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ABSTRACT
Infrared photodissociation spectroscopy of D2-tagged anions is used to obtain the vibra-
tional spectra of microsolvated acetate, CH3CO−

2 (H2O)n (n = 0–2), in the CH/OH stretching
(∼ 4000–2500 cm−1) and fingerprint (∼ 1800–800 cm−1) spectral regions. These results are anal-
ysed by comparison to anharmonic IR spectra from MP2 calculations as well as Born-Oppenheimer
molecular dynamics (BOMD) simulations. In agreement with prior work, we find that the first water
molecule adds to the acetate anion by donating two hydrogen bonds, yielding a symmetrical struc-
ture involving a six-membered hydrogen-bonded ring. Two nearly degenerate binding motifs that
differ in energy by less than 1 kJ/mol are identified for n = 2 anion, where the lowest-energy geom-
etry has two ion-water hydrogen bonds as well as a water-water hydrogen bond. The molecular
dynamics simulations confirm that this lower-energy structure is preferred over a slightly higher-
lying configuration possessing three ion-water hydrogen bonds and no water-water interactions.
Analysis of the molecular motion contributing to peaks in the BOMD spectra via a generalised nor-
mal mode approach provides assignment of all observed transitions to the lower-energy structure,
and enables distinction of the vibrational signatures associated with ion-water and water-water
intermolecular motions.
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1. Introduction

The carboxylic acid group (–CO2H) is a common sub-
structure found in biomolecules such as amino and fatty
acids. The local solvation environment can play a key role
in determining the chemical and biological behaviour of
such molecules, in part due to its impact on the proto-
nation state of the acid group. At a typical in vivo pH
(∼7), carboxylic acids are found primarily in the depro-
tonated RCO−

2 state [1], so the geometry of the solvation
shell surrounding carboxylate anions is important for
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biomolecular interactions and protein structures [2–6].
Among the simple carboxylate ions, acetate (R = CH3)
is the smallest which possesses a hydrophobic group,
providing the simplest model for the types of mixed
hydration interactions prevalent in biomolecules where
relatively extensive hydrophobic regions are interspersed
with polar functional groups. In this work, the evolu-
tion of a solvation shell around the acetate anion is
considered by using infrared (IR) action spectroscopy
[7–12] as a structural probe of CH3CO−

2 (H2O)n anions
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(n = 0–2), providing insight into the structures and
dynamics involved in microhydration of a simple car-
boxylate anion.

The bulk solvation of the first three homologous car-
boxylate anionsRCO−

2 (R = H,CH3, CH2CH3) has been
investigated using IR spectroscopy of aqueous sodium
carboxylate solutions [13], where HDO was used as
a probe of the solvation environment surrounding the
RCO−

2 anions. It was found that interaction of the sol-
vent molecules with the carboxylate group imposes an
asymmetric electronic distribution, where the extent
of asymmetry is dependent on the electron-donating
ability of the substituent group R. While this work
demonstrated that larger hydrophobic groups result in
a more asymmetric ion-water interaction, it is limited
in its ability to provide detailed structural informa-
tion regarding the binding motifs present in the first
solvation shell. One experimental approach to the struc-
tural characterisation of microsolvated conjugate bases
is gas-phase spectroscopy of size-selected anions, which
allows for stepwise addition of solvent molecules to ions
that are prevalent in aqueous media [8]. The two best-
established methods for characterisation of gas phase
cluster ions are anion photoelectron spectroscopy [14]
and infrared action spectroscopy [8–12]. Anion photo-
electron spectra have been obtained for microhydrated
acetate Ac−(H2O)n (n = 0–3) by Wang and coworkers;
[15] however, these photoelectron spectra lack vibra-
tional resolution and thus structural information on
these anions is limited.

IR action spectroscopy based upon electron ejection
and subsequent capture by a scavenger (SF6) has been
used to probe the vibrational spectrum of room temper-
ature Ac− in the 700–1700 cm−1 frequency range [16].
This spectrum showed three broad features (∼100 cm−1

FWHM) at 1590, 1305, and 835 cm−1 that were assigned
to the antisymmetric and symmetric carboxylate stretch-
ing and the OCO bending modes, respectively. IR action
spectroscopies based on messenger-tagging typically
require cooling of the ions to cryogenic temperatures in
order for the weakly-bound tagged ions to remain intact
between formation and spectral interrogation [9,17,18].
The inherent low temperature of these experiments
assists in structural assignment of the probed ions, partic-
ularly in cases where multiple low-energy isomers exist,
and greatly reduces rotational broadening. This approach
has been used by Johnson and coworkers to probe the
evolution of a solvation shell around several RCO−

2
anions [19,20]. Particular attention has been paid to the
monohydrate of the acetate anion, Ac−(H2O) [21,22],
where the loss of anAr tag wasmonitored as a function of
photon energy to obtain the vibrational spectrum in the
OH/CH stretching region (∼3800–2800 cm−1). These

results showed that the first water molecule donates two
hydrogen bonds to the acetate anion. Particularly in the
OH stretching region, a harmonic analysis of the IR
spectrum of this double donor (DD) motif failed to ade-
quately describe the observed spectrum, and an adiabatic
model was introduced to describe coupling between the
OH stretching modes and a low-frequency intermolecu-
lar (IM) rocking mode.

