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Abstract

The structural arrangement of small carboxylic acid molecules in the liquid phase remains a
controversial topic. Some studies indicate a dominance of the cyclic dimer that prevails in the gas
phase, whilst other studies favor short fragments of the infinite catemer chains that are found in
the crystalline phase. Furthermore, difficulties in preparing and probing size-selected catemer
segments have resulted in a lack of benchmark data upon which theoretical models of the
condensed phases can be built. To address these issues, we have combined infrared spectroscopy
and quantum chemical calculations to explore regions of the intermolecular potential energy
surface associated with the formation of metastable dimer isomers. The OH stretching region of
the spectrum shows that aggregation of acetic acid molecules inside liquid helium nanodroplets
yields two distinct metastable dimers, whilst negligible signal is observed from the cyclic dimer
that typically overwhelms this spectral region. We deduce that the most abundant isomer in
superfluid helium has one strong O—H:--O=C and one weak C—H:--O=C hydrogen bond. Since
this bonding motif is common to the dimeric repeating unit of the catemer, it is of fundamental
importance for understanding intermolecular interactions in the condensed phases of small

carboxylic acids.



1. Introduction

Dimers of carboxylic acids are classic examples of hydrogen bonded structures. They are used as
model systems to gain an understanding of proton donor-acceptor interactions, which are important
in structural biology, molecular recognition and polymer science.!-> The lowest energy structure
of carboxylic acid homodimers has two strong and equivalent O—H---O=C hydrogen bonds, which
yield the locally cyclic arrangement illustrated in Figure 1(a) for acetic acid (AA), and this cyclic
structure is prevalent in the gas phase.%” However, the crystalline state of AA is dominated by
catemer chains containing one strong O—H---O=C and one weak C—H:--O=C bond between
adjacent molecules, as shown in Figure 1(b), and the formation of extended structures is facilitated

by weak C—H:---O bonds between the catemer chains.®’
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Figure 1. Selected hydrogen-bonded structures for trans acetic acid: (a) cyclic dimer, (b) a section
of the catemer observed in the crystalline state, and (c) a metastable dimer. The red and pale blue

dashed lines represent strong O—H---O=C and weak C—H---O=C hydrogen bonds, respectively.

The structure of the liquid phase is still the subject of controversy, with some studies indicating a
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preponderance of cyclic dimers'®'" whilst others favor segments of catemer chains, ='> potentially
as short as the trimer.!* Despite its important role as the repeating unit of the catemer structure,
relatively little is known about the metastable AA dimer shown in Figure 1(c). In addition, even

though the initial steps involved in AA crystallization remain unclear, this dimer could potentially



act as a precursor to catemer formation and crystal growth.!> For these reasons, this metastable

dimer is the primary focus of the present work.

Whilst techniques such as neutron and X-ray diffraction are valuable for determining
intermolecular separations in the condensed phases, infrared (IR) spectroscopy is sensitive to the
type and strength of intermolecular interactions that are fundamental to the formation of extended
structures. For example, when a molecule containing an OH group forms a hydrogen bond of the
type O—H:--X, this weakens the O—H bond and can result in a substantial red shift of the OH

stretching frequency and an increase in the absorption strength.!6:!7

For small clusters at low temperature, IR spectra typically contain well defined peaks enabling
definitive assignments to be made through comparison with quantum chemical calculations.
However, for more complex systems, the spectral profile can be broad and relatively featureless,
leading to difficulties in interpreting the spectrum; this is the case for solid and liquid AA.!8
Nevertheless, insight into the hydrogen bonding interactions can be gained by gradually increasing
the system complexity, for example, by starting with the dimeric unit of the catemer structure and
adding one molecule at a time. This “bottom up” approach can also help in the development of

theoretical models by providing valuable benchmarks.

