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ABSTRACT: Mid-infrared spectra of methanol and methanol—water
clusters have been investigated in the symmetric CDj stretching band of
CD;OH and CD;0D. We find that the position of this band provides a
useful signature of the general type of hydrogen-bonded cluster it is
associated with. Our results are consistent with those previously reported in
the OH stretching region (Sulaiman, M. L; Yang, S.; Ellis, A. M. J. Phys.
Chem. A 2017, 121, 771—776) in that methanol clusters from the trimer to
the pentamer are cyclic and that mixed clusters with one water molecule
(and at least two methanol molecules) are also cyclic. We additionally
provide evidence that the methanol trimer adopts a chair-like structure (as
opposed to bowl-like), that mixed clusters with a larger number of water
molecules are also cyclic, and that branched methanol clusters contribute to
the depletion signal in larger methanol clusters. We performed double-
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hybrid DFT calculations which support these interpretations.

1. INTRODUCTION

The microscopic hydrogen-bonding (H-bonding) networks
within liquid water and various alcohols have a relatively high
degree of local orientational ordering, which plays an
important role in determining their physicochemical proper-
ties."” H-bonding motifs within these types of networks are
typically described in terms of “linear” and branched chains®
and rings.” There has been considerable debate as to the
relative abundance of these types of motifs in both pure liquids
and solution. For example, comparison of calculations with
experimental data has led to the conclusion that liquid
methanol predominantly consists of long winding chains,’
ring structures (“cyclic and/or lasso”),® or a mixture of chains
and rings (with six and/or eight molecules).” More recently, a
Raman spectroscopic study has provided information about
the average cluster sizes in liquid methanol, with indications
that the trimer, tetramer, and pentamer make up >50% of the
total clusters.® This broad distribution in H-bonded cluster
sizes (and structures) makes gaining detailed experimental
insight into the types of microscopic environments that exist in
simple molecular liquids difficult (since measurements typically
probe the ensemble average).

While the spectroscopic investigation of isolated clusters
does not provide direct information regarding the relative
abundance of the structural aggregates (motifs) in solution, it
can provide valuable insight into their structures and, with
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supporting theory, the energy landscapes that interconnect
them. Isolated methanol clusters are typically formed in
supersonic jet expansions, and the resulting molecular beams
can be probed by a number of techniques, including
microwave spectroscopy,g’10 Fourier transform infrared spec-
troscopy,''~'® and broadly, laser spectroscopy.*™"" These
investigations, in concert with theory, have allowed for
determination of the structures of various isomers of different
methanol cluster sizes. The accuracy to which the structure can
be determined depends on a number of factors, and while it is
the highest based on microwave spectroscopy, measurements
beyond the dimer are problematic on account of the low dipole
moments of many of the lowest energy structural isomers (that
are often ring-like).

Techniques that involve infrared spectroscopy have been
most commonly used to probe methanol clusters, which can
provide the characteristic vibrational frequencies for each
isomer in the molecular beam. The vibrational frequencies are
particularly sensitive to the arrangement of the molecules in
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each cluster, especially the ones whose frequencies sensitively
depend on the cluster size and H-bonding arrangement. The
most sensitive vibrational mode is the OH stretch since it is
often directly involved in H-bonding and therefore experiences
the greatest shifts upon complexation.zo’21 However, this was
not the first mode investigated in pure methanol clusters by
laser spectroscopy, since the high power optical parametric
oscillator (OPO) systems that are typically used in the OH
stretching region were not developed until after the high power
CO, lasers that are well suited for investigating the CO
stretching region. Spectra in the CO stretching region showed
a sensitive dependence of the average vibrational frequency on
the cluster size up to about the pentamer, while the band
profiles are characteristically different between cluster sizes, up
to at least the octamer.”” >* This is qualitatively similar to
what was subsequently observed in the OH stretching region,
although the direction of the vibrational shift is different and
magnitude of the shift is much greater.”****° These laser
spectroscopic investigations, in agreement with electric
deflection studies,”’ showed that clusters beyond the dimer
are ring-like, having very small dipole moments. "’