In the current work, infrared photodissociation
(IRPD) spectra of D2-tagged Ac−, Ac−(H2O), and
Ac−(H2O)2 are presented over a broad spectral range
(4000–800 cm−1), covering theOH/CHstretching (4000–
2500 cm−1) as well as the fingerprint (1800–800 cm−1)
spectral regions. The spectra are assigned based on a
comparison to anharmonic MP2/aug-cc-pVDZ frequen-
cies and intensities of low energy isomers and molecular
dynamics simulations, when necessary. These results are
compared to those found for several other ions with sim-
ilar substructures, as well as the aqueous IR spectrum of
Ac− [23].

2. Experimental methods

IRPD experiments are performed using a cryogenic
ion trap tandem mass spectrometer described previ-
ously [24,25]. In brief, microhydrated acetate anions,
Ac−(H2O)n, are continuously generated in a modified
Z-spray ionisation source using a 10 mM aqueous solu-
tion of sodium acetate in pure distilled water. Anions
pass through a 4-mm diameter skimmer and are col-
limated in a radio frequency (RF) decapole ion-guide.
The ions are thenmass-selected with a quadrupole mass-
filter, deflected 90° by an electrostatic quadrupole deflec-
tor, and focused into a cryogenic RF ring-electrode ion
trap [24].

The trap is held at 20 K and continuously filled with
a D2/He buffer gas mixture; a 5% D2 gas mixture was
used to tag the Ac− anion, whereas a 25% mixture was
used for tagging Ac−(H2O) and Ac−(H2O)2. The mass
distributions of ions obtained with and without D2 in
the trap are provided in Figure S1 of the Supporting
Information (SI). During their residence time in the trap,
collisions with the buffer gas gently cool the ions’ inter-
nal degrees of freedomand typically avoid the production
of kinetically trapped species, although there are excep-
tions [26]. At sufficiently low ion-trap temperatures, ion-
messenger complexes with D2 are formed via three-body
collisions [17].

The ions are accumulated in the trap either for 100
ms or 200 ms, depending on the IR laser used, then
extracted and focused both temporally and spatially into
the extraction region of an orthogonal time-of-flight
(TOF) mass spectrometer. Here, the ions are irradiated
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Figure 1. Optimised MP2/aug-cc-pVDZ geometries for the Ac−(H2O)n anions. Relative energies (�E0) are provided in units of kJ/mol,
and bond lengths are provided in angstroms.

with a counter-propagating beam of an IR laser pulse
generated either by the Fritz-Haber-Institute Free Elec-
tron laser (FHI FEL) [27] or a table-top OPO/OPA
laser system [28]. For the lower-energy spectral range
(1800–800 cm−1), the FHI FELwas used to generate laser
pulses with a spectral resolution �λ/λ ∼= 0.5% FWHM
and attenuated pulse energies of 2–6mJ at 5Hz repetition
rate. The OPO/OPA laser, operating at 10 Hz, provided
access to frequencies ranging from 4000–2500 cm−1 with
pulse energies of 2–8mJ. In both energy regions, the laser
beam was attenuated in order to minimise multi-photon
excitation.

Following the interaction with the IR laser pulse, all
parent and photofragment ions are accelerated towards
a microchannel plate detector and monitored as a func-
tion of irradiated wavelength. IRPD scans are recorded
by averaging over 100 time-of-flight mass spectra per
wavelength step (4 cm−1 for the FHI FEL and 3 cm−1 for
the OPO/OPA system). Typically, at least three scans are
summed to obtain the final IRPD spectrum. The IRPD
cross section, σ IRPD, is obtained as described previously
[29,30].

3. Computational methods

3.1. Electronic structure and frequency calculations

Optimised geometries as well as harmonic and VPT2
vibrational frequencies and intensities for the bare and
D2-tagged Ac−(H2O)n (n = 0–2) anions were obtained
at the MP2/aug-cc-pVDZ level of theory using the pro-
gramme package Gaussian 16 [31–33]. A single structure
was assumed for the n = 0 anion. For anions with one
and two water molecules, several isomers were consid-
ered, and each final geometry was confirmed as a local
energy minimum through a harmonic frequency anal-
ysis. The resulting geometries are shown in Figure 1

and discussed in more detail below. These were then re-
optimised to include a D2 tag; the resultant Cartesian
coordinates for the low-energy D2-tagged structures of
each stoichiometry are provided in Tables S1–S3 of the
SI. The MP2 harmonic spectra are provided in Figures
S2–S4 in the SI. Anharmonic frequency calculations were
performed for the D2-tagged ions using second-order
vibrational perturbation theory (VPT2) [34] and are dis-
cussed in more detail in Section 5. For the low-energy
geometries of each anion, harmonic and anharmonic
vibrational frequencies and fundamental intensities are
presented in Tables S4–S8 of the SI.

To obtain more reliable energies, CCSD(T)/aug-
cc-pVTZ single-point calculations were performed at
each of the MP2/aug-cc-pVDZ optimised geometries
for the D2-tagged n = 0–2 anions, as well as the
D2 and H2O molecules [32,35,36]. The CCSD(T)/
aug-cc-pVDZ andCCSD(T)/aug-cc-pVTZ energies were
corrected using the MP2/aug-cc-pVDZ zero-point ener-
gies (ZPEs), yielding the relative energies (�E0), D2
binding energies (�ED2), and water binding energies
(�Ewat) provided in Tables S9–S11 of the SI. Unless oth-
erwise indicated, all energies quoted in the following
sections are derived from the CCSD(T)/aug-cc-pVTZ
zero-point corrected energies, �E0.

