medium-sized hydrogen-bonded clusters may undergo
significant structural changes with elevation of the temperature. 04951
Therefore, the estimated Gibbs free energy shown here should
be only taken as guidance for the qualitative trend, and it should
not be used as a definite criterion for selecting the most probable
structure at an elevated temperature.

Another issue is the existence of too many orientational
isomers within a given morphology. This would complicate our
analysis here. Therefore we have selected the most stable
conformation as the representative. We use the Gibbs free energy
of the most stable cyclic structure as the reference and the
temperature dependence of the Gibbs free energies of the
representatives are summarized in Figure 4. It is clear that the
entropy favors the open structures. For example, the relative
Gibbs free energies of L, and T, structures decrease as the
temperature rises. The Gibbs free energies of the compact
structures show the opposite trend, and the steepness of the free
energy is consistent with the compactness of the structures.
Furthermore, the profound entropic effect is demonstrated in
H™M;Wjs by the following example. At zero K, the tree structure
is less stable more than 6 kcal/mol in comparison with the cage
structure, but at 200 K, both of them have nearly the same free
energy.

4. Simulations of IR Spectra in 3000—3800 cm~!. The IR
spectra of HTM W, in the 3-um region can be divided into two
ranges. Above 3600 cm™!, bands come from the free (dangling)
OH stretching vibrations, and those in between 3000 and 3600
cm™! are due to hydrogen-bonded OH stretches. The former
has been extensively examined by Chang and co-workers.*0:4?
It has been shown that the free OH frequency is very sensitive
to the coordination of the site. In the small-sized protonated
water and mixed clusters, the free OH stretch region has been
studied as a key for the isomer structure determination, and the
morphological development of the large-sized protonated water
clusters has also been elucidated by the size-dependent behavior
of the free OH stretch region.>~!! On the other hand, the
hydrogen-bonded OH region has not yet been fully examined,
though the moderate size-dependence is seen in the IR spectra.
Therefore, we focus mainly on the spectral behavior of the
hydrogen-bonded OH stretches in this study. Chang and co-
workers have shown that the free OH stretch bands of protonated
clusters are successfully reproduced by B3LYP/6-31+G* level
calculations with the scaling factor of 0.973.3:9711:39742.52=54 e
also employ the same calculation level and scaling factor to
analyze hydrogen-bonded OH stretch modes. The simulated IR
spectra of the most stable isomer in each morphology type are
depicted in Figure 5. The stick spectrum is converted into the
continuous spectrum by the convolution with a Lorentzian
function of 10 cm™!' full width at half-maximum. In the
following, we summarize features of the hydrogen-bonded OH
stretches in the calculated IR spectra.
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Figure 4. Temperature dependence of the relative Gibbs free energies

of the different morphologies computed at B3LYP/6-31+G*. For

simplicity, we only show the most stable isomer in each morphology

as a representative. Note the preference of the “open” structures at

elevated temperatures (see text).

A. L, and T,. The spectral features of L, and T, are similar
to each other. The OH oscillators can be grouped accordingly
to different solvation shells depending on their distance from
the ion core (the vibration modes from OH oscillators at different
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Figure 5. IR spectrum simulated by the most stable structure in each morphology shown in Figures 1 and 2. Calculations were carried out at the
B3LYP/6-31+G* level with the scaling factor of 0.973. The vibrational bands are color-coded with the vibrational modes shown in the schematic
representation of the morphologies, and the stripes are made for eye-guiding purposes. In the schematic representation of the morphologies, the
oxygen atom in methanol/water is represented by an open circle/square, and the methyl groups and hydrogen atoms are omitted in the representation.
An arrow indicates a hydrogen bond that binds two oxygen atoms. The direction of the arrow shows the donor—acceptor relation in the hydrogen
bond. The gray circle/square represents the ion core. Detailed explanation can be found in ref 26.

solvation shells are color coded in Figure 5). For the linear
isomers, the OH frequencies increase from ~3220 cm™! (first
shell) to ~3450 cm™! (third shell). For the tree isomers, the
OH frequencies increase from ~3305 cm™! (first shell) to ~3450
cm™! (second shell). This tendency is in line with the fact that
the influence of the ion core on the solvent molecules decreases
as the OH oscillators move away from the ion core.