Helium nanodroplets present a gently perturbing medium
within which higher energy structural isomers can be formed.
This is on account of their low temperature (0.37 K**) and
exceptionally large thermal conductivity, which results in
monomer units being cooled to almost 0 K before associating
with each other and oftentimes trapping them in a local
minimum. Well-known examples include the helium nano-
droplet isolation of linear chains of HCN molecules®® and the
formation of the cyclic water hexamer.”* Helium solvated
methanol clusters have previously been investigated in both the
CO stretching®” and OH stretching36 regions. In the CO
stretching region, evidence for the dimer and trimer adopting
the same configuration as in the gas phase was found, while for
the tetramer and pentamer, branched ring-like structures were
inferred from the spectra. This is in contrast to what was
uncovered in the higher-resolution spectra more recently
reported in the OH stretching region, which only show
evidence for ring-like structures from the trimer to the
pentamer.

In this article, after briefly introducing the technique, we
discuss the quantum cascade (qc) laser spectra of methanol
clusters in the symmetric CDj stretching region, then the less
complicated methanol—water cluster spectra (in the same
region). This is followed by a comparison of our results with
those previously published in helium nanodroplets in the OH
stretching region and a comparison with double-hybrid density
functional theory (DFT) calculations. Part of the motivation of
the series of experiments discussed here was to see if the much
less sensitive symmetric CD; stretching mode could be probed
in order to determine the general structure of methanol
complexes formed in cold helium nanodroplets.

2. EXPERIMENTAL SECTION

2.1. Helium Nanodroplet Isolation Spectroscopy.
Previously, we have provided detailed explanations of the
experimental apparatus,”’ ~*° and so here we only briefly
mention relevant aspects of it. The apparatus consists of a
source chamber where helium nanodroplets consisting of a few
thousand helium atoms are produced,”** a pickup chamber
where they are doped, and a detection chamber where they are
analyzed. The nozzle in the source chamber was cooled to ~20
K with a closed cycle helium cryostat and backed with 34.5 bar
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of ultrapure carrier grade (99.9995%) helium. Methanol-d,
(99.5%) was used as received from Cambridge Isotope
Laboratories, and methanol-d; (CD;OH) was produced by
mixing ethylene glycol and methanol-d, in a ratio of ~3:1. We
used ethylene glycol for H/D exchange because each molecule
contains two OH groups and the (pure) substance has a very
low vapor pressure (~0.1 mbar at ambient temperature). The
methanol isotopologue was flowed into the pickup chamber by
means of a Swagelok metering valve (SS-SS4). For co-doping
experiments, a separate valve (same type) was used to control
the flow of water; this valve was heated to prevent
condensation. The pressure of water or methanol in this
chamber was adjusted to vary the average number of molecules
that were picked up by the nanodroplets, which allowed for the
production of clusters ranging in size from about one to six.
The doped droplets were characterized by depletion spectros-
copy, which relies on the evaporative loss of helium atoms
following absorption of infrared radiation at around 4.8 pm.
The infrared light source was a quantum cascade laser, and we
detected the relative size of the droplets with a quadrupole
mass spectrometer operated in RF-only mode (ions with
masses greater than ~6 u were transmitted). There are a
number of review articles that cover the infrared spectroscopy
of molecules and clusters embedded in helium nanodroplets
and that provide additional details of the technique.* >
2.2. DFT Calculations of Methanol Clusters. In the
previous helium nanodroplet investigation of methanol clusters
(in the OH stretching region), calculations were performed at
the MP2/AVDZ level except when convergence to a stable
structure was not obtained, in which case the B3LYP/AVDZ
level of theory was used.*® Here, we performed optimization
and frequency calculations using Gaussian 09> at the same
level of theory (B2PLYP-D3) for each cluster size/structure.
This was done to facilitate a meaningful comparison of the
calculated and experimental vibrational frequencies, since the
vibrational shifts between different cluster sizes/isomers are
inherently small in the symmetric CD; stretching band. We
used the B2PLYP-D3 method on account of it being much less
computationally expensive than MP2 (and so larger cluster
calculations were feasible), and this comes at a relatively small
cost in terms of accuracy. We used a double-hybrid functional
(B2PLYP-D3) instead of the single-hybrid functional (B3LYP)
that was previously employed because it generally provides
more accurate vibrational frequency predictions for a modest
increase in computational cost.””>> Augmented double ¢ basis
sets (AVDZ) were used throughout. Our initial structures
(before optimization) correspond to those reported in ref 56,
which were calculated at the B3LYP/6-31G(d) level of theory.
All harmonic frequencies have been scaled by a factor that was
determined by comparing computed and experimental
symmetric CD; stretching frequencies for the monomer