3.2. Molecular dynamics simulations

To consider the dynamical nature of the hydrogen bonds
involved in the n = 2 anion, Born-Oppenheimer molec-
ular dynamics (BOMD) trajectories were obtained start-
ing from each of the two lowest-energy isomers 2A and
2B using QChem version 5.1 [37]. For each isomer,
ten trajectories were calculated using the ωB97X-D/6-
31+G* method [38–41]. The Nosé-Hoover thermostat
[42] was used to maintain a constant temperature of 150
K throughout the simulation. While the experiments to
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Figure 2. IRPD spectra of D2-tagged Ac−(H2O)n anions.

which these results are compared were performed at 20
K, a higher temperature was chosen for the BOMD sim-
ulations so that a shorter dynamical time window would
show the nuclearmotion of interest. Initial velocities were
sampled from a Boltzmann velocity distribution, and ini-
tial geometries were taken to be the MP2/aug-cc-pVDZ
optimised structures shown in Figure 1. Dynamics were
propagated for 20,000 steps with a 20 au (∼0.5 fs) time
step, providing trajectories that span roughly 10 ps in
time.

The spectral density and IR spectra were then
obtained from the Fourier transformof the nuclear veloc-
ity and dipole–dipole autocorrelation functions, respec-
tively. For trajectories where the initial water binding
motif was preserved for the full dynamical time frame
(all 10 runs for 2A; runs 1, 2, and 6 for 2B), the
5000–500 cm−1 region of the IR spectra and spectral den-
sities were normalised, and the normalised average of
these traces give the 2A and 2B BOMD spectra shown in
Figure S5 of the SI. Analysis of peaks in the calculated IR
spectrum was performed via correlation of the relevant
molecular motion to regions of high spectral density, as
described by Mathias and Baer [43].

4. Results

4.1. IRPD spectra

The IRPD spectra of D2-tagged Ac−(H2O)n (n = 0,
1 and 2) obtained by monitoring the D2-loss chan-
nel are shown in Figure 2 for the OH/CH stretching
(4000–2600 cm−1) and the fingerprint (1800–800 cm−1)
spectral regions. As noted above, the OH/CH stretch-
ing region of the Ar-tagged monohydrate anion has been
previously observed by Johnson and coworkers; [21,22]
this spectrum is shown along with the current results in
Figure S6 of the SI.

Table 1. Peak positions, widths (cm−1), and assignments for fea-
tures in the IRPD spectrum of the D2-tagged acetate anion.

peak cm−1 FWHM VPT2 desc.

a1 2945 63 2984; 2980 CH str.
a2 2891 33 2940 D2 str.
a3 2831 26 2916 CH str.
a4 1620 20 1595 antisym. carboxylate str.
a5 1341 18 1350 sym. carboxylate str.
a6 870 18 859 OCO bend

Note: The corresponding VPT2 energies (cm−1) are also provided.

The higher-energy region of the n = 0 spectrum
shows three overlapping transitions (a1, a2, a3) in the
CH stretching region (∼3000–2800 cm−1) with rela-
tively broad peakwidths exceeding 20 cm−1 FWHM.The
frequencies and intensities of the three features a4 to a6
are similar to the three transitions reported previously
[16], identifying them as the antisymmetric (a4) and
symmetric (a5) carboxylate stretching and OCO bend-
ing (a6) modes (see Table 1). In our spectrum, these
bands are much narrower (∼10 cm−1 FWHM), repre-
senting a considerable improvement in resolution over
the previous measurement arising from the lower inter-
nal temperature of the ions probed.

Addition of the first watermolecule introduces a broad
spectral feature with partially resolved structure (b1–3 in
Figure 2) in the hydrogen-bonded OH stretching region
(3650–3000 cm−1) of the n = 1 spectrum. The observed
progression with a spacing of ∼60 cm−1, previously
reported by Johnson and coworkers [21,22], is charac-
teristic for the water molecule adopting a DD binding
motif, which leads to strong coupling of a low-frequency
rocking mode with the water O-H oscillators. In the
CH stretching region (3000–2800 cm−1), the Ar-tagging
experiment (Figure S6) showed three transitions, giving
vibrational frequencies of 2980, 2953, and 2912 cm−1 for
the CH stretching modes of this anion. Similar structure
is found here, where the spectra show four peaks in the
CH stretching region (b4 through b7). In the fingerprint
region (1800–800 cm−1), peaks are observed at similar
positions as those seen in the n = 0 spectrum (b9, b10,
b11), suggesting a similar assignment as for a4 through a6
(see Table 1); several new transitions are also seen upon
the addition of the first water molecule, including the
features labelled b8 and b12.

In the n = 2 spectrum, two new narrow peaks (c1,
c2) are observed, one in the free O-H region (c1,
>3650 cm−1) and the other in the weakly hydrogen-
bonded O-H stretching region (c2, 3650–3500 cm−1).
The remainder of the OH and CH stretching regions for
this ion shows four broad overlapping peaks (c3 through
c6) with a low-intensity shoulder (c7) on the red edge.
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The fingerprint region shows considerably more struc-
ture than is seen for n = 0 and 1, though the three intense
features identified for n = 1 are also present here (c8, c9,
c10). A new intense feature (c11) is found below these
three peaks. A triplet of peaks (c12, c13, c14) as well as
additional weak features are observed below 1000 cm−1,
where transitions a6 (n = 0), b11 and b12 (n = 1) were
seen.