The OH stretching region of the IR spectrum for the cyclic dimer of AA (Figure 1(a)) has been
well studied and experiments have shown that, instead of a single feature corresponding to the
antisymmetric OH stretching mode, a very broad and partly structured absorption envelope extends
across ~2500-3400 cm™ with an intensity maximum at ~2930 cm™! for a jet-cooled gas phase
sample.!®?2 The spectral complexity has been the subject of many theoretical studies and is
attributed to a variety of anharmonic coupling mechanisms.?3-?¢ By comparison, little is known
about other dimeric isomers such as that shown in Figure 1(c) and their study is hampered by (i)
spectral congestion and weak signal intensities in the gas phase,?*?’ (ii) large frequency shifts due

28-30 and (iii) the lack of accurate

to vibrational perturbation when studied in solid matrices
calculations of vibrational frequencies for comparison with experiment until recently.’® Such
problems can potentially be resolved by preparing high purity samples of metastable dimers in low

perturbation environments, such as inside superfluid helium nanodroplets.



It is well established that cluster formation inside helium nanodroplets can lead to the creation of
isomers other than the global energy minimum, e.g., the cyclic hexamer of water,?! linear chains
of (HCN), where n = 4 to 7,°? and the linear OCS trimer.** Furthermore, vibrational perturbation
of the dopants is known to be small compared with solid matrix environments, enabling more
reliable comparison with quantum chemical calculations.** In an earlier IR spectroscopic study of
formic acid (FA) dimers in helium nanodroplets, it was deduced that a single metastable dimer
structure formed instead of the lowest energy cyclic isomer.*> However, the absorption strength
was reported to be exceptionally weak in the hydrogen-bonded OH stretching region,* despite
predictions of strong bands from ab initio calculations.® The reason for this disparity is unknown
and it is not a priori clear whether similar isomeric selectivity will be observed for AA dimers

because the balance of intermolecular forces is expected to be far more subtle for AA than FA.?

In this work, we observe the spectral signature of two metastable dimers of AA, which are formed
inside superfluid helium at ~0.37 K, with no detectable contribution from the lowest energy cyclic
dimer that dominates in the gas phase. We have performed spectroscopic characterization in the
OH stretching region and compared our measurements with ab initio calculations. Properties
relating to the O—H---O=C, C—H:--O=C and O—H:--O—H hydrogen bonding interactions are
reported, including calculated intermolecular bond lengths and interaction energies for the

observed metastable dimers.

2. Methodology

2.1 Experimental

Experiments were performed using a previously described helium nanodroplet instrument.?”3° The
nanodroplets were prepared by expanding helium gas at high pressure (32 bar) through the 5 um
diameter aperture of a cooled nozzle (16 K), resulting in a mean droplet size of ~5000 helium
atoms.>* The resulting continuous beam of droplets passed through a skimmer and into a cell
containing AA vapor, where they could pick up one or more AA molecules. After leaving the

pickup cell, the doped droplets were overlapped with a counter-propagating tunable IR laser beam



from a nanosecond optical parametric amplifier (LaserVision) operating at a repetition rate of 10

Hz, with bandwidth of ~4 cm™ and an incident pulse energy of ~11 mJ.

Upon reaching a quadrupole mass spectrometer (Extrel, MAX-1000), the doped droplets were
ionized via 90 eV electron impact and the fragment ions were detected. The mass spectrometer
was operated in two different modes. The first permitted the measurement of a mass spectrum over
a wide range of ion masses, whilst the second enabled the selection of ions with a specific mass-
to-charge ratio, m/z. Using the latter operating mode, the ion signal was accumulated using a gated
photon counter (Stanford Research Systems, SR400) and IR spectra were obtained by measuring
the change in ion signal as the laser wavelength was scanned. If the wavelength matches an
absorption transition of the dopant, the energy absorbed is converted to heat and causes the droplet
to shrink via evaporation of helium atoms. Consequently, IR absorption is registered as a depletion

in the ion signal of a selected mass channel.