(0.9554).

3. RESULTS AND DISCUSSION

3.1. Methanol Clusters. Figure 1 shows the infrared
spectra of methanol-d; clusters embedded in superfluid helium
nanodroplets at a variety of pickup chamber pressures. At the
lowest pressure only the monomer is evident, which is
characterized by a somewhat broad envelope centered at
2076.59 cm™'. This envelope contains rotational substructure
and has previously been analyzed.*® Upon increasing the
pressure, several new peaks grow in, initially at —8 cm™" and
+6 cm™!' relative to the central monomer peak, which is

https://doi.org/10.1021/acs.jpca.2c08327
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Figure 1. Depletion spectra of methanol-d; clusters in the symmetric
CDj; stretching band. The red curves are simulated spectra using the
parameters listed in Table 1. The pickup chamber pressure (inset) is
in Torr. Note that the (very weak) 2074.4 cm™" peak corresponds to
the methanol-d, monomer.*®

followed by an increase in the intensity and change in the
morphology around where the monomer absorbs. Finally, at
the highest pressure, two broad peaks grow in at =9 cm™" and
+4 cm™". All of these features correspond to the symmetric
CDj stretching vibration, and in the following we analyze each
of them and assign them to specific methanol clusters.

In order to uncover all of the significantly intense peaks that
are hidden within the spectra, we fit them to the sum of a
number of Lorentzian functions. This was previously done for
the methanol-d; monomer, for which a nonrigid symmetric top
energy level equation was used to model the line positions.”
This is the only significant contribution to the lowest pressure
spectrum, for which the sum of the Lorentzian functions
extends from about 2073 to 2079 cm™" (see bottom trace in
Figure 1). For the fits performed here, we fixed the relative line
positions and widths of the monomer peaks and only floated
the absolute intensity (including a small contribution from
methanol-d,). With increasing pressure, more and more peaks
became important to include in the fit; the highest pressure
spectrum has the most, and Figure 2 shows a breakdown of a
fit to this spectrum. It reveals eight new peaks (on top of the
monomer envelope) that can be assigned to methanol clusters.

In helium nanodroplet isolation spectroscopy it is typical to
determine the dopant cluster size by recording the depletion
signal as a function of partial pressure and fitting the data to
Poissonian curves. When peaks are overlapping, however, it
becomes problematic, and here we fit the spectra to a sum of
Lorentzian peaks (vide supra) and plot of the relative intensity
of each peak across the range of partial pressures of methanol-
dy investigated (see Figure 3 caption for further details). The
evolution in the relative intensity for each peak can then be
used to assign cluster sizes, which are listed in Table 1. For the
monomer (2076.59 cm™"), which was assigned in ref 38, the
relative intensity gradually decreases with increasing pressure.
The other peaks are observed to initially increase in relative
intensity, and three of them (2067.76, 2068.66, and 2082.50
cm™") which are correlated with each other grow in the fastest;
they are assigned to the dimer. Next, we find that a pair of
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Figure 2. Decomposition of the individual contributions to the fitted

spectrum of methanol-d; clusters at the highest pickup chamber

pressure (see Figure 1). The line positions (inset) are in cm™.

peaks (2076.41 and 2077.10 cm™') grow in much slower,
which we assign to the trimer. Next, a broad peak (2077.28
cm™") is observed to gain intensity and gradually increases over
the pressure ranges investigated; this is assigned to clusters that
contain at least four methanol molecules. Finally, at the highest
pressure we see two new broad peaks (2067.57 and 2080.86
cm™") appear, which we assign to larger clusters yet (probably
containing at least six methanol molecules). With cluster sizes
assigned to each deconvoluted peak, we turn our attention to
gaining some structural insight based on their relative
frequency and intensity, as well as from comparison with
previous work (experimental and theoretical).