4.2. Energetics andminimum-energy geometries

Figure 1 shows the low-energy isomers identified as local
MP2/aug-cc-pVDZ minima for Ac−(H2O)n (n = 0–2);
the corresponding geometries of the D2-tagged species
are pictured in Figure S7. Previous work on the n = 1
anion [12,15,22] found that addition of the first water
molecule to the acetate ion forms a symmetric DD
hydrogen-bonded structure (1A, Cs symmetry) with
O···H–O bond angles of ∼145°, which is confirmed to
be the lowest-energy geometry by our calculated ener-
gies. The D2 tag is not found to substantially change the
energetics nor break the symmetry. Additionally, a low-
lying isomer 1B exhibiting a single donor (D)motif with a
near-linear (O···H–O bond angle 174°) hydrogen bond is
identified 10 kJ/mol (see Table S9) above 1A. For the D2-
tagged ions, this energetic ordering ismaintained (1B·D2,
+9 kJ/mol).

For n = 2, four low-energyminima are identified. The
global minimum-energy structure is 2A, where the sec-
ond water molecule inserts into one of the ion-water
H-bonds of 1A yielding one water in a DD and the other
in an acceptor/donor (AD) motif. Both ion-water hydro-
gen bonds are found to be near-linear, with O···H–O
bond angles of ∼175°, whereas the water-water H-bond
forms an O···H–O bond angle of ∼145°. The anion pho-
toelectron spectrum of Ac−(H2O)2 [15] was previously
analysed assuming an anion geometry corresponding to
2A. Isomer 2B, which contains one DD and one D water
motif, is nearly degenerate in energy and lies less than
1 kJ/mol above 2A. This small energy difference sug-
gests the possibility of interconversion between the low
energy isomers, which will be discussed in more detail
below. Twoother isomers, 2C and 2D, lie 5 and 10 kJ/mol,
respectively, above the 2A isomer. The D2 tag does not
substantially change the relative energies of these binding
motifs (see Table S9).

4.3. BOMD simulations

Interconversion between isomerswould impact the resul-
tant spectra. This possibility was explored for n = 2 by
performing ten molecular dynamics simulations starting
from geometries 2A and 2B in Figure 1, with a total of 20

Figure 3. Typical water-water hydrogen bonding plots for BOMD
trajectories starting from the 2A (a) or 2B (b) geometry, where
the initial binding motif persists for the entire 10 ps run time. (c)
Water-water O-H separations for a trajectory starting at the 2B
geometrywhich shows conversion to the2Abindingmotif, aswell
as snapshots of the molecular geometry before, during, and after
the conformational change.

trajectories carried out to observe the structural changes
over 10 ps. To analyze these trajectories for interconver-
sion between the differentwater bindingmotifs, the inter-
molecular hydrogen–oxygen atom distance rO···H is plot-
ted as a function of time, using the labelling convention
provided in Figure 3. The most useful metric for distin-
guishing between isomers 2A and 2B is the water-water
hydrogen bond length in 2A, rO(A)···H(B) (or rO(B)···H(A)).
Figure 3(a) shows the time evolution of all four inter-
molecular rO···H distances for a typical trajectory starting
from the 2A geometry, and Figure 3(b) illustrates the
behaviour that is observed when the 2B binding motif is
preserved over the 10 ps run time. In Figure 3(b), we see
that the absence of a water-water hydrogen bond leads
to larger fluctuations in the rO···H distances for the 2B
isomer.

Figures S8–S11 in the SI provide a full summary of
the intermolecular O···H separations for all 20 BOMD
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trajectories. To summarise these results, all of the trajec-
tories starting from the 2A isomer show that the AD/DD
binding motif persists for the full 10 ps of simulation,
though the water/water hydrogen bond is not strictly
static, with nine of the ten trajectories showing some
reversal in the donor/acceptor role of the twowaters. This
role reversal is similar to that observed for the dihydrate
of the iodide anion [44]. Of the ten trajectories initi-
atedwith the 2B bindingmotif, seven show isomerisation
to form the 2A isomer after some period of time. This
behaviour is illustrated in the hydrogen bonding plot of
Figure 3(c). Of the 17 trajectories where the 2A isomer
is present – either through isomerisation from 2B, or
from the initial geometry – only a single trajectory shows
conversion to another isomer, and this isomer is the high-
energy 2D structure.While it is possible that the presence
of the D2 tag may impact the propensity for intercon-
version, these results, as well as the fact that the relative
energies are not changed by the D2 tag, indicate that the
n = 2 anion adopts the 2A geometry independent of the
presence of D2.

5. Spectral assignments

5.1. n = 0

Figure 4 compares the IRPD spectrum obtained for
the D2-tagged Ac− with the MP2/aug-cc-pVDZ/VPT2
anharmonic spectra. The two spectra show satisfactory
agreement over the complete spectral range with some
minor discrepancies. In the higher frequency region, the
IRPD spectrum shows three broad overlapping features
(a1, a2, a3), whose relative intensities are well-reproduced
by a 15 cm−1 FWHM convolution of the anharmonic
stick spectrum. This choice of width is congruent with
the relatively narrow features observed in the lower-
energy spectral region for this anion. The broader feature
in this region (a1) likely encompasses the two antisym-
metric CH stretching fundamentals. From the position of
the fundamental transitions in the theoretical spectrum,
we assign a2 and a3 to the D2 stretch and symmetric CH
stretching modes, respectively. The anharmonic simula-
tion and convolution confirm that the observed broaden-
ing of these features relative to transitions observed in the
lower-energy region of the spectrum arises from numer-
ous low-intensity combination bands (shown as red sticks
in Figure 4) involving the low-frequency D2 wagging and
CH3 internal rotation modes.