Furthermore, among the OH oscillators on the same solvation
shell, blue shifts are also evident as the cluster size grows. The
origin of this blue-shifting trend can be understood by the charge
transfer/delocalization from the ion core to the solvent mol-
ecules. We have analyzed the Mullikin charges on the solvent
molecules and found out that the total amount of charge
transferred to the solvent increases monotonically as the cluster
size increases.

At n = 78, the shifts of the frequencies of these two distinct
groups of the hydrogen-bonded OH bands are saturated at
around 3250 and 3450 cm™'. The similar trend in the linear
and tree families has been reported for H"(MeOH),,.2

B. C, and Ct,. The IR spectra of C, also show two blue-
shifting groups in the hydrogen-bonded OH stretch region. In
the isomers of these morphologies, the AA site tends to stay as
far away from the ion core as possible. A pair of oscillators
with of relatively higher frequency (marked in green in the
figure) originates from the two water molecules next to the AA
site. The low-frequency group (marked in orange) belongs to
water molecules that are closer to the ion core. Both groups
show slight blue-shifts with increase of the cluster size. The
frequency shifts of these two groups are saturated at around
3500 and 3300 cm™!, respectively. The spectra of Ct, are more
complicated. While the peaks from water near the AA site
remain very similar to the cases in C,, in larger clusters with
two tails, OH stretching modes from water near the AAD site
(marked in dark green) are red-shifted by about 100 cm™!
comparing to those modes in green.

C. Compact Structures. In the lower panels of Figure 5, we
have shown the IR spectra of the more compact structures (bC,,
tC,, and cage,). Because of the strong coupling of the OH
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Figure 6. Observed IR spectra of HYM|W,, (n = 3—9) in the 3-um

region. All the spectra were measured by monitoring the vibrational
predissociation to the H"M;W,.; channel.

oscillators within the compact structures, their spectra between
3000 to 3600 cm™! are less well resolved than the more open
structures (L,, T,, and C,). Nevertheless, there is a clear
tendency that the further away a OH oscillator from the ion
core, the higher the stretching frequencies. The high-frequency
group of bC, (in green) also originates from the two water
molecules that are neighbors of the AA water. This group shows
no change in the peak position with respect to those of open
structures (C, and Ct,). The vibrational modes in tC, are even
more widely spread than those in bC,. Since there is no AA
water molecule in the tC, structures, the notable difference from
bC, spectra is the missing of vibrational modes above 3500
cm~!. In the cage structures, a new band (between 3500 and
3600 cm™! - highlighted in green) emerges in the IR spectra of
these structures and these are vibrational modes associated with
the asymmetric stretching of the single acceptor—double donor
(ADD) waters.

In summary, the vibration modes in open structures show a
clear blue-shifting trend as the size of cluster increases. In the
more compact forms, the OH oscillators tend to strongly coupled
together leading to widely spread bands. Furthermore, we also
notice that there are two sources of vibrational modes around
and above 3500 cm™!; one coming out from water next to AA
sites and the other are associated with the asymmetric stretching
of ADD water in the cage structures.

5. Comparison with the Observed IR Spectra with the
Simulations. To compare with the IR simulations obtained in
this study, we experimentally measured IR spectra of HTM;W,,
(n = 3—9) in the 3-um region. The observed spectra are shown
in Figure 6. All the spectra were obtained by monitoring the
single water loss (H"M;W,.; fragment production), which
follows to the vibrational excitation. The spectra of n = 3—6
are essentially the same as those reported by Chang and co-
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Figure 7. Observed IR spectra of H'M;W,, (n = 3—9) in the free OH
stretch region.

workers,*0 and they were remeasured for convenience of the
comparison with the IR simulations. It is difficult to precisely
estimate the temperature of the observed clusters. In comparison
with the IR spectra of the temperature-controlled (or -deter-
mined) HtW,, (77—180 K) reported by the Chang’s group, the
temperature of HtW,, produced by our cluster ion source seems
to be warmer. Then we roughly estimated the temperature of
the clusters from our ion source to be ~190 K.”*% Though
this is not unequivocal evidence for the temperature determi-
nation, it would be reasonable to assume ~190 K also for the
temperature of the clusters in the present study.

In the observed spectra, relatively sharp bands due to the
dangling OH stretches are seen above 3600 cm™!, the region
that is reproduced in the expanded scale in Figure 7, and much
broader bands of the hydrogen-bonded OH stretches appear in
the 3000—3600-cm™! region.

