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Solvation of the Fluoride Anion by Methanol®
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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-€H stretching frequencies into the-&l stretch region. The use of deuterated
methanol (d and d) was essential in isolating and identifying the-B 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 methanoiethanol 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 not uniformly distributed about the ichA comparison with
the hydration of F offers an interesting contrast by varying
the solute ion. Ab initio calculations of ffH,O),—s Clusters at
0 K indicated that only the pentahydrated ion was internally
solvated, but at 298 K, all clusters exhibited internal solvation.
2 . This suggests that considerations of internal energy in experi-
lon Is at or near the center of mass of the qluster, leading to 2 mental studies should be included in the characterization of
quasi-symmetric structure. In surface solvation, the structure is . ! .
S . -~ cluster structures. In a combined experimental and theoretical
asymmetric, with the solvent molecules aggregating to one side. L
of the ion |nvest|gat||on, |th\;as concludedlthatGHzOf)s—s gllljsters were
' . . interior-solvated from mass-selective infrared laser spectros-
In solvents that are capable of hydrogen bonding, there is an P

inherent competition between ieisolvent and solventsolvent copy? In addition, water water H-bonding was not observed,
P ._consistent with supporting ab initio calculatiohs.

interactions. For anions, this is most acute, because the ionic i . )
hydrogen bond between the ion and the solvent directly The nature of anion hydration discussed above demonstrates

competes with the ability of the solvent to hydrogen bond with & distinct difference between™Fand the other halides. This

itself. As a result, there has been considerable interest in studyingf@iSeS Some interesting questions. Will similar differences occur

these systems from both experimental and theoretical perspecVith & different hydrogen-bonding solvent? This question, in
leads to the issue of whether this behavior strictly a

tives. For the halide anions, which are arguably the simplest UM,

class of anions, the hydrated structures of chloride, bromide, Property of the ion or whether the solvent also has a role in
and iodide are all surface-solvated However, the fluoride  determining the nature of solvation. A similar solvent that would

anion was observed to be interior-solvated with three to five ©ffer a meaningful comparison is methanol. In contrast to water,
water moleculed. Because of concerns that the cluster ion Meéthanol has more limited hydrogen bonding, because of its
structures might depend on the amount of internal energy Single O-H group. Thus, a choice must be made between proton
contained within the cluster, methods have been developed todonation to an ion or to another methanol molecule; it cannot
study hydrated ions that are simultaneously solvated with @rgon, do both. In a previous studyCI~ was determined to be surface-
leading to significant cooling. Infrared spectra of cold clusters Solvated in methanol. The onset for methanolethanol H-

of X~(H,0),, where X = F~, CI-, Br-, or I, have been bonding occurred with four methanol molecules, whereas the

H-bonding occurs with C1, Br—, and I but not with F~.5 These six molecules about the anidfh A more recent investigation
findings have been confirmed by recent ab initio calculations, of CI™ solvation in methanol favors the smaller value (ap-
where particular attention has been paid to the trends as aProximately four in LiCl and about two in Niglbecause of
function of anion and as a function of si%é. inner-shell complexing to Nf).M Supporting ab initio cal-

In warmer clusters, watetwater H-bonding was observed ~culations for the structure and-€M vibrational frequencies
in CI~(H20)4 5 clusters? Although no water-water H-bonding for a 3+ 1 asymmetric configuration (three molecules in the
was observed for the smaller GH,0), 5 clusters, the water  first shell and one in the second solvation shell) agreed with

molecules appeared to be localized on one side of the ion andthe experimental dataThe nature of the solvation of Clby
water and methanol is the same, indicating that the nature of