The AA vapor was obtained from a sample of glacial acetic acid at room temperature, which was
bled into the pickup cell through a needle valve, enabling a controlled partial pressure to be
achieved. In order to confirm the size of the dopant cluster responsible for each IR absorption
feature, the dependence of the pickup cell pressure (PUCP) on the ion depletion signal was
measured for selected mass channels. The resulting PUCP curves were subsequently compared
with the normalized Poisson distributions expected for a statistical pick up of AA monomers,
dimers and trimers (see later). When recording IR spectra over an extended frequency range, an
AA partial pressure of 8 x 10 mbar was chosen, which corresponds to an average pick up of one
AA molecule per droplet. This low partial pressure reduces the probability that a droplet will
acquire three or more AA molecules and therefore the resulting IR spectra are dominated by peaks

associated with the monomer and dimers.
2.2 Computational methods

Quantum chemical calculations were performed using the Q-Chem software package.* Due to its
relatively low cost, density functional theory (DFT) was used to search for equilibrium structures
of AA dimers, which correspond to minima on the intermolecular potential energy surface. In order
to search through a wide range of possible geometries, a total of 100 different initial configurations

were generated by randomly performing 30 rotational and translational moves. In a translational



move the molecule is shifted by a random distance between 0 and the maximum displacement of
5 ao, where ap = 1 bohr, in each of the x, y and z directions. In a rotational move the molecule is
rotated by a random amount between 0° and 180° about a randomly selected inertial axis. A move
is rejected if the molecule moves within 0.3 ao of another molecule or goes outside a cubic box of
side 40 ao. Only the lowest energy trans conformer of each monomeric unit was considered for the
initial configurations, which were optimized without constraint using DFT at the M06/6-31+G(d)
level with the SG-1 integration grid. The differentiated species were then re-optimized at the

MO06/6-311++G(d,p) level of theory, with an EML-(150,770) integration grid.

For comparison with experiment, geometry optimization and frequency calculations were
subsequently performed using second-order Mpgller-Plesset perturbation theory (MP2) in
combination with the 6-311(2+,2+)G(2d,2p) basis set. These calculations utilized the structures
found from the preceding DFT calculations as a starting point. A zero-point energy (ZPE)
correction was applied to the interaction energies of the dimers and the harmonic frequencies were
scaled by a factor of 0.9463. The latter value was deduced by comparing the calculated OH
stretching frequency for the AA monomer with the known experimental value of 3583 cm! in the
gas phase.*! This mode-specific scaling factor provides a correction for the neglect of
anharmonicity, in addition to addressing residual deficiencies in the electronic structure
calculations. Anharmonic frequency calculations were not attempted because they are expensive
for systems as large as an AA dimer using methods such as MP2 and studies suggest that the gain

in accuracy over scaled harmonic frequency calculations can be quite modest.*>*?

3. Results and discussion

3.1 Experimental IR depletion spectra

Figure 2(a) shows a mass spectrum, which is dominated by three peaks corresponding to ion mass
channels m/z 43, 45 and 61. Because the relative molecular mass for the AA monomer is 60, the
ion signals at m/z 43 and 45 can originate from fragmentation of the ionized AA neutral monomer
and from larger clusters, whereas the origin of the m/z 61 signal can only come from AA dimers

and larger clusters. Even though a range of parent cluster sizes can contribute to each ion mass



channel, the channels primarily derived from the parent dimer can be determined from analysis of

the IR spectra and PUCP curves, as detailed below.
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Figure 2. (a) Mass spectrum obtained from electron ionization of helium nanodroplets containing
acetic acid. Beneath the mass spectrum are IR spectra recorded by monitoring the depletion in
signal for fragment ions at (b) m/z 43, (c) m/z 45 and (d) m/z 61. For all spectra, the average number

of acetic acid molecules added per droplet is one.

In Figure 2(b) to (d), IR spectra recorded in the OH stretching region from 2800 to 3760 cm™ for
each of the three dominant ion mass channels are presented. The IR spectrum recorded for the
COOH" fragment ion at m/z 45 in Figure 2(c) is dominated by a sharp peak at 3585 cm™!. Because
the IR absorption event occurs prior to ionization, the spectral peak is assigned to a vibrational
mode of the neutral dopant rather than the detected ion. Previous experimental gas phase studies
have reported that the free OH stretching mode for the AA monomer lies at 3583 cm™,*! and

therefore the IR peak that we observe at 3585 cm™ is assigned to the same vibrational transition.