In n = 3—5, two broadened band series, which show blue-
shifts with increase of the cluster size, characterize the spectra.
One series begins to appear at ~3100 cm™! in n = 3. This series
gradually shifts to the blue side up to n = 5, and the band shift
is saturated at ~3400 cm™!. The other series appears in n = 4
at ~3050 cm™! and shifts to ~3080 cm™! at n = 5. As seen in
the previous subsection, the blue-shifting bands are characteristic
to the L, and T, morphologies, and the appearance of these
series is an indication of the dominant contributions of these
two morphologies in the small-sized clusters. This is consistent
with the spectral features in the dangling OH stretch region.
The main features in the dangling OH stretch spectra of n =
3—5 are attributed to the symmetric and antisymmetric OH
stretch bands of single acceptor (A) waters. The A waters locate
at terminals of one-dimensional H-bond chains, and they are
characteristic to L, and T,. In n = 5, the enhancement of the
dangling OH stretch band of the AD water, which appears in
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between the two dangling OH stretches of the A water, is clearly
seen. This is attributed to the beginning of the contribution the
Ct, morphology, where the AD waters are dominant over the
terminal A water. The contribution of the Ct, morphology at n
=5 is also supported by the Gibbs energy evaluation at ~190
K, as shown in Figure 4. By consideration of the coexistence
of the Ct, morphology at n = 5, the extension of the H-bonded
OH stretch absorption up to ~3600 cm™! is attributed to the
H-bonded OH stretches neighboring to the AA site, which is
characteristic to Ct, in n < 5. The dominance of L, and T,
morphologies in n < 5 and coexistence of the Ct, morphology
at n = 5 have also been concluded in the previous study by
Chang and co-workers,* though the cluster temperature in their
study (170 K) would be colder than that in the present study
(~190 K).

In n = 6—7, the dangling OH stretch bands of the A water
remarkably diminish while those of the AD water become
dominant. These spectral changes indicate that the L, and T,
are no longer major isomers, but the Ct, morphology becomes
dominant in this size region, as suggested by the Gibbs energy
evaluations in Figure 4. The Ct, morphology in n = 6 is
characterized by the strong bands at ~3400 cm™!, which are
due to the H-bonded OH stretch neighboring to the AAD water.
The most prominent feature at 3400 cm™! in the observed
spectra of n > 6 is then mainly attributed to the Ct,, morphology
with the possible minor contribution of the L,, and T, morphol-
ogies, which also have the strong bands in the same region. All
of the H-bonded OH bands of the L,, T,, and Ct, morphologies
of n = 6 are expected to appear below 3500 cm™!. Then, a
clear gap appears in between the H-bonded OH and dangling
OH stretches in the spectrum of n = 6, while the H-bonded
OH bands extend to the lower frequency region. In n = 7, on
the other hand, the H-bonded OH stretch absorption extends
up to the ~3600 cm™! again, and a new feature simultaneously
begins to appear in the dangling OH stretch region. The latter
is assigned to the AAD water, which is characteristic to the
more “compact” morphologies (bC,, tC,, and Cage,). As was
shown in the previous section, the compact morphologies have
wide H-bonded OH absorption below 3600 cm™!, and their
contribution would be the origin of the extension of the
H-bonded OH absorption to the higher frequency region in n
= 7. The Gibbs energy evaluations also suggest that the compact
morphologies become competitive in n = 7 at 190 K. Moreover,
clear coexistence of the Ct, and compact morphologies is
expected in n = 8, while the L, and T, morphologies are less
important. This is consistent with the observed features of the
spectra of n = 8 and 9, the extremely broadened H-bonded
absorption in the entire 3000—3600-cm™! region with a clear
peak at 3400 cm™! and disappearance of the A water in the
dangling OH stretch region.

V. Conclusion

Extensive DFT calculations of the protonated methanol—water
mixed clusters were carried out to probe the morphological
development of the hydrogen bond network in the mixed cluster
system. It was shown that numerous structural isomers of
different morphological motifs compete at the finite temperature.
The hydrogen-bonded OH stretch bands in the observed IR
spectra of the size-selected clusters were assigned by the spectral
simulations on the basis of the energy-optimized structures. The
excess proton location in the mixed clusters was examined. The
preferentially protonated site changes from the methanol site
in the simple linear chain structures to the water site in the
3-dimensionla cage structures. These results clearly demon-
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strated the correlation between the protonated site and the cluster
morphology, which reflects the difference between the maximum
coordination numbers of the methanol and water protonated ion
cores.
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