In the lower-frequency region, theVPT2 results repro-
duce all three intense transitions, identifying peaks a4,
a5, and a6 as the antisymmetric carboxylate stretch-
ing, symmetric carboxylate stretching, and OCO bend-
ing fundamentals for the acetate anion, in agreement

Figure 4. Comparison of the IRPD spectrum of the D2-tagged
acetate anion (top) with the simulated spectrum obtained from
a VPT2 treatment of the MP2/aug-cc-pVDZ minimum-energy
geometry (bottom). The stick spectrum shows fundamental tran-
sitions, overtones, and combination bands as black, blue, and red
sticks, respectively, and the solid black trace shows a convolution
of this spectrum with a 15 cm−1 FWHM Gaussian lineshape. The
3100–2700 cm−1 regionof the theoretical spectrumhasbeen ver-
tically scaled by the indicated factor for clarity. It should be noted
that for the experimental spectrum, there is no direct relationship
between the intensities in the two spectral ranges.

with the previous assignment [16]. The most notable
discrepancy between experiment and the VPT2 results
shown in Figure 4 is the simulated intense transition at
∼1220 cm−1. This transition corresponds to the CH3
inversion fundamental, which has zero intensity in the
harmonic spectrum (Figure S2). The cause of the anoma-
lously high predicted intensity of this feature is unclear,
but may be due to the tendency for VPT2 calculations to
overestimate oscillator strengths in cases where there are
nearly-degenerate vibrational levels.

5.2. n = 1

Figure 5 compares the IRPD spectrum for the n = 1
anion to the VPT2 spectra of 1A·D2 and 1B·D2. The
OH stretching region of both simulated spectra do not
provide good agreement with experiment (peaks b1–b3),
congruent with prior analyses. As mentioned above, this
is a result of strong coupling between the OH stretch-
ing modes and a low-frequency IM rocking motion in
the 1A isomer. The adiabaticmodel derived previously to
describe this coupling [22] showed that the resultant OH
stretching region of the vibrational spectrum displays a
progression of features which correspond to excitation
of one quantum of OH stretch and a range of quanta of
the IM rocking mode. Thus, we assign the three peaks
in the OH stretching region as peaks belonging to this
progression, as summarised in Table 2.

The CH stretching region of the VPT2 spectrum
provides better agreement with experiment, providing
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Figure 5. Comparison of the IRPD spectrum of D2-tagged Ac-
(H2O) (top) to the VPT2 simulations obtained for the two D2-
tagged isomers identified in MP2/aug-cc-pVDZ calculations (bot-
tom). The stick spectra show fundamental transitions, overtones,
and combination bands as black, blue, and red sticks, respectively,
and the solid black traces show a convolution of each spectrum
with a 15 cm−1 FWHM Gaussian lineshape. The 3050–2600 cm−1

region of the 1A•D2 spectrum has been vertically scaled by the
indicated factor for clarity.

Table 2. Peak positions, widths (cm−1), and assignments for fea-
tures in the IRPD spectrum of the D2-tagged Ac−(H2O) anion.

peak cm−1 FWHM VPT2 desc.

b1 3358 38 3651+ 73m OH str.+ (m+ 2) IM rock
b2 3299 55 3578+ 73m OH str.+ (m+ 1) IM rock
b3 3244 32 3505+ 73m OH str.+m IM rock
b4 2977 31 3000 antisym. CH str.
b5 2942 31 2992 antisym. CH str.
b6 2904 22 2923 sym. CH str.
b7 2838 24 2814 HOH bend OT
b8 1715 14 1701 HOH bend
b9 1600 13 1581 antisym. carboxylate str.
b10 1359 13 1377 sym. carboxylate str.
b11 885 12 879 OCO bend
b12 827 11 824 H2O wag

Note: The corresponding VPT2 energies (cm−1) are also provided. The variable
m is used to indicate that the resolution of the current results does not pro-
vide definitive assignment of the three peaks belonging to theOH stretching
anharmonic progression.

assignment of transitions b4, b5, and b6 as CH stretching
fundamentals, in agreement with results of the Ar tag-
ging experiments [21]. Peak b6, which is assigned to the
symmetric CH stretching fundamental, is slightly more
intense than was observed in the Ar-tagging experiment,
and the VPT2 results indicate that this is due to contri-
butions from the D2 stretching fundamental. In addition
to the CH stretching features, the current results probe
slightly lower frequencies, revealing an additional weak
transition at 2838 cm−1 (b7) which lines up relatively well
with the water bending overtone in the 1A·D2 VPT2
spectrum.