We note that this transition derives from the trans conformation,?® which has an energy ~23 kJ

mol™! lower than the cis conformer.**

In Figure 3, two distinct sets of PUCP curves are presented for the spectral feature at 3585 cm™!;
one from the ion channel with m/z 45 and the other for m/z 43. Both sets show a similar pressure
dependence, indicating that there are at least two fragmentation pathways following electron
ionization of the AA monomer, i.e., fragmentation to COOH" at m/z 45 and to CH3CO™ at m/z 43.
The IR feature at 3585 cm™! for the latter mass channel is observed in Figure 2(b) as the higher

frequency component of a partially resolved doublet.
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Figure 3. Pickup cell pressure curves obtained by measuring the depletion in ion signal at fixed
IR wavelengths corresponding to the dominant spectral features. Data are shown for fragment ions
with m/z 43, 45 and 61. The solid lines show the expected Poisson distribution curves for the acetic

acid monomer, dimer and trimer.

Strong similarities are observed for the IR spectra in Figures 2(b) and (d), which were measured
by detecting CH3CO" and (CH3COOH)H" ions at m/z 43 and 61, respectively, and the remarkable
finding here is the simplicity of the spectra. Three strong and reasonably sharp bands at 3292, 3429

and 3578 cm™! are common to both mass channels and are assigned to OH stretching modes. As



illustrated in Figure 3, all three of these bands show a pressure-dependence in good agreement

with the Poisson distribution for the neutral AA dimer.

Even though a small IR depletion signal is observed below 3280 cm™ for the m/z 61 mass channel
(see Figure 2(d)), the absence of a local maximum in signal at ~2930 cm™! indicates that this
structure does not originate from the cyclic dimer. Instead, we assign the weak features at ~3000
and ~3040 cm™! to CH stretching modes of metastable AA dimers and the minor feature at ~3200
cm! to an OH stretching mode of a trimer that will be the subject of future work. A very weak and
broad spectral profile is also observed below 3280 cm™ and we preliminarily assign this to AA
clusters larger than the dimer. The absence of signal from the cyclic dimer is in stark contrast to
previous IR spectroscopy studies in both the gas phase and in argon matrices, suggesting that either
the cyclic dimer is not formed inside helium nanodroplets or else the population is particularly
low. This is fortuitous since the lack of spectral contamination from the cyclic dimer allows for a

more detailed study of metastable AA dimers.

In the present work, the dimer band at 3578 ¢cm™ has a small red-shift from the free OH stretch of
the AA monomer at 3585 cm™! and must therefore originate from a free OH group of an AA dimer.
Because both OH groups in the lowest energy cyclic dimer are strongly bound, as illustrated in
Figure 1(a), the observation of a free OH band confirms that metastable dimers are formed. The
other IR bands at 3292 and 3429 cm! are substantially red-shifted from the free OH stretching
region and are therefore assigned to OH groups involved in hydrogen bonding. We note that if
these two bands came from the same dimer structure then their relative intensities would be the
same regardless of which mass channel was used for detection. However, what we actually see is
a difference in relative band intensities when spectra are recorded in the m/z 43 and 61 mass
channels, showing that the bands at 3292 and 3429 c¢cm™ are from different isomers. The
implication here is that these isomers have different fragmentation branching ratios on ionization,

a fact we attribute to differences in their structures.
3.2 Assignment of dimer isomers

In order to deduce the geometric structures of the AA dimers created inside helium nanodroplets,
we have performed quantum chemical calculations. In making a comparison between theory and

experiment, it is worth noting that very small vibrational shifts are expected for molecules encased
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in superfluid helium, with most known cases showing shifts of <2 cm™! when compared with the
gas phase.** Furthermore, the apparent absence of anharmonic coupling between the OH stretching
modes and lower energy vibrational modes, which we infer from the sharpness of the IR bands in
Figure 3, should make for a reasonably straightforward comparison between the calculated scaled

harmonic frequencies and experimental values.

