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Solvation of the fluoride anion by methanol was investigated through vibrational predissociation spectroscopy
of small cluster ions. The strong hydrogen-bond interaction between the anion and the hydroxyl group of
methanol led to a shift of some O-H stretching frequencies into the C-H stretch region. The use of deuterated
methanol (d1 and d3) was essential in isolating and identifying the C-H and O-H stretching modes. Ab
initio calculations were used to determine infrared frequencies/intensities and optimized geometries. When
the theoretical results were combined with the experimental observations, the fluoride anion was found to
exhibit surface solvation. Evidence for methanol-methanol hydrogen-bond interactions appears when the
fluoride anion is solvated by four or more methanol molecules. These results are consistent with previous
studies, which show surface hydration of the chloride, bromide, and iodide anions and solvation of the chloride
and iodide anions with methanol. However, these results contrast with the hydration of the fluoride anion,
where the ion was found to undergo interior solvation with up to five water molecules.

I. Introduction

The study of clusters as a model for microscopic solvation
can be useful in elucidating the nature of macroscopic properties.
In ion clusters, solvation structures fall into two basic cate-
gories: interior and surface. Interior solvation occurs when the
ion is at or near the center of mass of the cluster, leading to a
quasi-symmetric structure. In surface solvation, the structure is
asymmetric, with the solvent molecules aggregating to one side
of the ion.

In solvents that are capable of hydrogen bonding, there is an
inherent competition between ion-solvent and solvent-solvent
interactions. For anions, this is most acute, because the ionic
hydrogen bond between the ion and the solvent directly
competes with the ability of the solvent to hydrogen bond with
itself. As a result, there has been considerable interest in studying
these systems from both experimental and theoretical perspec-
tives. For the halide anions, which are arguably the simplest
class of anions, the hydrated structures of chloride, bromide,
and iodide are all surface-solvated.1,2 However, the fluoride
anion was observed to be interior-solvated with three to five
water molecules.3 Because of concerns that the cluster ion
structures might depend on the amount of internal energy
contained within the cluster, methods have been developed to
study hydrated ions that are simultaneously solvated with argon,4

leading to significant cooling. Infrared spectra of cold clusters
of X-(H2O)2, where X- ) F-, Cl-, Br-, or I-, have been
obtained using this method and have indicated that water-water
H-bonding occurs with Cl-, Br-, and I- but not with F-.5 These
findings have been confirmed by recent ab initio calculations,
where particular attention has been paid to the trends as a
function of anion and as a function of size.6,7

In warmer clusters, water-water H-bonding was observed
in Cl-(H2O)4,5 clusters.2 Although no water-water H-bonding
was observed for the smaller Cl-(H2O)2,3 clusters, the water
molecules appeared to be localized on one side of the ion and

not uniformly distributed about the ion.2 A comparison with
the hydration of F- offers an interesting contrast by varying
the solute ion. Ab initio calculations of F-(H2O)4-6 clusters at
0 K indicated that only the pentahydrated ion was internally
solvated, but at 298 K, all clusters exhibited internal solvation.8

This suggests that considerations of internal energy in experi-
mental studies should be included in the characterization of
cluster structures. In a combined experimental and theoretical
investigation, it was concluded that F-(H2O)3-5 clusters were
interior-solvated from mass-selective infrared laser spectros-
copy.3 In addition, water-water H-bonding was not observed,
consistent with supporting ab initio calculations.3