The acetate-specific features assigned in the n = 0
spectrum are also present in the simulations for both
n = 1 isomers represented in Figure 5, giving assign-
ments for peaks b9 (antisymmetric carboxylate stretch;

Figure 6. Comparison of the IRPD spectrum of D2-tagged
Ac−(H2O)2 (top) to the VPT2 simulations for the two lowest-
energy D2-tagged isomers, 2A•D2 and 2B•D2 (bottom). The
stick spectra show fundamental transitions, overtones, and
combination bands as black, blue, and red sticks, respectively,
and the solid black traces show a convolution of each spectrum
with a 15 cm−1 FWHM Gaussian lineshape. The 4000–3500 cm−1

regions of both simulated spectra and the 2000–600 cm−1 region
of the 2A spectrum have been vertically scaled by the indicated
factors for clarity.

calc. 1581 cm−1, exp. 1600 cm−1), b10 (symmetric car-
boxylate stretch; calc. 1377 cm−1, exp. 1359 cm−1), and
b11 (OCO bend; calc. 879 cm−1, exp. 885 cm−1). The
water bending fundamental is identified at around
∼1700 cm−1, corresponding to peak b8 in the exper-
imental spectrum. An additional water-specific feature
is tentatively identified in the <1000 cm−1 portion of
the spectrum (b12), where the 1A·D2 harmonic simula-
tion shows a fundamental transition for a water wagging
mode involving motion of the shared hydrogen atoms
out of the plane formed by the hydrogen-bonded sub-
structures. As is the case in the n = 0 VPT2 spectrum,
substantial intensity is found for the CH3 inversionmode
that is not observed experimentally, corresponding to the
intense simulated peak at ∼1220 cm−1.

5.3. n = 2

VPT2. Figure 6 compares the IRPD spectrum for
the n = 2 anion to the VPT2 spectra of the two
lowest-energy isomers 2A·D2 and 2B·D2. The presence
of two isolated peaks (c1,c2) in the free-OH stretching
region suggests that isomer 2A is the dominant con-
tributor to the spectrum. Based on this comparison, c1
corresponds to the free OH stretching mode of the AD
water molecule (calc. 3668 cm−1, exp. 3665 cm−1), and
c2 corresponds to distortion of the donor OH moiety
which participates in the water-water hydrogen bond
(calc. 3588 cm−1, exp. 3585 cm−1).

The experimental results are substantially broadened
for frequencies between 3500 and 2600 cm−1, though
tentative assignments can be made. Peak c3 may corre-
spond to an overtone of one of the water bending modes,
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which appear at frequencies of 3319 and 3260 cm−1 in
the VPT2 spectrum (versus the experimental value of
3396 cm−1), though there are also numerous combina-
tion bands involving the ion-DDOH stretch which could
give rise to this peak. Peak c4 largely consists of the ion-
DD OH stretching fundamental (calc. 3186 cm−1, exp.
3260 cm−1). The VPT2 transitions that give rise to peaks
c5 and c6 appear to be numerous combination bands
involving the ion-AD OH stretching mode and various
low-frequency modes. Peak c6 likely includes some con-
tribution from the CH stretching fundamentals, though
the VPT2 intensities show that the OH stretching com-
bination bands are substantially more intense. Peak c7
roughly lines upwith the lowest-frequencyCH stretching
fundamental (calc. 2907 cm−1, exp. 2840 cm−1), and the
higher-frequency CH stretches likely contribute to the c5
– c6 range of features, though their calculated intensi-
ties indicate that the OH stretching modes dominate the
observed transitions. Thus, whereas the n = 1 spectrum
shows clearly separated CH and OH stretching regions,
the VPT2 results indicate that the CH stretching region is
largely obscured by OH stretching vibrational signatures
for the n = 2 anion.

In the fingerprint region of the n = 2 IRPD spec-
trum, comparison to the 2A·D2 VPT2 spectrum allows
for the assignment of the water bending mode (c8) as
well as both carboxylate stretching fundamentals (c9 and
c10), as summarised in Table 3. These assignments are
consistent with those made in this frequency range of
the n = 0 and n = 1 spectra. Both VPT2 spectra show
a relatively intense feature at ∼1300 cm−1 that corre-
sponds to a CH3 inversion mode, providing assignment
of peak c11; though this transition shows strong inten-
sity in all VPT2 results provided in the current work,
the n = 2 anion is the only one which shows this fea-
ture experimentally. While the intensities of features in
the <1000 cm−1 portion of the 2A·D2 spectrum are
substantially lower than expected based on experiment,
the VPT2 frequencies in Table S7 show that the OCO
bending frequency (928 cm−1) as well as those of two
H2O wagging modes (808 and 731 cm−1) provide rea-
sonable agreement with experimental results. It should
be noted that the VPT2 spectrum for 2B·D2 is similar to
that of the lower-energy isomer in terms of peak posi-
tions, but differs in the relative intensities of different
transitions.

BOMD. We now consider the IR spectrum derived
from the BOMD trajectories for the n = 2 anion where
the initial binding motif is preserved over the 10 ps
dynamical time frame (Figure S5). Given the observed
tendency of the 2B anion to convert to the lower-
energy isomer in the BOMD simulations, we restrict
our considerations to the IR spectrum for isomer 2A,

Table 3. Peak positions, widths (cm−1), and assignments for
observed features in the IRPD spectrum of the D2-tagged
Ac−(H2O)2 anion.

peak cm−1 FWHM VPT2 desc.

c1 3665 19 3668 AD free OH str.
c2 3585 32 3588 DD free OH str.
c3 3396 69 3319 HOH bend overtone
c4 3260 149 3186 DD bound OH str.
c5 3062 147 – DD and AD bound OH str.
c6 2945 82 2857 AD bound OH str.
c7 2840 30 2907 CH str.
c8 1686 32 1675; 1650 HOH bends
c9 1599 25 1580 antisym. carboxylate str.
c10 1379 14 1381 sym. carboxylate str.
c11 1220 13 1261 CH3 inv.
c12 906 19 928 carboxylate bend
c13 857 16 808 H2O wag
c14 812 15 731 H2O wag

Note: Assignments for peaks c1 – c6 are based on generalised motions
obtained from the BOMD trajectories, where HD and HA are used to indicate
the water which acts as a donor or acceptor in the water-water hydrogen
bond. The corresponding VPT2 energies (cm−1) are also provided.