3.1.1. Dimer. The two most intense dimer peaks that
become apparent upon tripling the pressure (from 3.4 X 1077
to 1 X 107° Torr) can be assigned to vibrations of the linear
dimer; the peak at 2067.76 cm™" corresponds to vibration of
the CD; stretch within the H-bond donor molecule, and
2082.50 cm ™' corresponds to the same vibration within the H-
bond acceptor molecule. This specific assignment was readily
made by comparison with a previous investigation of
symmetric CHj stretch of the normal isotopologue of
methanol,'”® where the donor and acceptor peaks were
observed to be separated by 26 cm™’, which when scaled
predicts a splitting of 19 + 3 cm™' in the symmetric CD,
stretch investigated here; Table 1 shows the splitting is
marginally less than this at ~14 cm™'. The assignment to
donor [acceptor] being at lower [higher] wavenumber was
supported by theory."”>” Our scaled DFT calculations agree
with this but somewhat overpredict the splitting by ~8.5 cm™,
as shown in Figure 4.

The third dimer peak at 2067.76 cm™" is assigned to the D-
bond donor CD;OD molecule within the linear methanol
dimer (CD;OD—CD;OH). This assignment was made
following the measurement of the depletion spectra of pure
methanol-d, clusters (also in the symmetric CDj stretching
band), which are plotted in Figure S. The lowest frequency
peak in these spectra, which initially grows in rapidly and is
coincident with the “third dimer peak” in Figure 1, is clearly
the D-bond donor CD;OD molecule within the pure d, dimer:
Evidently, the isotopologue of methanol accepting the

https://doi.org/10.1021/acs.jpca.2c08327
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Figure 3. Relative intensity for each of the deconvoluted peaks in Figure 2 as a function of pickup chamber pressure; uncertainties are estimated.
The values were determined by (1) normalizing the sum of the peak intensities for each pressure to 1, then (2) multiplying the resulting values for
each peak (across all pressures) by a particular factor such that the most intense peak is equal to 1.

Table 1. Line Positions, Widths, and Assignments for
Methanol Clusters Embedded in Helium Nanodroplets®

v (em™) I (cm™) assignment”
2067.76(2) 0.24 d (CD;0D)—(CD;0H)
2068.66(2) 0.19 d (CD,0H),
2082.50(5) 0.49 a (CD,0H),
2076.41(3) 0.25 ¢ (CD;0H);
2077.10(3) 0.35 ¢ (CD;0H),
2077.28(17) 1.72 ¢ (CD;0H),,
2067.57(17) 1.68 d (CD;0H);,
2080.86(9) 0.90 a (CD;0H)s,

“Uncertainties (in last place) are estimated. Italicized letter indicates
type of vibrating methanol in the cluster; d = donor, a = acceptor, and
¢ = cyclic. Only dominant assignment is given.

hydrogen bond has an insignificant effect on the CDj;
stretching vibrational frequency of the donor molecule. The
line width of the broad feature near band origin of the
monomer that grows in at higher pickup chamber pressures is
~2X greater for CD;0D than CD;OH (see inset in Figure ),
suggesting faster vibrational relaxation of larger clusters for d,
methanol in comparison to d; methanol. This is consistent
with the previously reported helium nanodroplet isolation
spectra of the dj and d, monomers, for which the rotational
substructure was only evident for the d; monomer; it was
speculated that the substructure was washed out for d,
methanol on account of the stronger Fermi coupling between
the excited symmetric CDj; stretching vibrational state and a
nearby lower energy state.”” It should be noted that while the
choice of using a Gaussian function to fit the “difference
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spectrum” shown in Figure S was purely empirical, the good
quality of the fit suggests that the observed peak is
inhomogeneously broadened. This is consistent with there
being underlying substructure, similar to what was deconvo-
luted in the methanol-d; cluster spectra presented above.