Our calculations began with a random search procedure, which yielded 11 unique dimer structures
with energies within 70 kJ mol™! of the global minimum energy structure. Examination of the
vibrational frequencies and intensities revealed that the seven highest energy dimer structures have
scaled harmonic IR frequencies >3570 ¢cm™ and low intensities of <120 km mol! for both OH
stretching modes. This indicates an absence of strong intermolecular bonds involving an OH
group. Therefore, these seven structures are not suitable candidates for assignment to the

experimental IR peaks at 3292 and 3429 cm™! and will not be considered further.

In addition to the four remaining dimer structures that were found by our search procedure, two

7.30.46 wwere also considered

other structures, which were identified in previous theoretical studies,
as possible candidates because they contain hydrogen-bonded OH groups. To identify these
structures through our search procedure would have required expanding the search beyond the 100
initial structures considered. However, as these structures are already known from elsewhere we
included them directly. We therefore have six structures, labelled D1 to D6, that we will focus on
from here onwards. These structures are labelled in order of increasing energy so that D1 is the
cyclic dimer (the global potential energy minimum). Isomers D4 and D5 are those taken from
previous studies. Our calculations at the MP2/6-311(2+,2+)G(2d,2p) level of theory find that one
of these isomers, D5, has an imaginary value for the lowest frequency vibration. The presence of
this imaginary frequency is dependent on the methodology used, since no imaginary frequencies
were observed for DFT calculations and MP2 calculations with a smaller 6-31+G* basis set. The
higher level calculations suggest that D5 is a transition state where the imaginary mode

corresponds to a twisting of the AA molecules around the hydrogen bond, which takes the structure

towards D4.
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In Figure 4, the experimental IR spectrum for the m/z 43 channel is reproduced. Also shown are
the structures for isomers D1 to D6, along with the IR spectra predicted from our MP2 calculations.
The comparison between theory and experiment begins with the most strongly red-shifted
experimental feature observed at 3292 cm™! in Figure 4(a). This peak shows close agreement with
the v(OH)---O=C stretching mode for dimer D3 in the calculated spectra in Figure 4(b). The
substantial redshift relative to the AA monomer is due to the strength of the O—H:--O=C hydrogen
bond. However, because D3 only contains one such bond, as illustrated by the calculated structure
shown in Figure 4(c), the redshift is substantially smaller than that predicted for the cyclic dimer,
D1. The assignment to D3 follows because all other calculated frequencies are >30 cm™! from the
experimental value. A low intensity feature at 3575 cm™! is also predicted for D3, which almost

exactly matches the experimental frequency for the free OH stretch in the dimer.
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Figure 4. Comparison between (a) an IR depletion spectrum measured by monitoring ions at m/z
43 and (b) scaled harmonic MP2 calculations for the acetic acid monomer and the six lowest energy

dimers, D1 to D6, whose structures are shown in (c) along with the ZPE-corrected relative total
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energies (kJ mol') in parentheses. The dashed vertical lines indicate the centres of the

experimental IR bands.

The band at 3429 cm! in Figure 4(a) is indicative of a second isomer of the AA dimer. This band
lies to the blue of the bonded OH stretch for D3 and so must originate from an isomer with a
weaker hydrogen bond involving a hydroxyl group. Assignment of this isomer is again
straightforward following comparison with the calculated spectra in Figure 4(b) and we assign it
to stretching of the proton donor OH for dimer D6, whose calculated structure is also shown in

Figure 4(c).

Selected results from the MP2 calculations are presented in Table 1, confirming that the scaled
vibrational frequencies for the bonded OH stretching modes for dimers D3 and D6 are in excellent
agreement, to within 7 cm, with the experimental bands. Both of these structures were
successfully identified by our search procedure using DFT and the calculated vibrational modes
were determined to be real at all levels of theory used. We therefore conclude that dimer structures

D3 and D6 are formed inside helium nanodroplets.

Table 1. Selected results from quantum chemical calculations (MP2) for the six lowest energy

dimers of acetic acid along with the experimental IR band positions recorded in this study.