The nature of anion hydration discussed above demonstrates
a distinct difference between F- and the other halides. This
raises some interesting questions. Will similar differences occur
with a different hydrogen-bonding solvent? This question, in
turn, leads to the issue of whether this behavior strictly a
property of the ion or whether the solvent also has a role in
determining the nature of solvation. A similar solvent that would
offer a meaningful comparison is methanol. In contrast to water,
methanol has more limited hydrogen bonding, because of its
single O-H group. Thus, a choice must be made between proton
donation to an ion or to another methanol molecule; it cannot
do both. In a previous study,9 Cl- was determined to be surface-
solvated in methanol. The onset for methanol-methanol H-
bonding occurred with four methanol molecules, whereas the
first shell for Cl- in the condensed phase has nominally four to
six molecules about the anion.10 A more recent investigation
of Cl- solvation in methanol favors the smaller value (ap-
proximately four in LiCl and about two in NiCl2 because of
inner-shell complexing to Ni2+).11 Supporting ab initio cal-
culations for the structure and O-H vibrational frequencies
for a 3 + 1 asymmetric configuration (three molecules in the
first shell and one in the second solvation shell) agreed with
the experimental data.9 The nature of the solvation of Cl- by
water and methanol is the same, indicating that the nature of
the ion might be responsible for the asymmetric solvation. It
has been suggested that the large polarizability of the chloride
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anion leads to an asymmetric distribution of solvent about the
anion.9,12-14

By using F- as the anion with methanol, a comparison of
ion type can be made to the previous work. Vibrational spectra
can be used to determine the onset of methanol-methanol
H-bonding, and ab initio calculations can aid in the interpretation
of the experimental spectra. Whereas F- was interior-solvated
by water, this evidence will determine the nature of F- solvation
by methanol. A recent report by Johnson and co-workers15 on
I-(CH3OH)2 indicates that two structural isomers are present.
A 2 + 0 cluster with both methanols in the first shell and a 1
+ 1 cluster with methanol-methanol hydrogen bonding of one
methanol in the second solvent shell are observed in argon-
cooled complexes.15 The observation of asymmetric solvation
in this situation is not overly surprising, as the interaction
between I- and methanol results in the weakest anionic
hydrogen bond for any of the halide anions.

Methanol is known to form strong hydrogen bonds with
fluoride anion.16 This interaction leads to a large red shift in
the OH stretching frequency (from 3681 cm-1 for the gas-phase
methanol monomer17) when the anionic hydrogen bond is
formed. This is commonly denoted as the O-HI stretch, i.e.,
the O-H stretch affected by the ionic H-bond with the anion.
In the larger halides, the O-HI stretches were observed at 3241
cm-1 for the Cl-(CH3OH)2 complex9 and at 3369 cm-1 for the
I-(CH3OH)2 species15 in which both molecules are bound to
the anion. From data on hydrated fluoride clusters ions, where
the O-HI frequency in F-(H2O)2 is 2520 cm-1 18 and that in
F-(H2O)3 is 2890 cm-1,3 one expects shifts of 800-1000 cm-1

for the methanol O-HI stretches in small F-(CH3OH)n clusters.
Because the symmetric and two asymmetric C-H stretches of
gas-phase methanol are 2844, 2970, and 2999 cm-1, respec-
tively,17 the O-HI band will likely overlap (and possibly
interact) with the C-H stretches. As a result, infrared spectra
using deuterated (d1 and d3) methanol were collected to decouple
the O-H and C-H modes.

II. Experimental and Theoretical Methods

The method used to collect the vibrational predissociation
spectra has been described previously,9,19,20but a short account
follows that highlights improvements made for this study.
Fluoride anions generated by a thermionic emitter collide with
methanol clusters produced by a molecular beam expansion,
thus forming nascent F-(CH3OH)n clusters. These “hot” clusters
stabilize by evaporative cooling21-23 and are analyzed by a
tandem quadrupole mass spectrometer. A tunable infrared (IR)
laser is used for vibrational excitation of the cluster ion of
interest (selected by the first quadrupole), leading to the loss of
a methanol molecule (via vibrational predissociation), resulting
in an increase in the number of the F-(CH3OH)n-1 fragment
ions, which are contained by the second ion-guiding quadrupole
and subsequently detected by the third quadrupole. The IR
source is a Nd:YAG pumped optical parametric oscillator (OPO)
laser with typical energies of 1-3 mJ/pulse and a tuning range
of 2600-4000 cm-1. The Nd:YAG pump laser is a custom
Continuum Shure-lite instrument with the following operating
parameters: 150 mJ/pulse (400 mJ/pulse maximum), 20-Hz
repetition rate, and 19-ns pulse width. Absolute frequency
calibration was performed simultaneously with the infrared
spectra by collecting an absorbance spectrum of HCl between
2600 and 3100 cm-1 and an atmospheric water photoacoustic
spectrum between 3350 and 3800 cm-1. The peak frequencies
in the vibrational spectra were assigned following fits to
Lorentzian line shapes, which more closely fit the spectra than
Gaussian line shapes.