3.1.2. Trimer. As can be seen in Figure 2, we observed two
trimer peaks (2076.41 and 2077.10 cm™") near the band origin
of the monomer. Previous calculations predict that cyclic
cluster peaks should lie in this region, which is around the
midpoint of the donor and acceptor methyl stretching
vibrations of the linear dimer;'”*® the two peaks we observed
are therefore assigned to the cyclic trimer. There are two
isomers of the cyclic trimer that could be responsible for these
peaks: they have chair-like and bowl-like structures (see
bottom inset in Figure 4). Of them, it is the transiently chiral
chair-like isomer that is generally agreed upon to be the most
stable (because it minimizes steric repulsion),”” This is the one
that is typically assigned to trimer peaks in experimental
infrared spectra, e.g, in ref 30. In a sensitive cavity ringdown
experiment on methanol clusters, additional trimer lines were
observed that were tentatively assigned to the bowl-like
isomer;'* however, more recent infrared/Raman experiments
indicate that these lines are probably related to low-frequency
van der Waals modes of the chair-like cluster."

In order to assign the two observed trimer peaks to specific
isomers/vibrations, we performed DFT calculations on the two
lowest energy trimers (chair-like and bowl-like). Figure 4
compares the calculated spectra of these isomers to the trimer
peaks that were deconvoluted from the observed spectra. The
two lowest frequency calculated lines for the most stable
isomer (chair-like) fall very close to the observed line positions

https://doi.org/10.1021/acs.jpca.2c08327
J. Phys. Chem. A 2023, 127, 946—955
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Figure 4. Bottom: Deconvoluted dimer peaks in comparison with the calculated spectrum. Top: Deconvoluted trimer peaks in comparison with the

calculated spectra of the two lowest energy isomers.

(<1 em™ away) and have an intensity ratio (1:3) that is
roughly consistent with the observations (1:2). We speculate
that the slightly higher relative intensity of the observed lower
frequency line than predicted is an artifact that results from the
d, impurity in the d; sample.”” The predictions for the bowl-
like isomer (see Figure 4) are significantly farther away from
the observations, and so we assign the two observed trimer
peaks to the chair-like isomer. Similar to the case of the dimer
(vide supra), the predicted splitting of the trimer peaks is
greater than what was observed. We note that there is a
predicted high frequency line for this isomer that we do not
observe; however it is expected to be relatively weak (which we
speculate is the reason for its nonidentification).

3.1.3. Larger Clusters. Upon turning our attention to larger
clusters (>3 molecules), we deconvoluted one relatively broad
peak from the experimental spectra that overlaps with the
monomer and trimer peaks (see Figure 2). This broad peak
grows in intensity more slowly than the trimer peaks (see
Figure 3), which is consistent with it corresponding to clusters
that consist of at least four methanol molecules. It seems
reasonable that these clusters are cyclic, since the shift is close
to 0 cm™' from the cyclic trimer peaks. This is in agreement
with our DFT calculations, which predict a shift of less than 2
cm™ relative to the monomer for the most intense frequency
peak for each of the cyclic clusters (3—6 molecules); see the
Supporting Information. Figure 6 shows the predicted spectra
of larger cyclic methanol clusters (4—6 molecules), which show
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good general agreement with the broad experimental larger
cluster peak that we observed. There are two remaining peaks
that grow in at even higher pickup chamber pressures, and
based on their intensity dependence on the methanol partial
pressure (Figure 3), they must correspond to clusters that
consist of at least five methanol molecules. They are both
located within 2 cm™" of the donor and acceptor peaks of the
dimer (at —9 and +4 cm™' relative to the monomer),
suggesting their bonding character is similar. We assign them
to the donor (to the red) and acceptor (to the blue) molecules
in branched clusters that probably have a cyclic core.
Unfortunately we are unable to determine the exact number
of methanol molecules in these branched clusters but suspect
they contain at least six molecules because only the cyclic
pentamer was detected in helium nanodroplets in ref 36. In
order to test this hypothesis, we calculated the vibrational
frequencies of a low energy branched hexamer, which does
indeed show a low and high frequency peak with reasonably
strong intensities that fall within 2 cm™ of the observed low
and high frequency peaks (see Figure 6).