t Part of the special issue “Jack Beauchamp Festschrift". the ion might be responsible for the asymmetric solvation. It
* Corresponding author. E-mail: j-lisy@uiuc.edu. has been suggested that the large polarizability of the chloride
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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
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anion leads to an asymmetric distribution of solvent about the  Ab initio methods were used to determine both geometries
anion12-14 and vibrational frequencies of FCH3OH),-4 clusters. The
By using F as the anion with methanol, a comparison of calculations performed were similar to those done previously
ion type can be made to the previous work. Vibrational spectra for CI=(CH3;OH)..° In this approach, the MP2-minimized
can be used to determine the onset of methanm@thanol geometry was found using a cc-pVB'dbasis set with diffuse
H-bonding, and ab initio calculations can aid in the interpretation functions on the fluoride, oxygen, and hydroxyl hydrogen
of the experimental spectra. Whereaswas interior-solvated atoms?® As discussed and justified in a previous papéne
by water, this evidence will determine the nature ofdelvation vibrational frequencies were calculated at the HF level using
by methanol. A recent report by Johnson and co-wofRens the MP2-optimized geometry. The ab initio frequencies were
I7(CH30OH), indicates that two structural isomers are present. adjusted by a scaling factor, determined from the ratio of the
A 2 + 0 cluster with both methanols in the first shell and a 1 experimentdf to the calculated methanol monomer frequency,
+ 1 cluster with methanetmethanol hydrogen bonding of one and are shown in Table 1. The ab initio stick spectra of
methanol in the second solvent shell are observed in argon-frequencies and intensities were convoluted into Lorentzian line
cooled complexe¥ The observation of asymmetric solvation shapes with widths that best fit the experimental spectra.
in this situation is not overly surprising, as the interaction
between T and methanol results in the weakest anionic |lI. Results and Discussion
hydrogen bond for any of the halide anions.
Methanol is known to form strong hydrogen bonds with
fluoride aniont® This interaction leads to a large red shift in

the OH stretching frequency (from 3681 chfor the gas-phase . -
methanol monomé?) when the anionic hydrogen bond is the symmetric and asymmetric<& stretches and a broad
formed. This is commonly denoted as the-B stretch, i.e. feature centered near 3075 chirom the O-H, stretch. These

the O—H stretch affected by the ionic H-bond with the anion. assignments are based on the theoretical frequencies from the

In the larger halides, the-€H, stretches were observed at 3241 ab initio calculations, which place all three molecules in the
cm-1 for the CI‘(CH3’OH)2 compleX and at 3369 cmt for the first solvent shell, hydrogen bonded to the.Rhe over 700
I-(CH3OH), specie® in which both molecules are bound to cm™1 shift of the O-H stretch is comparable to that observed
the anion. From data on hydrated fluoride clusters ions, where 1 F(H20)a It is clear that the large shift in the methanol
the O—H, frequency in F(H.0), is 2520 cnt? 28 and that in O—H, stretch results in an overlap with the—@&l stretches.
F~(H,0)s is 2890 cnT2,3 one expects shifts of 86aL000 cnT There is no indication of methaneinethanol H-bonding, which

for the methanol © H, stretches in small {CH;OH), clusters. ~ Would be reflected by more than one-@l vibrational feature,
Because the symmetric and two asymmetrietCstretches of although it is possible that overlap and/or the broad band could
gas-phase methanol are 2844, 2970, and 2999 crespec- interfere with such observations. However, judging from the
tively,1” the O-H, band will likely overlap (and possibly ~ VeY good agreement with the theoretical frequencies, the
interact) with the G-H stretches. As a result, infrared spectra spectrum of F(CH;OH)s is consistent with the 3 0 structure,

using deuterated (cind d) methanol were collected to decouple where all three molecules are in the first solvent shell.

A. F7(CH30H)3 4. Three distinct features are observed in the
experimental spectrum of fFCH3;OH); displayed in Figure 1,
two relatively narrow bands near 2770 and 2855 Eunue to

the O—H and C—H modes. The computed optimized geometry of the(€H;OH); cluster
' . has the methanol molecules on one side as depicted in Figure
Il. Experimental and Theoretical Methods 1. This result is contrary to the structure of the(f,0)s cluster,