Figure 7. IRPD spectrum of D2-tagged Ac−(H2O)2 (top) com-
pared to the 2A BOMD IR spectrum (bottom, black), where the
corresponding vibrational density of states (bottom, red) is also
provided; the definitions of these quantities are provided in
Figure S5 of the SI. The higher-frequency region of the simu-
lated spectrum has been magnified by the indicated factor for
clarity.

in agreement with the assignments based on the VPT2
results. Figure 7 compares the Fourier transforms of the
dipole–dipole autocorrelation function (black, IR spec-
trum) and the nuclear velocity autocorrelation function
(red, vibrational density of states) for the 2A BOMD
trajectories to experimental results, showing that the gen-
eral shape of the spectrum is reproduced by theory. The
simulated results are fairly blue-shifted relative to exper-
iment in the CH/OH stretching region, likely due to
deficiencies of the DFT potential energy surface.

To bolster our assignments of features labelled in
Figure 2, we correlate molecular motion calculated
from our BOMD trajectories [43] with specific fre-
quencies in the calculated spectral density. In agree-
ment with the VPT2 assignments, bands c1 (3905 cm−1)
and c2 (3785 cm−1) correspond to the free OH stretch
of the AD and the water-bonded OH stretch of the
DD water molecule, respectively. The corresponding
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Table 4. Vibrational frequencies (in cm−1) extracted from the
IRPD spectra of the D2-tagged Ac−(H2O)n clusters.

n = 0 n = 1 n = 2

CH str. 2945, 2831 2977, 2942, 2904 2840
antisym. carboxylate str. 1620 1600 1599
sym. carboxylate str. 1341 1359 1379
OCO bend 870 885 906
bound OH str. – 3600–3000 3500–2900
HOH bend – 1715 1686
H2O wag – 827 857, 812

Note: OH stretching frequencies correspond to those involved with ion-water
interactions and are provided as a range due to the relatively broad spectral
signatures found for these motions.

nuclear motions are illustrated in Figure S12 of the SI.
The vibrational signatures of OH stretches involved in
ion-water interactions are found in-between 3700 and
3200 cm−1, with the DD water contributing predomi-
nantly above 3500 cm−1 (c3/c4) and the AD water below
∼3400 cm−1. The BOMD simulations suggest a pro-
nounced coupling of the ionic hydrogen bond OH oscil-
lators with low frequency wagging modes, consistent
with the prediction of numerous intense combination
bands in the VPT2 spectrum and the observation of rel-
atively broad features (c3 – c6) in the IRPD spectrum.
Based on the comparison in Figure 7, the weak feature
c7 at the lower-frequency edge of peak c6 is correlated
with a CH stretching motion (see Figure S12); this peak
likely corresponds to the low-frequency end of the CH
stretching region, given the absence of structure at lower
frequencies in the IRPD results.

6. Discussion

The experiments reported in this work provide infor-
mation regarding the addition of the first two water
molecules to the acetate anion. The 4000–2600 cm−1

portion of the IRPD spectrum for the n = 1 anion
(DD binding motif) shows two clearly distinct ranges
of structure, which may be separately assigned to the
OH (3600–3100 cm−1) and CH (∼3000–2800 cm−1)
stretching regions, where the CH stretching region shows
slightly higher intensity and is not substantially shifted
from the corresponding region of the n = 0 spectrum
(see Table 4). The ratio of integrated intensities of the
OH:CH stretching regions is found to be ∼1.6 from the
experimental results in Figure 2; in contrast, the ratio of
the sumsofOHandCHstretching harmonic intensities is
found to be approximately 4. This apparent enhancement
of the CH stretching region is likely due to the activity
of the D2 stretching mode, which is predicted to appear
in the <3100 cm−1 portion of the spectrum given the
VPT2 results provided in Table S5.

Addition of the second water to form the AD/DD
binding motif results in separation of the OH stretching
region into two subsections, corresponding to free/water-
water OH stretches (4000–3500 cm−1) and ion-water
OH stretches (3500–2900 cm−1). While the CH stretch-
ing fundamentals may contribute some small amount
of intensity to peak c6, the calculated VPT2 frequencies
(3035, 3005, and 2907 cm−1) and intensities (harmonic
OH:CH ratio ∼ 20) indicate that the CH stretching
region of the n = 2 spectrum is almost entirely obscured
by the ion-water OH stretching region, so that only
the lowest-frequency CH stretching mode may be iden-
tified (peak c7, 2840 cm−1). These observations show
that addition of the second water results in a substan-
tial increase in the relative intensity of vibrational sig-
natures of OH stretching motion, as well as a broaden-
ing of the frequency range over which these transitions
occur.

For the acetate anion, each oxygen atom can accept
up to three hydrogen bonds, indicating that the first sol-
vation shell of bulk solvated Ac− consists of six water
molecules. The carboxylate stretching frequencies in
Table 4 show that as the extent of hydration increases,
the symmetric and antisymmetric stretches becomemore
blue- and red-shifted, respectively. This trend is consis-
tent with the values observed for an aqueous solution
of sodium acetate, where the symmetric and antisym-
metric carboxylate stretch frequencies were found to be
1413 and 1556 cm−1, respectively [23]. Assuming that the
splitting in the clusters decreases approximately linearly
asmoremolecules are added, these values suggest that the
bulk carboxylate stretch frequencies should be reached at
n ∼ 5, indicating that the frequency shifts observed for
the bulk solution are largely due to interactionswithin the
first solvation shell.