To close this subsection, we present spectra in the CDj;
stretching band where we have intentionally co-doped the
nanodroplets with comparable amounts of CD;OH and
CD;OD (see Figure 7). The dimer peaks to the red of the
monomer are the most sensitive indicator of what isotopologue
is acting as a donor. At similar partial pressures, the intensity of
the H-bond donor and D-bond donor stretching bands is

https://doi.org/10.1021/acs.jpca.2c08327
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Figure 7. Depletion spectra of mixed methanol-d; and methanol-d,
clusters in the symmetric CDj; stretching band. The positions of the
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arrowed.
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Figure 6. Deconvoluted N > 4 peak (strongest one) and N > S peaks
in comparison with the calculated spectra for the lowest energy
tetramer, pentamer, and hexamer isomers in addition to a branched
hexamer [chaise pentamer + 1; it is very similar to the lowest energy
branched hexamer (isomer 7) found in ref 61].

similar. When the partial pressure of CD;OH is doubled, the
intensity of the H-bond donor stretching bands approximately
doubles, indicating no significant preference for formation of
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(CD,0D)—(CD;0H) over (CD;OH)—(CD;0D) [as might
be expected based on zero-point effects].

3.2. Methanol—Water Clusters. In Figure 8 we show the
spectra of CD;OH at a relatively low pickup pressure in
comparison to spectra where we have slowly increased the
partial pressure of H,O in the pickup chamber. At the lowest
pressure the monomer and a lesser amount of dimer are
evident. With an increasing partial pressure of water, the
intensity of the monomer and “bound” dimer peaks decreases,
the latter of which occurs at a seemingly faster rate. At a water
partial pressure of 2.3 X 10~® Torr, the bound dimer peak has
disappeared and nothing new has grown in to the red of the

https://doi.org/10.1021/acs.jpca.2c08327
J. Phys. Chem. A 2023, 127, 946—955


https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig7&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c08327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

depletion (arb.)

1.0x10° CD,OH + |

6x10" H,O [

1.2x10° H,0
2.3x10° H,0

3.3x10°H,0

T T T T T T T

T
2070

|
2075

T T T T T T T

|
2080

wavenumber (cm™)

Figure 8. Depletion spectra of methanol-d;—water clusters in the symmetric CD; stretching band.

monomer. This suggests that methanol is not acting as a H-
bond donor with sufficient water present. On the other hand,
the intensity of the peak at ~2082.5 cm™" is slightly greater at
this higher pressure. Since the H-bond donor methanol dimer
peak disappeared in going to 2.3 X 107 Torr of water, the
peak at 2082.5 cm™' must now correspond to the H-bond
acceptor methanol in the water—methanol complex. The
structure of the water—methanol complex is thus consistent
with methanol acting as a H-bond acceptor in the methanol—
water dimer, which is not surprising since it has been
calculated to lie lower in energy than the dimer with water
acting as an acceptor,”” and it is the only structural isomer of
the dimer that has been observed both in the gas phase® and
in helium nanodroplets.®*

In addition to the H-bond acceptor dimer peak that initially
grows in at elevated water partial pressures, a new feature gains
intensity at 2078.5 cm™', and unlike the dimer peak, it
continues to increase in intensity as a function of water partial
pressure (beyond 1.2 X 107® Torr). On account of it being
only ~2 cm™" to the blue of the monomer band origin, we
assign it to cyclic clusters with at least 2 water molecules. If we
begin with a 5X higher pressure of CD;OH (see Figure 9), a
similar progression is observed upon increasing the water
partial pressure, with the peak at 2078.5 cm™' dominating the
spectrum at the highest pressures used. Since we initially begun
with larger methanol clusters (on average), the dominant peak
at higher pressures must correspond to a wide variety of cyclic
methanol—water complexes. This finding is consistent with
previous helium nanodroplet isolation spectroscopy experi-
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ments which focused in the OH stretching region, as discussed
in the following.36

3.3. Comparison with Previous Spectroscopy in
Helium Nanodroplets. The high resolution IR spectra of
helium solvated methanol monomers** and clusters®*® have
previously been reported, in addition to that for mixed
methanol—water clusters.**** Different spectroscopic regions
were investigated for each type: methanol monomers in the
CO, CH, and OH stretching regions, methanol clusters in the
CO and OH stretching regions, and mixed clusters in the OH
stretching region.