The method used to collect the vibrational predissociation Where the molecules are equally spaced about the ion and the
spectra has been described previod$82°but a short account ~ F and O atoms are coplanaf~ was found to be internally
follows that highlights improvements made for this study. Solvated by watet,so the above observation suggests that F
Fluoride anions generated by a thermionic emitter collide with might be surface-solvated by methanol.
methanol clusters produced by a molecular beam expansion, As the number of molecules increases, so does the spectral
thus forming nascentRCHsOH), clusters. These “hot” clusters ~ complexity. Deuterated g methanol (vibrational frequencies
stabilize by evaporative coolify?® and are analyzed by a have been determined by Bertie and co-work®msas used to
tandem quadrupole mass spectrometer. A tunable infrared (IR)simplify then = 4 spectrum by eliminating the-€H stretches.
laser is used for vibrational excitation of the cluster ion of Thus, only the G-H stretches remain in the 2768600 cnt?!
interest (selected by the first quadrupole), leading to the loss of region. The spectrum of RKCD3;OH), is shown in Figure 2,

a methanol molecule (via vibrational predissociation), resulting where four distinct peaks are observed. One narrow band is
in an increase in the number of the (EH;OH),-1 fragment observed at 2879 cr. What appears to be a triplet (a prominent
ions, which are contained by the second ion-guiding quadrupole peak with two smaller peaks on either side) is observed near
and subsequently detected by the third quadrupole. The IR3190 cntl. The band at 2879 cm is at lower frequency than
source is a Nd:YAG pumped optical parametric oscillator (OPO) the O-H, peak for F(CDsOH); at 3074 cm?, indicating a
laser with typical energies of-43 mJ/pulse and a tuning range  stronger hydrogen bond than is present i{GHzOH)s. This

of 2600-4000 cntl. The Nd:YAG pump laser is a custom would be inconsistent with the strength of the hydrogen bond
Continuum Shure-lite instrument with the following operating in @ 4+ 0 configuration for F(CH;OH)s. As was noted above
parameters: 150 mJ/pulse (400 mJ/pulse maximum), 20-Hzin the case of F(H.0),, there is a weakening of the ionic
repetition rate, and 19-ns pulse width. Absolute frequency hydrogen bond as the first shell fills. This is reflected in the
calibration was performed simultaneously with the infrared smaller red shift of the ©H, stretching frequency. Similar
spectra by collecting an absorbance spectrum of HC| betweenbehavior was observed in QCH3;OH),—3 for the O-H,
2600 and 3100 cmt and an atmospheric water photoacoustic stretch?

spectrum between 3350 and 3800 ¢niThe peak frequencies A second type of structure, a 3 1 configuration for

in the vibrational spectra were assigned following fits to F~(CD3OH)4, might exist where three molecules are in the first
Lorentzian line shapes, which more closely fit the spectra than solvent shell and one is in the second. Indeed, ab initio
Gaussian line shapes. calculations indicate that the-8 1 and 4+ 0 structures have



Solvation of the Fluoride Anion by Methanol J. Phys. Chem. A, Vol. 106, No. 42, 20020017

TABLE 1: Summary of F~(CH30H),, h = 2—5 Clusters®

experimental theoretical
frequency width area frequency
n structuré stretch (cm™) (cm™) (108 cm) (cm™) intensity
2+1 O—Hg 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 234
2+1 O—H, 2937 7.0
3+0 O—H, 30744+ 10 388+ 26 69+ 5 3044 55.8
2+1 O—Hrt 3167 24.9
4 3+1 O—Hg 2879+ 1 60+ 5 57+9 2768 56.1
3+1 C—Hs 2812 13.4
440 C—H. 2802+ 1 32+3 20+ 3 2813 10.2
3+1 C—Ha 2928 23.0
440 C—H, 2934+ 8 106+ 21 38+ 13 2930 214
3+1 O—H, 3084+ 3 112+ 16 38+ 8 3070 435
4+0 O—H, 3190+ 2 95+ 9 54+ 7 3180 90.4
3+1 O—Hr 3299+ 4 136+ 11 49+ 5 3300 21.7
5 54+0,4+1 C—Hs 2808+ 1 41+ 3 45+ 4
54+0,4+1 C—Ha 2901+ 2 113+ 7 117+7
4+1 O—Hpg 3090+ 4 94+ 14 38+5
54+0 O—H, 3233+ 1 74+ 4 95+ 6
4+1 O—H~+ 3350+ 2 108+ 7 93+ 5