Ab initio methods were used to determine both geometries
and vibrational frequencies of F-(CH3OH)1-4 clusters. The
calculations performed were similar to those done previously
for Cl-(CH3OH)n.9 In this approach, the MP2-minimized
geometry was found using a cc-pVDZ24 basis set with diffuse
functions on the fluoride, oxygen, and hydroxyl hydrogen
atoms.25 As discussed and justified in a previous paper,9 the
vibrational frequencies were calculated at the HF level using
the MP2-optimized geometry. The ab initio frequencies were
adjusted by a scaling factor, determined from the ratio of the
experimental17 to the calculated methanol monomer frequency,
and are shown in Table 1. The ab initio stick spectra of
frequencies and intensities were convoluted into Lorentzian line
shapes with widths that best fit the experimental spectra.

III. Results and Discussion

A. F-(CH3OH)3,4. Three distinct features are observed in the
experimental spectrum of F-(CH3OH)3 displayed in Figure 1,
two relatively narrow bands near 2770 and 2855 cm-1 due to
the symmetric and asymmetric C-H stretches and a broad
feature centered near 3075 cm-1 from the O-HI stretch. These
assignments are based on the theoretical frequencies from the
ab initio calculations, which place all three molecules in the
first solvent shell, hydrogen bonded to the F-. The over 700
cm-1 shift of the O-H stretch is comparable to that observed
in F-(H2O)3.3 It is clear that the large shift in the methanol
O-HI stretch results in an overlap with the C-H stretches.
There is no indication of methanol-methanol H-bonding, which
would be reflected by more than one O-H vibrational feature,
although it is possible that overlap and/or the broad band could
interfere with such observations. However, judging from the
very good agreement with the theoretical frequencies, the
spectrum of F-(CH3OH)3 is consistent with the 3+ 0 structure,
where all three molecules are in the first solvent shell.

The computed optimized geometry of the F-(CH3OH)3 cluster
has the methanol molecules on one side as depicted in Figure
1. This result is contrary to the structure of the F-(H2O)3 cluster,
where the molecules are equally spaced about the ion and the
F and O atoms are coplanar.3 F- was found to be internally
solvated by water,3 so the above observation suggests that F-

might be surface-solvated by methanol.
As the number of molecules increases, so does the spectral

complexity. Deuterated (d3) methanol (vibrational frequencies
have been determined by Bertie and co-workers26) was used to
simplify then ) 4 spectrum by eliminating the C-H stretches.
Thus, only the O-H stretches remain in the 2700-3600 cm-1

region. The spectrum of F-(CD3OH)4 is shown in Figure 2,
where four distinct peaks are observed. One narrow band is
observed at 2879 cm-1. What appears to be a triplet (a prominent
peak with two smaller peaks on either side) is observed near
3190 cm-1. The band at 2879 cm-1 is at lower frequency than
the O-HI peak for F-(CD3OH)3 at 3074 cm-1, indicating a
stronger hydrogen bond than is present in F-(CH3OH)3. This
would be inconsistent with the strength of the hydrogen bond
in a 4+ 0 configuration for F-(CH3OH)4. As was noted above
in the case of F-(H2O)2,3, there is a weakening of the ionic
hydrogen bond as the first shell fills. This is reflected in the
smaller red shift of the O-HI stretching frequency. Similar
behavior was observed in Cl-(CH3OH)1-3 for the O-HI

stretch.9

A second type of structure, a 3+ 1 configuration for
F-(CD3OH)4, might exist where three molecules are in the first
solvent shell and one is in the second. Indeed, ab initio
calculations indicate that the 3+ 1 and 4+ 0 structures have
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comparable energies (vide infra). As was observed in I-(CH3OH)2
and Cl-(CH3OH)4, the O-H stretching frequency of the first-
shell methanol, which acts as the proton acceptor of the sec-
ond-shell methanol, gains an additional significant shift to
lower frequency. The ionic hydrogen bond in this first-shell

methanol is cooperativelyenhancedby accepting the hydrogen
bond from the second-shell methanol. Denoting this type of
O-H stretch as O-HEI, the additional shift in frequency has
been observed to be about 200 cm-1 in I-(CH3OH)215 and
Cl-(CH3OH)4.9 Although one might anticipate a stronger