Dimer Energy® Experimental OH  Dipole moment

Calculated OH stretches?/cm™

(symmetry) /kJ mol’! stretches /cm™! /Debye
D1 (Can) -63.1 3031 (0) 3124 (2970) 0.00
D2 (Cy) 34.7 3326 (1013) 3576 (83) 1.32
D3 (Cy) -34.1 3299 (947) 3575 (85) 3292, 3578 1.07
D4< (Cs) -30.8 3368 (312) 3468 (658) 3.29
D549 (Cs) -26.0 3348 (871) 3574 (88) 3.66
D6 (C1) 25.0 3431 (633) 3573 (82) 3429, 3578 2.24

¢ ZPE-corrected interaction energy given relative to the summed energies of two monomers.

b Scaled harmonic vibrational frequencies for the two OH stretching vibrations in the dimer. The
scaling factor is 0.9463. The quantities in parentheses are the IR intensities expressed in km mol.
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¢ These dimers were not found by our initial random search procedure for stable structures.
4 Predicted to be a transition state in our calculations.

The calculated interaction energies shown in Table 1 indicate relatively small energy differences
between the pairs of isomers D2 and D3, and D5 and D6. MP2 calculations are known to have a
tendency to overestimate dispersion interactions*’ so we have performed additional calculations at
the coupled cluster level (CCSD/aug-cc-pVDZ) using the geometries determined using MP2 and

these calculations find the same the energy ordering for the isomers.

The relative populations of the two AA isomers prepared in helium nanodroplets can be estimated
from the peak intensities in the experimental spectra and the calculated IR band strengths (Table
1). Assuming that the population of other dimers is negligible, we determine that ~60% of the
dimers have structure D3 whilst the remaining ~40% have structure D6. These dimers have
different hydrogen bonding motifs, namely O—H---O=C and C—H:--O=C for D3 and O—H---O—H
and C—H:---O=C for D6, which leads to significant differences in the intermolecular bond lengths
shown in Table 2 and in Figure 5. However, the most striking feature is the remarkable similarity
in the relative positions of the atoms in the two structures; they are almost identical apart from the
positions of the hydrogen atoms (see Figure 4(c)). Interestingly, the difference in location of the
carboxyl hydrogen leads to a large change in the total dipole moment, with the value for D6 being
over twice that for D3 (see Table 1). An alternative way of comparing the structures of the D3 and
D6 isomers is to note that they are related by a ~180° rotation of one of the monomers about the
C-C bond, resulting in a change of the hydrogen bond acceptor from the OH group in D6 to the
carbonyl group in D3.

In Table 2 it can be seen that D2 and D3 possess the same bonding motif, which is identical to that
for the dimeric unit of the catemer chain (see Figure 1(b) and (c)). It is therefore perhaps surprising
that only one of the dimers is observed inside helium nanodroplets, but our results are decisive in
this matter. Our calculations also show that D2 and D3 have similar O—H:--O=C bond lengths.
However, the C—H:--O=C bond length for D2 is shorter by ~10%, which can be attributed to the
planar geometry shown in Figure 5. The shorter intermolecular bond length also results in a slightly
lower interaction energy (see Table 1). This is an interesting observation because C—H:---O=C
bonds are approximately an order of magnitude weaker than O—H---O=C bonds and it would

therefore be easy to underestimate their influence. However it is well known that weak C—H:---O
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bonds play an important role in stabilizing the AA crystalline structure,®’ and the present

calculations provide a tangible example of this behavior.

Table 2. Hydrogen bond lengths obtained from MP2 calculations for the six lowest energy

metastable dimers of acetic acid.

Z;Hrfr;e iry) H-bond type Ee(r)lth/ A H-bond type Ee(r)lth/ A
D1 (Con) O-H---0=C 1.677 O-H---0=C 1.677
D2 (Cs) O-H---0=C 1.798 C-H---0=C 2.294
D3 (Cy) O-H---0=C 1.778 C-H---0=C 2.542
D4 (Cs) O—-H:---0=C 1.921 O-H---O-H 1.932
D5 (Cs) O-H---0=C 1.831 C-H---O-H 2.597
D6 (C1) O-H---O-H 1.894 C-H---0=C 2.349

monomer

15



Figure 5. Calculated structures for the six lowest energy acetic acid dimers and the monomer. The

intramolecular and hydrogen bond lengths are indicated.