2 Experimental values determined from Lorentzian fits of the spetfatries for experimental results are made consistent with experimental
data.cn; + n; indicates a structure with; molecules in the first shell anck molecules in the second shell. All properties for structures with
= 1 (H-bonding) are highlighted in bold for clarit§ O—H, indicates ionic hydrogen bond,-®g, indicates an enhanced-®,, and O-Hr indicates
a terminal O-H stretch. C-Hs indicates a symmetric €H stretch, and €H,indicates an asymmetric-€H stretch.® 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—H,, 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 overlappédheoretical intensity is in units of ZamuA2
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Figure 1. Vibrational spectrum and convoluted ab initio stick spectrum with Lorentzian line shapeg@fOH)s;. Graphical representation of
F~(CH3OH); using the optimized geometry from the ab initio calculation. The ab initio symmetric and asymmetdcstEetch frequencies are
shifted by—30 and—75 cnt?, respectively. The full widths at half-maximum for the symmetriel; asymmetric G-H, and O-H, stretches are
40, 90, and 400 cri, respectively.

comparable energies (vide infra). As was observed(iGH;OH), methanol is cooperativelgnhancedy accepting the hydrogen
and CI(CH3OH),, the O-H stretching frequency of the first-  bond from the second-shell methanol. Denoting this type of
shell methanol, which acts as the proton acceptor of the sec-O—H stretch as ©-Hg, the additional shift in frequency has
ond-shell methanol, gains an additional significant shift to been observed to be about 200 @nin 1=(CHzOH),® and
lower frequency. The ionic hydrogen bond in this first-shell CI7(CH3OH),.° Although one might anticipate a stronger
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Figure 2. Vibrational spectrum of {CDsOH), and convoluted ab initio stick spectra with Lorentzian line shapes of thd &nd 4+ O structural
isomers of F(CH;OH), O—H frequencies. The full widths at half-maximum for the-8g, O—H,, and O-Hr stretches of the 3- 1 structure and
the O—H, stretch of the 4+ 0 structure are 125, 200, 125, and 275 ¢mespectively. Graphical representations of the 8 and 3+ 1 structures
of F~(CH3OH), using the optimized geometries from the ab initio calculations are also provided.

enhancement in the case of Clthe O-H, stretches for of F~(CD30OH),, as estimated by the evaporative ensembi&
I~(CH3zOH); and CI(CH30H); were observed at 3331 and 3325 is equivalent to approximately 300 K.
cm™1, respectively’,'®suggesting comparable anionic hydrogen-  The spectrum of FCHsOH),; is shown in Figure 3 for

bond strengths. A 3 1 configuration should have an-Hg, completeness. The ab initio frequencies are in good agreement
stretch to lower frequency than the—®l, stretch of a 3+ 0 with the experimental data. As can been observed, the overlap
structure—an assumption that is confirmed by ab initio calcula- between the ©Hg band in the 3+ 1 structure and the €H

tions (see Table 1) and by comparison with (@Hz;OH)3 4.° stretching modes would have made structural assignments
Thus, the band at 2879 crhcan be assigned to an-®ig, difficult in the absence of the GJOH measurements. The use

stretch of a 3+ 1 structure. Again, this band is shifted by about of d; methanol was crucial to the interpretation and identification
200 cnmt! to lower frequency than the ©H, band in of the two F(CH3zOH), structural isomers. IN§H,0), clusters,
F~(CH3zOH);, which is consistent with the shifts observed in there was no indication of watewater H-bonding with up to
I~(CH3OH),!® and CI(CH3OH)4.° There are two other first-  five molecules Because H-bonding between the methanol
shell methanol molecules in FCD3OH), with O—H, bands that molecules begins prior to the filling of the first solvent shell,
can be expected to be in the same frequency region asthf O  this is evidence that the FCH3;OH), cluster exhibits surface
band in F(CH3;OH); (3074 cntl, see Table 1). The peak at solvation. The presence of a 4 0 structure indicates a
3084 cnt! is assigned to the ©H, stretches of the 3+ 1 competition between surface and interior solvation at this cluster
structure, as indicated in Figure 2. The peak at highest frequency,size.