TABLE 1: Summary of F -(CH3OH)n, n ) 2-5 Clustersa

experimentalb theoretical

n structurec stretchd
frequency

(cm-1)
width
(cm-1)

area
(10-18 cm)

frequencye

(cm-1) intensityf

3 2 + 1 O-HEI 2337 65.5
2 + 1 C-Hs 2786 21.7
3 + 0 C-Hs 2769( 1 56( 3 29( 2 2801 13.2
2 + 1 C-Ha 2907 20.9
3 + 0 C-Ha 2854( 2 106( 8 44( 4 2921 23.4
2 + 1 O-HI 2937 7.0
3 + 0 O-HI 3074( 10 388( 26 69( 5 3044 55.8
2 + 1 O-HT 3167 24.9

4 3 + 1 O-HEI 2879( 1 60( 5 57( 9 2768 56.1
3 + 1 C-Hs 2802( 1 32( 3 20( 3 2812 13.4
4 + 0 C-Hs 2813 10.2
3 + 1 C-Ha 2934( 8 106( 21 38( 13 2928 23.0
4 + 0 C-Ha 2930 21.4
3 + 1 O-HI 3084( 3 112( 16 38( 8 3070 43.5
4 + 0 O-HI 3190( 2 95( 9 54( 7 3180 90.4
3 + 1 O-HT 3299( 4 136( 11 49( 5 3300 21.7

5 5 + 0, 4+ 1 C-Hs 2808( 1 41( 3 45( 4
5 + 0, 4+ 1 C-Ha 2901( 2 113( 7 117( 7
4 + 1 O-HEI 3090( 4 94( 14 38( 5
5 + 0 O-HI 3233( 1 74( 4 95( 6
4 + 1 O-HT 3350( 2 108( 7 93( 5

a Experimental values determined from Lorentzian fits of the spectra.b Entries for experimental results are made consistent with experimental
data.c n1 + n2 indicates a structure withn1 molecules in the first shell andn2 molecules in the second shell. All properties for structures withn2

) 1 (H-bonding) are highlighted in bold for clarity.d O-HI indicates ionic hydrogen bond, O-HEI indicates an enhanced O-HI, and O-HT indicates
a terminal O-H stretch. C-Hs indicates a symmetric C-H stretch, and C-Ha indicates an asymmetric C-H stretch.e Theoretical frequencies were
adjusted by a scaling factor determined from the ratio of the experimental (ref 12) to the ab initio methanol monomer frequency. The scaling factors
for the C-Hs, C-Ha, and O-H stretches are 0.923, 0.941, and 0.954, respectively. An average scaling factor was used in instances when two
different types of bands overlapped.f Theoretical intensity is in units of D2/amu‚Å2.

Figure 1. Vibrational spectrum and convoluted ab initio stick spectrum with Lorentzian line shapes of F-(CH3OH)3. Graphical representation of
F-(CH3OH)3 using the optimized geometry from the ab initio calculation. The ab initio symmetric and asymmetric C-H stretch frequencies are
shifted by-30 and-75 cm-1, respectively. The full widths at half-maximum for the symmetric C-H, asymmetric C-H, and O-HI stretches are
40, 90, and 400 cm-1, respectively.
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enhancement in the case of Cl-, the O-HI stretches for
I-(CH3OH)1 and Cl-(CH3OH)3 were observed at 3331 and 3325
cm-1, respectively,9,15suggesting comparable anionic hydrogen-
bond strengths. A 3+ 1 configuration should have an O-HEI

stretch to lower frequency than the O-HI stretch of a 3+ 0
structuresan assumption that is confirmed by ab initio calcula-
tions (see Table 1) and by comparison with Cl-(CH3OH)3,4.9