3.3 Comparison with previous experiments

The IR spectrum for AA inside helium nanodroplets has not been measured previously. Therefore
our results are compared with those obtained using cold samples of AA in alternative
environments, such as in a jet-cooled gas or in matrix isolation. In Table 3, a comparison of the
experimental band positions for the bonded OH stretching modes of the two metastable isomers,
D3 and D6, is shown. Suhm and co-workers determined that the jet-cooled IR spectrum of gaseous
AA is dominated by a broad but structured absorption feature that is characteristic of the cyclic
dimer.?%27 Additional signal was observed from a metastable dimer as a relatively weak but distinct
shoulder at ~3300 cm!. This feature was assigned to the bonded OH stretching mode in a dimer
structure with C; symmetry and the same bonding motif as isomer D3, and is therefore consistent

with the present work.

Table 3. Comparison of OH stretching frequencies (in cm™) for metastable acetic acid dimers with

those from previous experimental studies.

This work Previous experimental studies
Dimer Helium MP2 Gas phase Ar matrix Ar matrix Nz matrix
nanodroplet  calculations Ref. 27 Ref. 28 Ref. 29 Ref. 30
D3 3292 3299 3304 3250° 3251.82 3293.3
D6 3429 3429 - 3416* 3417.0* -

¢ Reassigned to structure D3 or D6 in the present work.

An argon matrix isolation study at 20 K reported a broad peak centered at 3250 cm™! and a low

intensity peak at 3416 cm™'. These two peaks were assigned to v(OH) ---O=C and v(OH) ---O-H

16



stretches in open dimers.?® Even though the dimer structures were not identified, these bond types
are consistent with those in D3 and D6, respectively, which are the same dimers identified in our
helium nanodroplet studies. However, because solid rare gas matrices typically lead to far stronger
perturbations of the vibrational modes than superfluid helium, red-shifts of 42 and 13 cm™! were
observed relative to the present work. A comparison of the vibrational frequencies reported in the
argon matrix work with the calculated values for D1 to D6, shown in Table 1, further confirms

these assignments.

In a more recent argon matrix isolation study at a lower temperature of 10 K, IR bands at 3252 and
3417 em™! were reported to appear, but only under certain pulse deposition conditions, and were
attributed to metastable AA dimers.?” Unfortunately, the spectral evidence for these bands was not
provided and so we are unable to comment on the band widths and relative intensities.
Nevertheless, as shown in Table 3, the reported frequencies are almost identical to those from the
earlier argon matrix study, indicating that the same metastable dimers were prepared in both cases.
However, because the authors only considered one metastable dimer when making their
assignments, they assigned the two observed IR peaks to the bonded and free OH stretching modes
in dimer D2. We note that the latter assignment to a free OH stretch mode is unlikely because of
the excessive red-shift relative to the monomer OH stretch frequency of 3564 cm! that was
measured in the same study. Therefore, following a comparison with the calculated OH stretch
frequencies for D1 to D6 in Table 1, we propose that the two peaks at 3252 and 3417 cm! should
be reassigned to the bonded OH stretching modes of D3 and D6, respectively.

A recent study of AA dimers in a solid nitrogen matrix identified IR features arising from
numerous metastable dimers, including several involving the cis-AA isomer.’ Following
deposition of a mixture of gaseous AA and nitrogen at 8.9 K, the authors used photoexcitation
and/or annealing processes to generate metastable trans-trans dimers and trans-cis dimers, which
were subsequently probed using FTIR spectroscopy. The experimental studies were
complemented by a comprehensive set of calculations at the MP2/6-311++G(2d,2p) level of
theory, which found nine stable frans-trans dimers, fourteen trans-cis dimers and six cis-cis
dimers. However, the downside of using a nitrogen matrix is that the assignment of the observed
IR peaks is complicated by (i) large vibrational frequency shifts due to strong perturbations by the