3300 cnrl, is most likely from the terminal ©H, O—Hr, In comparing Figure 1 with either Figure 2 or 3, it is clear
stretch (the G-H stretch of the second-shell methanol). These that the breadth of the hydrogen-bonded OH stretch is much
are the three ©H stretching bands associated with the-3. larger for the smaller {CH3OH); cluster ion. There are two
configuration. As can be seen in Figure 2, they are in good likely reasons. First, the smaller number of solvent molecules
agreement with the frequencies obtained from the ab initio allows for greater motion within the first solvent shell, thus
calculations. The remaining and prominent feature at 319G cm  giving rise to a wide range of structural conformers. The clusters
must be due to the 4 O configuration. This structure would  with four solvents have less mobility about the ion, resulting in
also have only a single infrared-active-® stretching band, a more defined first solvent shell. A second possibility is related
the O—H,, which should be slightly higher in frequency than to the effective temperature of the cluster ions. The solvent
the 3+ 1 O—H, band [and the ©H, band in 3+ 0 binding energies decrease with increasing solvent number in
F~(CH3OH)s). The results from the ab initio calculations again this size rangé® The internal energy or effective temperature
confirm this assignment of the infrared-active-8, stretch to of the cluster ions also decreases with increasing solvent number
within 10 cnt? of the observed experimental value, as shown as expected from the evaporative enserftéCluster ions with

in Table 1. Which of the two configurations is most stable? greater internal energy will have more excitation in vibrational
The results from the calculation place thet40 configuration modes associated with the anionic hydrogen bond. This will
lower in energy by 2.7 kcal/mol, which narrows to 2.2 kcal/ modulate the distance between the anion and the methanol
mol when zero-point energy (in the harmonic approximation) molecules, varying the strength of the ionic hydrogen bond and
is taken into account. As these two configurations are so closeleading to a broadening of the €M stretching band. The

in energy, it is no surprise that both are represented in the F~(CH3;OH); cluster ion with its higher internal energy would
experimental observations, where the internal energy contentaccordingly have a broader band than(@Hs;OH)s.
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Figure 3. Vibrational spectrum of {CHs;OH), and summation of the
3+ 1 and 4+ 0 F(CHzOH), structural isomers convoluted ab initio
stick spectrum with Lorentzian line shapes. Theldy, feature of the
3+ 1 structure is shifted by 110 crh The full width at half-maximum
(fwhm) for the O-H, feature of the 4+ O structure is 275 cmt. The
fwhm values for the ©Hg, O—H,, and O-Hy features of the 3+ 1
structure are 138, 200, and 125 ¢mrespectively. Graphical repre-
sentations of the 4 0 and 3+ 1 structures of {CHsOH), using the
optimized geometries from the ab initio calculations are also provided.

2800

B. F(CH30OH)s-g10,12,13 From the observations on the
smaller F(CH3;OH)s4 cluster ions and previous studies on
I~(CH30H); » 15 and CI-(CH3zOH),,° the shift to lower frequency
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Figure 4. Vibrational spectra of {CH;OH),, n = 4—6. The spectra
of n=5 and 6 are offset by 6 and 12 10°1° cn?, respectively. The

O—Hg bands heavily overlap with the methyl @ldymmetric and
asymmetric stretches.

The highest-frequency peak in all of the large cluster ion
spectra is expected to be from the-By stretch. This vibrational
mode is not as dependent on the ion and should always be less
than or about equal to the-Hy stretching frequency of linear
methanol trimef82°3433 cnTl. Note that, in T (CH3;OH),, the
O—Hy frequency in the 1+ 1 cluster ion was 3340 cm,

of the O-H, band from the gas-phase monomer value decreaseshereas in Cl(CHOH),-1. cluster ions, these bands were
as the number of methanol molecules increases (note that thePbserved between 3380 and 3465¢niThe O-Hr stretching

computed frequencies for the-®, stretches of F(CH3OH); »
are 2089 and 2720 cmh, respectively). This trend continues
for the larger F(CH3OH), cluster ions as well. This is due to

frequencies for the larger FCH3;OH)s-13 clusters are displayed
in Table 2 and gradually increase with increasing cluster size,
tending from 3350 to 3440 cr. This common behavior, shared

a weakening of the electrostatic interaction/binding energy, and Py the three methanolated anions and the neutral linear methanol
thus the anionic hydrogen-bond strength, as the cluster sizetfimer, lends considerable support to this assignment.