Thus, the band at 2879 cm-1 can be assigned to an O-HEI

stretch of a 3+ 1 structure. Again, this band is shifted by about
200 cm-1 to lower frequency than the O-HI band in
F-(CH3OH)3, which is consistent with the shifts observed in
I-(CH3OH)215 and Cl-(CH3OH)4.9 There are two other first-
shell methanol molecules in F-(CD3OH)4 with O-HI bands that
can be expected to be in the same frequency region as the O-HI

band in F-(CH3OH)3 (3074 cm-1, see Table 1). The peak at
3084 cm-1 is assigned to the O-HI stretches of the 3+ 1
structure, as indicated in Figure 2. The peak at highest frequency,
3300 cm-1, is most likely from the terminal O-H, O-HT,
stretch (the O-H stretch of the second-shell methanol). These
are the three O-H stretching bands associated with the 3+ 1
configuration. As can be seen in Figure 2, they are in good
agreement with the frequencies obtained from the ab initio
calculations. The remaining and prominent feature at 3190 cm-1

must be due to the 4+ 0 configuration. This structure would
also have only a single infrared-active O-H stretching band,
the O-HI, which should be slightly higher in frequency than
the 3 + 1 O-HI band [and the O-HI band in 3 + 0
F-(CH3OH)3]. The results from the ab initio calculations again
confirm this assignment of the infrared-active O-HI stretch to
within 10 cm-1 of the observed experimental value, as shown
in Table 1. Which of the two configurations is most stable?
The results from the calculation place the 4+ 0 configuration
lower in energy by 2.7 kcal/mol, which narrows to 2.2 kcal/
mol when zero-point energy (in the harmonic approximation)
is taken into account. As these two configurations are so close
in energy, it is no surprise that both are represented in the
experimental observations, where the internal energy content

of F-(CD3OH)4, as estimated by the evaporative ensemble,21-23

is equivalent to approximately 300 K.
The spectrum of F-(CH3OH)4 is shown in Figure 3 for

completeness. The ab initio frequencies are in good agreement
with the experimental data. As can been observed, the overlap
between the O-HEI band in the 3+ 1 structure and the C-H
stretching modes would have made structural assignments
difficult in the absence of the CD3OH measurements. The use
of d3 methanol was crucial to the interpretation and identification
of the two F-(CH3OH)4 structural isomers. In F-(H2O)n clusters,
there was no indication of water-water H-bonding with up to
five molecules.3 Because H-bonding between the methanol
molecules begins prior to the filling of the first solvent shell,
this is evidence that the F-(CH3OH)4 cluster exhibits surface
solvation. The presence of a 4+ 0 structure indicates a
competition between surface and interior solvation at this cluster
size.

In comparing Figure 1 with either Figure 2 or 3, it is clear
that the breadth of the hydrogen-bonded OH stretch is much
larger for the smaller F-(CH3OH)3 cluster ion. There are two
likely reasons. First, the smaller number of solvent molecules
allows for greater motion within the first solvent shell, thus
giving rise to a wide range of structural conformers. The clusters
with four solvents have less mobility about the ion, resulting in
a more defined first solvent shell. A second possibility is related
to the effective temperature of the cluster ions. The solvent
binding energies decrease with increasing solvent number in
this size range.16 The internal energy or effective temperature
of the cluster ions also decreases with increasing solvent number
as expected from the evaporative ensemble.22,23Cluster ions with
greater internal energy will have more excitation in vibrational
modes associated with the anionic hydrogen bond. This will
modulate the distance between the anion and the methanol
molecules, varying the strength of the ionic hydrogen bond and
leading to a broadening of the O-H stretching band. The
F-(CH3OH)3 cluster ion with its higher internal energy would
accordingly have a broader band than F-(CH3OH)4.