nitrogen matrix and (ii) the potential for multiple peaks to be assigned to the same transition
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because of matrix site effects. For example, IR peaks at 3545 and 3554 cm! were both assigned to
the OH stretching mode for the frans-AA monomer but in different matrix sites and these values
are red-shifted by 38 and 29 cm™!, respectively, from the known gas phase value. Despite these
complications, an IR peak at 3293 cm™! was assigned to the bonded OH stretching mode of dimer
D3. Surprisingly, given the expectation of a substantial matrix shift, this is in excellent agreement
with the value of 3292 cm™! obtained in our helium nanodroplet study. However, in spite of the

large number of IR features observed in the matrix work, none were assigned to dimer D6.

Our review of previous studies allows us to deduce that dimers D3 and D6 are observed to co-
exist, not only inside helium nanodroplets, but also in argon matrices at temperatures of <20 K,
albeit at much lower abundance in the latter environment. In contrast, dimer D6 was not observed
in a jet-cooled gas sample, even though D3 was clearly present. A potential explanation is that
both D3 and D6 are initially formed under cooled conditions in all of these media, but only the
helium nanodroplets and argon matrices are effective at trapping the higher energy structure. This

in turn implies that isomerization can occur more readily from D6 to lower energy structures than

from D3.

Furthermore, not only do we observe the pair of dimers D3 and D6 inside helium nanodroplets,
but there is also a noted absence of signal from D1, D2, D4 and D5 in our IR spectra. This indicates
that any residual internal energy, such as rotational, vibrational and translational energy, is rapidly
quenched by the helium and therefore the dimers remain trapped in structures D3 and D6. In
support of this conjecture, we note that temperature-dependent stabilization of AA metastable
dimers has previously been measured in an argon matrix study.?” Upon initial cooling to 10 K, IR
bands were observed at 3252 and 3417 cm!, which we have reassigned to the bonded OH
stretching modes in D3 and D6, respectively. However, these peaks were absent following
annealing at temperatures above 20 K due to a rearrangement of the metastable dimers to the lowest
energy dimer, D1. This indicates that, at the initial matrix temperature of 10 K, isomerization

pathways from D3 and D6 to lower energy structures have been frozen out.
3.4 Relevance to the condensed phases

One of the dimers observed in this work, D3, is of particular interest because it possesses the same

bonding motif as the dimeric unit of the catemer structure in crystalline AA (see Figures 1(b) and
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(¢)). Although the hydrogen bonds are known to be slightly shorter in the crystal,*®* reliable
experimental data on the isolated dimer provides a suitable starting point for developing theoretical
models of the crystal structure, as well as for modelling the early stages of crystal growth. As such,
our experimental value of 3292 ¢cm™! for the bonded OH stretching vibration in D3 can be used as
a benchmark value to test theoretical models on a simple dimeric system, before the calculations
are extended to longer sections of catemer chains through to the full 3D crystalline structure. In a
similar manner, our benchmark data can be used to test models of short catemer chains that are

thought to exist in the liquid phase.

4. Conclusions

The IR spectrum of AA dimers in helium nanodroplets is dramatically different from that recorded
in the gas phase. In the gas phase, the OH stretching region shows a very broad spectral absorption
extending over many hundreds of cm’!, which originates from the cyclic dimer, the global
minimum energy structure. In helium nanodroplets this broad structure disappears and is replaced
by a simple spectrum consisting of a small number of relatively sharp bands. This demonstrates
that metastable dimer structures completely dominate in superfluid helium and, with the aid of ab
initio calculations, we have been able to identify the specific isomers. Agreement between theory

and experiment for the band positions is excellent.

The formation of metastable AA dimers has provided access to parts of the intermolecular potential
energy surface that have been little studied experimentally. This is of particular importance
because one of the observed isomers resembles the basic dimeric unit of the catemer structure
found in crystalline AA, as a consequence of their identical hydrogen bonding motifs. The spectra
recorded in this study can therefore serve as a benchmark for understanding hydrogen bonding

interactions in the solid and liquid phases of small carboxylic acids.
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