increases. In a qualitative sense, the shift drops off rapidly with
decreasing binding enerdy.From extrapolation, the ©H,
frequency for the 5+ 0 cluster should be about 3240 chin

the middle of the 120 cm¥ span between the# 0 O—H, and

3 + 1 O—Hpr stretching frequencies. The most prominent peak
in the F(CH3OH)s spectrum occurs at 3233 ¢ as shown

in Figure 4. This could be attributed to the-®l, stretch ina 5

+ 0 configuration, although a4 1 O—H; is also a possibility.
Because the peak is so prominent and is part of a “triplet”, it
seems unlikely that only one configuration for(EHz;OH)s is
present. The features on either side of the peak at 3233 cm
follow from the designations given far= 4. For clusters with
five or more methanol molecules, we were unable to do ab
initio calculations of sufficient quality to address the-@

There are at least two possible structural isomersifer5,
and similar numbers are believed to occurfior 6. A6 + 0
structure is unlikely, principally because of the high intensity
of the O—H+t bands that dominate this region of the spectrum.
From extrapolation of the ©H, frequencies of the smaller
clusters, the 6+ 0 O—H, band should occur at 3270 cfy
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 c the region mainly consisting of
O—H, features, as seen in the spectra shown in Figure 5. There

stretching frequency issues quantitatively. Thus the remaining are some general trends, and information can be gained from
assignments are based on the trends observed for the smalletorentzian fits to the data, given in Table 2. At first, the-B+

cluster ions.

feature increases in intensity with cluster size, reflecting higher
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TABLE 2: Summary of F~(CH30H),, n = 6—8, 10, 12, 13,

Clusters?
frequency width area 7
n stretch (cm™) (cm™) (10 8cm)
6 C—Hs 2809+ 1 16+ 3 24+ 4 13
C—Ha 2868+2 211+6 560+ 13 60| "7
O—Heg
O—Hg 3094+ 4 76+ 16 45+ 9 o
O—H, 3246+ 3 119+ 12 149+ 14 g
O—Hr 3372+1  67+4 151+ 8 2 5
= n= 12 .
7 C—Hs 2815+ 1 18+1 30+ 2 <
C—Haand O-Hg 2894+ 2 148+ 6 225+ 9 _5
O-H/and O-Hg  3114+4 155416 131+ 16 3 n=10
O—H, 3261+ 3 126+ 15 101+ 14 2 40 4
O—Hr 3394+ 1 66+ 2 130+ 5 §
8 O—H, and O-Hg 3125+ 2 175+ 11 311+ 20 (: n=8
O—H, 3274+ 3 99+ 12 89+ 13 -%
g
2
g
2
-9

™
(=]

O—H, and O-Hg 3141+5 157+ 22 218+ 40

O—Hs 3402+ 1 63+ 2 184+ 5 530 1
10 O-H,and O-Hg  3154+3 168+ 17 265+ 36 ;
O—H 3291+3 1204+ 14 122419
O—Hsr 3424+ 1 60+ 2 125+ 5 |
12 C—Hs 2851+ 1 33+3 82+8 n=7
C—H.and O-Hg  2933+2 98+ 8 213+ 17 /L/\—/k