We begin with a comparison of the spectra of helium
solvated methanol clusters. As mentioned above, the OH
stretching region is most sensitive to the presence of H-bonds
between molecules, as evidenced by the largest frequency shifts
upon their formation. Sulaiman et al. investigated clusters
ranging in size from the dimer to the pentamer and found that
there is indeed a large red shift for most bands and that its
magnitude increases with cluster size.>® This, along with the
closeness in proximity to band positions observed for bare
clusters from both cavity ring down'* and FTIR'' spectros-
copies, allowed for assignments to be readily made to cyclic
structures (from trimer to pentamer). Our analysis of the qc
laser spectra reported here are consistent with these assign-
ments, and additionally reveal peaks that we assigned to H-
bond donor and acceptor molecules in branched clusters (that
consist of at least five methanol molecules). Branched clusters
have been assigned to peaks in the CO stretching spectra of
smaller methanol clusters in helium nanodroplets;”> however,
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Figure 9. Similar to Figure 8 but with a 5X higher partial pressure of methanol-d,.

those assignments are not consistent with the more recent

investigation in the OH stretching region.36

Next, we compare the helium nanodroplet isolation spectra
of mixed clusters reported here with the previous investigation
that focused on the OH stretching region of methanol. In the
previous investigation of mixed clusters in helium nanodroplets
the relative partial pressure of water in the pickup chamber was
kept low so that the probed clusters contained no more than
one water molecule. This differs from the experiments
described here, which generally favor formation of clusters
containing more water molecules than methanol (at least at
higher pickup chamber pressures). Despite this, in both
investigations only cyclic mixed clusters for the trimer (and
above) have been observed (no evidence for branched mixed
clusters has been found to date). Additionally, as mentioned
above, observation of methanol acting as a H-bond acceptor in
the methanol—water dimer is in agreement with the helium
nanodroplet isolation spectrum of it in the OH stretching

. 64
region.
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4. SUMMARY AND OUTLOOK

Here we performed laser spectroscopy in the symmetric CDy
stretching band of methanol clusters and mixed methanol—
water clusters in order to see if it can be used to explore their
structures. We found that although the vibrational frequency
shift is relatively small between different cluster sizes (and
isomers), this band is indeed a somewhat sensitive probe. For
the methanol dimer, we observe a strong [weak] band to the
red [blue] of the monomer that corresponds to the donor
[acceptor] molecule. For the methanol trimer, tetramer, and
pentamer, peaks are evident near that of the monomer, which
are shown (with the help of vibrational frequency calculations)
to correspond to cyclic structures, in agreement with a recent
investigation.*® For larger clusters we observed two broad
peaks, one near each of the donor and acceptor bands of the
methanol dimer. We assign these to donor and acceptor
vibrations in branched clusters with a cyclic core. Regarding
mixed methanol—water clusters, we find that the dimer adopts
its minimum energy structure, with the water acting as the
hydrogen-bond donor. This is evidenced by an increase in
intensity of the acceptor vibration of methanol relative to the
donor vibration with addition of water to CD;OH doped

https://doi.org/10.1021/acs.jpca.2c08327
J. Phys. Chem. A 2023, 127, 946—955


https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c08327?fig=fig9&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c08327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

droplets. For larger mixed clusters, we observe a broad peak
near the band origin of the methanol monomer, suggesting
that they are largely cyclic. Future experiments focusing on a
spectral region with less homogeneous broadening could be
useful, perhaps in the CO stretchin§ region where (at least) the
monomer lines are much sharper,” and rotationally resolved
spectra could potentially be observed with a narrow line width
laser.
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