Figure 2. Vibrational spectrum of F-(CD3OH)4 and convoluted ab initio stick spectra with Lorentzian line shapes of the 3+ 1 and 4+ 0 structural
isomers of F-(CH3OH)4 O-H frequencies. The full widths at half-maximum for the O-HEI, O-HI, and O-HT stretches of the 3+ 1 structure and
the O-HI stretch of the 4+ 0 structure are 125, 200, 125, and 275 cm-1, respectively. Graphical representations of the 4+ 0 and 3+ 1 structures
of F-(CH3OH)4 using the optimized geometries from the ab initio calculations are also provided.
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B. F-(CH3OH)5-8,10,12,13. From the observations on the
smaller F-(CH3OH)3,4 cluster ions and previous studies on
I-(CH3OH)1,2

15 and Cl-(CH3OH)n,9 the shift to lower frequency
of the O-HI band from the gas-phase monomer value decreases
as the number of methanol molecules increases (note that the
computed frequencies for the O-HI stretches of F-(CH3OH)1,2

are 2089 and 2720 cm-1, respectively). This trend continues
for the larger F-(CH3OH)n cluster ions as well. This is due to
a weakening of the electrostatic interaction/binding energy, and
thus the anionic hydrogen-bond strength, as the cluster size
increases. In a qualitative sense, the shift drops off rapidly with
decreasing binding energy.27 From extrapolation, the O-HI

frequency for the 5+ 0 cluster should be about 3240 cm-1, in
the middle of the 120 cm-1 span between the 4+ 0 O-HI and
3 + 1 O-HT stretching frequencies. The most prominent peak
in the F-(CH3OH)5 spectrum occurs at 3233 cm-1, as shown
in Figure 4. This could be attributed to the O-HI stretch in a 5
+ 0 configuration, although a 4+ 1 O-HI is also a possibility.
Because the peak is so prominent and is part of a “triplet”, it
seems unlikely that only one configuration for F-(CH3OH)5 is
present. The features on either side of the peak at 3233 cm-1

follow from the designations given forn ) 4. For clusters with
five or more methanol molecules, we were unable to do ab
initio calculations of sufficient quality to address the O-H
stretching frequency issues quantitatively. Thus the remaining
assignments are based on the trends observed for the smaller
cluster ions.

The highest-frequency peak in all of the large cluster ion
spectra is expected to be from the O-HT stretch. This vibrational
mode is not as dependent on the ion and should always be less
than or about equal to the O-HT stretching frequency of linear
methanol trimer,28,293433 cm-1. Note that, in I-(CH3OH)2, the
O-HT frequency in the 1+ 1 cluster ion was 3340 cm-1,
whereas in Cl-(CH3OH)4-12 cluster ions, these bands were
observed between 3380 and 3465 cm-1. The O-HT stretching
frequencies for the larger F-(CH3OH)5-13 clusters are displayed
in Table 2 and gradually increase with increasing cluster size,
tending from 3350 to 3440 cm-1. This common behavior, shared
by the three methanolated anions and the neutral linear methanol
trimer, lends considerable support to this assignment.

There are at least two possible structural isomers forn ) 5,
and similar numbers are believed to occur forn ) 6. A 6 + 0
structure is unlikely, principally because of the high intensity
of the O-HT bands that dominate this region of the spectrum.
From extrapolation of the O-HI frequencies of the smaller
clusters, the 6+ 0 O-HI band should occur at 3270 cm-1,
where there is relatively little intensity. All peaks are assigned
by comparison with then ) 5 spectrum. However, with the
likelihood of many different structures and conformations, the
assignment of specific configurations is somewhat speculative.

As the cluster size increases to seven, it becomes more
difficult to separate, identify, and assign individual peaks
between 3000 and 3300 cm-1, the region mainly consisting of
O-HI features, as seen in the spectra shown in Figure 5. There
are some general trends, and information can be gained from
Lorentzian fits to the data, given in Table 2. At first, the O-HT

feature increases in intensity with cluster size, reflecting higher

Figure 3. Vibrational spectrum of F-(CH3OH)4 and summation of the
3 + 1 and 4+ 0 F-(CH3OH)4 structural isomers convoluted ab initio
stick spectrum with Lorentzian line shapes. The O-HEI feature of the
3 + 1 structure is shifted by 110 cm-1. The full width at half-maximum
(fwhm) for the O-HI feature of the 4+ 0 structure is 275 cm-1. The
fwhm values for the O-HEI, O-HI, and O-HT features of the 3+ 1
structure are 138, 200, and 125 cm-1, respectively. Graphical repre-
sentations of the 4+ 0 and 3+ 1 structures of F-(CH3OH)4 using the
optimized geometries from the ab initio calculations are also provided.