O—H, 3291+ 3 156+ 14 358+ 41 10l n=6
O—Hr 3440+ 1 55+ 4 139+ 10
13 C—Hs 2826+ 1 23+ 3 43+ 5
C—Hzand O-Hg 292242 151+ 11 273+ 20
O—H, and O-Hg 3227+ 4 297+ 19 4594 28 0 . .
O—Hr 3439+ 3 63+ 13 41+9 2600 2800 3000 3200 3400 3600
aValues determined from Lorentzian fits of the experimental spectra. Frequency (em™)

bO—H, is an O-H stretch involved in an ionic hydrogen bond, and . — A

O—Hpg is an enhanced ©H,, where the molecule is also acting as a 'II:'Ir?;rse gétr\/;tgﬁtfnfl;plegtriz()fai(gTgo:r?a"’or}_fgefb8'1é0’2%2’3153'40
proton acceptor to another methanol molecule-Hg indicates a and 52)( 10-19 cn? ,res’ e(;tivei Yy 19, 25, 59, 40,
symmetric methyl stretch, and-, indicates an asymmetric methyl ’ P Y-

stretch.

proton donor decreases to 265 K for the donor methyl gfdup.

occupancy in the second solvent shell. Whereas the intensity,Beécause all methanol molecules in(EH;OH), clusters act as
given by the area of the band, maximizes at 8, the maximum proton donor_s, it is expected that the b_ar_rler_wﬂl be compara_ble
ratio of the O-Hr peak area to the ©H, region occurs ah = if nc_)t_ Iowgr in these clusters. Thus, it is likely that there is
6. This indicates that structures with significant numbers of Sufficient internal energy for RCH;OH), 3 to overcome the
second-shell methanols are present. As the cluster size increasd2a'tier for internal rotation, leading to the broag¢-B bands.
further, the intensity in the region between 3000 and 3300cm As th_e c_I_usters increase in size, the internal energy will drop to
becomes dominant. The-eM stretch for liquid methanol is at ~ the limiting value, determined by the methanatethanol
3351 cntl, so this region would be expected to increase in Pinding energy of-170-200 K30 The clusters no longer have
intensity as methanelmethanol H-bonding becomes more suff|C|_ent_ energy to overcome the internal rotat!or) barne_r,
extensive. Atn = 13, there is no longer much distinction resulting in sharper and more structured bands. It is interesting
between different ©H stretches, as one very broad band around to obse_rve that Fhe behavior of the width of.thelestretching
3230 cn? begins to consolidate. The degradation of distinct Pands is opposite to that of the-®1 stretching modes.
spectral features suggests an amorphous structure with the cluster 1 N€ other noticeable trend observed with increasing cluster
resembling a microscopic solution. size is the convergence o_f the bands toward the frequencies of

C. F~(CH30D),_s. Whereas the ©H group has been used the C—H stretches in liquid-phase GBD. Thesg values are
to monitor the strength of the interaction between the halide ShoWn in Figure 5. Here, the-€H stretches begin to emulate
anion and methanol, it is also possible to examine the effectsllquidlike behavior just as the ©H stretches outlined in the
on the CH portion of the molecule. Figure 6 contains spectra Preceding section did.
of F~(CH30D),, n = 2—8. The use of the disotopomet® .
eliminates spectral congestion from the-B, bands that would IV. Conclusions
otherwise occur in the same region. Solvation of the fluoride anion by methanol has been

The spectra oh = 2 and 3 are relatively broad and diffuse, explored. It should be noted that, in this analysis, spectra with
whereas the bands for= 4 are narrower and more defined, as deuterated methanol were essential for band identification
exemplified in Table 3. The binding energies for(EH;OH)3, because of the overlap of-@4 bands with ionic hydrogen-
CI=(CH3OH),, and Na (CH3zOH), are similar, so their internal ~ bonded G-H stretching modes. The-€H, and O-Hg, frequen-
energies should be similar in our apparatus. The temperaturescies are seen to increase with increasing cluster size, whereas
of CI7(CH3;OH), and Na(CH3OH), were determined to be the O-Hr stretching frequency displays a less dramatic varia-
about 380 and 340 K, respectiveély® The effective barrier to tion. The onset of methanemethanol H-bonding occurs with
internal rotation for methanol monomer is 370 ©mor 540 four methanol molecules. Extensive methanolethanol H-
K.31 In methanol dimer, the barrier to internal rotation for the bonding tends to dominate specific-® stretches at a cluster
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