IR studies in the CH/OH stretching region of micro-
hydrated nitromethane anions, CH3NO−

2 (H2O)n, have
shown that the binding motifs of the adsorbed water
molecules are similar to those shown in Figure 1
for n < 3 [21,45]. As such, similar structural signa-
tures and spectroscopic trends may be identified in the
CH3CO−

2 (H2O)n spectra reported here. Both species
show an increase in the average CH stretching frequency
with increasing n; this is an indicator of increasing polar-
isation of the excess charge away from the CH bonds as
water molecules are added, due to the delocalisation of
the charge throughout the hydrogen bonding network.
Additionally, the nitromethane spectra show that as n
increases, the CH andOH stretching regionsmove closer
together, due to the aforementioned blue-shifting of the
CH stretches as well as the spreading out of the OH
stretch fundamentals over a broader range of frequencies.
This trend is more pronounced in the acetate data, where
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only the lowest-frequencyCH stretch can be observed for
the n = 2 anion due to the broad OH stretching region.

Previously, spectral trends in the vibrational predisso-
ciation spectra of microhydrated RCO−

2 and HCO−
2 ions

have been considered by Johnson and coworkers in the
context of understanding the impacts of metal cations
on the spectra of carboxylic acids at water–air interfaces
[19,20]. This work found that the addition of the first
and second water molecules to the CD3CD2CO−

2 anion
results in DD and AD/DD binding motifs, respectively,
similar to isomers 1A and 2A in Figure 1. Due to these
similarities, the spectral trends are expected to be similar
for these two ions. Figure S13 in the SI plots the carboxy-
late stretching fundamentals for the two RCO−

2 (H2O)n
series, with the R = CH3 values obtained from Tables
1–3 and the R = CD2CD3 values obtained from the lit-
erature [20], showing similar evolution of the symmet-
ric and antisymmetric carboxylate stretching frequencies
across the two series of ions.

The spectra presented here may also be compared to
results obtained for themicrohydrated bicarbonate anion
[46], which can be thought of as a carboxylate where
R = OH, to elucidate the impact of the hydrophobic-
ity of the R group on the hydration of RCO−

2 anions.
The binding geometry for the addition of the first water
molecule is similar between the two anions, where the
water molecule forms hydrogen bonds with both depro-
tonated oxygen atoms of the anion. The reported water
bending frequency for themonohydrate is slightly higher
in the current results (1715 cm−1 for R = CH3 versus
1706 cm−1 for R = OH), indicating that the water which
binds to the carboxylate group of acetate is more struc-
turally restricted. This may be a consequence of differ-
ences in charge delocalisation between the two ions, as
the CH3 group is less likely to pull excess charge away
from the CO2 group. Addition of the second water to
the bicarbonate ion results in a DD/DD binding motif,
where the second water forms hydrogen bonds with one
of the deprotonated oxygen atoms as well as the OH
group. While this ion does not take the same AD/DD
binding motif as the dihydrate of acetate, a geometry
analogous to 2A was identified as a stable isomer of
the HCO−

3 (H2O)2 anion, lying+ 4.4 kJ/mol above the
lowest-energy structure.

For the n = 0 and 1 anions, the harmonic spectra
shown in Figures S2–S3 do a fair job of reproducing
experiment, particularly in the fingerprint region; in con-
trast, the harmonic spectrum for the lowest-energyn = 2
isomer (Figure S4) does not agree well with experiment.
The calculated VPT2 frequencies and intensities give
much better agreement for n = 2, and result in simi-
lar vibrational assignments for n = 0 and 1 as may be
inferred from a harmonic analysis. For n = 2, the VPT2

agreement is particularly good for transitions that have
relatively narrow experimental linewidths, but such a
treatment cannot account for effects such as dynamical
broadening of infrared transitions. The broadening of
features in the OH stretching region of the n = 2 clus-
ter is reproduced quite well by the BOMD simulations,
and the resultant assignments to vibrational motion do
not substantially differ between the twomethods, though
these assignments are not as easily gleaned as those based
on a VPT2 analysis as they require a treatment of the
generalised normal modes of the ion.

7. Conclusion

Vibrational spectra of the acetate anion complexed with
up to two water molecules have been obtained using
IRPD spectroscopy of messenger-tagged ions. Vibra-
tional assignments are readily obtained by comparison
to VPT2 anharmonic spectra, and these assignments as
well as BOMD calculations for the n = 2 anion allow for
determination of the binding motifs involved in addition
of the first two waters to the acetate anion. The current
result confirms that the first water molecule adds to the
acetate anion in a DD configuration, in agreement with
previous results. Addition of the second water leads to
formation of the AD/DD water binding motif, involv-
ing both ion-water and water-water hydrogen bond for-
mation. The vibrational signatures associated with these
two classes of interactions can be clearly distinguished,
with the water-water and free-OH stretches appearing
at higher frequencies and with narrower linewidths than
transitions associatedwith ion-waterOHstretches. Com-
parison of the ion-water OH stretching regions for the
n = 1 and n = 2 anions shows that addition of the sec-
ond water results in a red-shift of these vibrational sig-
natures. While the CH stretching region is separately
resolved for the n = 1 anion, this region is overshad-
owed by theOH stretching region in the n = 2 spectrum,
largely due to the broader range of frequencies overwhich
transitions associated with the OH oscillators occur for
the larger anion.
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