Figure 4. Vibrational spectra of F-(CH3OH)n, n ) 4-6. The spectra
of n ) 5 and 6 are offset by 6 and 12× 10-19 cm2, respectively. The
O-HEI bands heavily overlap with the methyl CH3 symmetric and
asymmetric stretches.
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occupancy in the second solvent shell. Whereas the intensity,
given by the area of the band, maximizes atn ) 8, the maximum
ratio of the O-HT peak area to the O-HI region occurs atn )
6. This indicates that structures with significant numbers of
second-shell methanols are present. As the cluster size increases
further, the intensity in the region between 3000 and 3300 cm-1

becomes dominant. The O-H stretch for liquid methanol is at
3351 cm-1, so this region would be expected to increase in
intensity as methanol-methanol H-bonding becomes more
extensive. Atn ) 13, there is no longer much distinction
between different O-H stretches, as one very broad band around
3230 cm-1 begins to consolidate. The degradation of distinct
spectral features suggests an amorphous structure with the cluster
resembling a microscopic solution.

C. F-(CH3OD)2-8. Whereas the O-H group has been used
to monitor the strength of the interaction between the halide
anion and methanol, it is also possible to examine the effects
on the CH3 portion of the molecule. Figure 6 contains spectra
of F-(CH3OD)n, n ) 2-8. The use of the d1 isotopomer26

eliminates spectral congestion from the O-HEI bands that would
otherwise occur in the same region.

The spectra ofn ) 2 and 3 are relatively broad and diffuse,
whereas the bands forn ) 4 are narrower and more defined, as
exemplified in Table 3. The binding energies for F-(CH3OH)3,
Cl-(CH3OH)2, and Na+(CH3OH)4 are similar, so their internal
energies should be similar in our apparatus. The temperatures
of Cl-(CH3OH)2 and Na+(CH3OH)4 were determined to be
about 380 and 340 K, respectively.9,30 The effective barrier to
internal rotation for methanol monomer is 370 cm-1, or 540
K.31 In methanol dimer, the barrier to internal rotation for the

proton donor decreases to 265 K for the donor methyl group.31

Because all methanol molecules in F-(CH3OH)n clusters act as
proton donors, it is expected that the barrier will be comparable
if not lower in these clusters. Thus, it is likely that there is
sufficient internal energy for F-(CH3OH)2,3 to overcome the
barrier for internal rotation, leading to the broad C-H bands.
As the clusters increase in size, the internal energy will drop to
the limiting value, determined by the methanol-methanol
binding energy of∼170-200 K.30 The clusters no longer have
sufficient energy to overcome the internal rotation barrier,
resulting in sharper and more structured bands. It is interesting
to observe that the behavior of the width of the C-H stretching
bands is opposite to that of the O-H stretching modes.

The other noticeable trend observed with increasing cluster
size is the convergence of the bands toward the frequencies of
the C-H stretches in liquid-phase CH3OD. These values are
shown in Figure 5. Here, the C-H stretches begin to emulate
liquidlike behavior just as the O-H stretches outlined in the
preceding section did.

IV. Conclusions

Solvation of the fluoride anion by methanol has been
explored. It should be noted that, in this analysis, spectra with
deuterated methanol were essential for band identification
because of the overlap of C-H bands with ionic hydrogen-
bonded O-H stretching modes. The O-HI and O-HEI frequen-
cies are seen to increase with increasing cluster size, whereas
the O-HT stretching frequency displays a less dramatic varia-
tion. The onset of methanol-methanol H-bonding occurs with
four methanol molecules. Extensive methanol-methanol H-
bonding tends to dominate specific O-H stretches at a cluster

TABLE 2: Summary of F -(CH3OH)n, n ) 6-8, 10, 12, 13,
Clustersa

n stretchb
frequency

(cm-1)
width
(cm-1)

area
(10-18 cm)

6 C-Hs 2809( 1 16( 3 24( 4
C-Ha

O-HEI

2868( 2 211( 6 560( 13

O-HEI 3094( 4 76( 16 45( 9
O-HI 3246( 3 119( 12 149( 14
O-HT 3372( 1 67( 4 151( 8

7 C-Hs 2815( 1 18( 1 30( 2
C-Ha and O-HEI 2894( 2 148( 6 225( 9
O-HI and O-HEI 3114( 4 155( 16 131( 16
O-HI 3261( 3 126( 15 101( 14
O-HT 3394( 1 66( 2 130( 5

8 O-HI and O-HEI 3125( 2 175( 11 311( 20
O-HI 3274( 3 99( 12 89( 13
O-HT 3402( 1 63( 2 184( 5

10 O-HI and O-HEI 3154( 3 168( 17 265( 36
O-HI 3291( 3 120( 14 122( 19
O-HT 3424( 1 60( 2 125( 5

12 C-Hs 2851( 1 33( 3 82( 8
C-Ha and O-HEI 2933( 2 98( 8 213( 17
O-HI and O-HEI 3141( 5 157( 22 218( 40
O-HI 3291( 3 156( 14 358( 41
O-HT 3440( 1 55( 4 139( 10

13 C-Hs 2826( 1 23( 3 43( 5
C-Ha and O-HEI 2922( 2 151( 11 273( 20
O-HI and O-HEI 3227( 4 297( 19 459( 28
O-HT 3439( 3 63( 13 41( 9

a Values determined from Lorentzian fits of the experimental spectra.
b O-HI is an O-H stretch involved in an ionic hydrogen bond, and
O-HEI is an enhanced O-HI, where the molecule is also acting as a
proton acceptor to another methanol molecule. C-Hs indicates a
symmetric methyl stretch, and C-Ha indicates an asymmetric methyl
stretch.

Figure 5. Vibrational spectra of F-(CH3OH)n, n ) 6-8, 10, 12, 13.
The spectra ofn ) 7, 8, 10, 12, and 13 are offset by 15, 20, 35, 40,
and 55× 10-19 cm2, respectively.
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size of 13. The optimized geometries, from ab initio calculations,
suggest that the methanol molecules aggregate to one side of
the ion for the smaller clusters. The nature of the solvent does
appear to play a role in the type of ion solvation. Methanol
favors surface solvation for all halide anions, whereas the
fluoride anion is interior-solvated by water.3 The C-H stretching
modes exhibit a more subtle variation with cluster size. The
smaller and warmer clusters appear to undergo free internal
rotation.
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Figure 6. Vibrational spectra of F-(CH3OD)n, n ) 2-8. The vertical
lines represent the frequencies of the symmetric and asymmetric C-H
stretches of liquid CH3OD, the values of which are from ref 26. The
spectra ofn ) 2 and 3 are scaled by a factor of 5. The spectra ofn )
3-8 are offset by 3, 6, 9, 12, 18, and 20× 10-19 cm2, respectively.

TABLE 3: Summary of F -(CH3OD)n, n ) 2-8, Clustersa

symmetric C-H asymmetric C-H

n frequency width frequency width frequency width

2 2784( 1 78( 3 2892( 2 103( 5
3 2798( 2 55( 6 2906( 2 107( 6
4 2811( 1 39( 3 2888( 3 80( 10 2934( 1 41( 5
5 2817( 1 28( 2 2891( 3 79( 11 2941( 1 43( 4
6 2822( 1 22( 2 2894( 1 55( 5 2946( 1 38( 3
7 2825( 1 21( 2 2897( 2 55( 8 2953( 1 50( 4
8 2827( 1 19( 2 2904( 2 69( 7 2953( 1 34( 4

a Values, in cm-1, determined from Lorentzian fits of the experi-
mental spectra.
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