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HCO3 (H20), clusters provide a model system to understand the solvation interaction between the
bicarbonate ion and water. Based on harmonic analysis, ab initio molecular dynamics simulations,
and comparison with infrared multiple photon dissociation spectra and with previous results on
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H,PO4 (H,0),, the solvation effects on the vibrational modes of HCO3z (H,0),, are analyzed. Hydrogen
bond interactions have a significant impact on the vibration, especially when a hydrogen atom is directly
involved in a particular mode. The COH bending mode is flattened, when the COH group is solvated by
water molecules. The emergence of broad water libration modes indicates the aggregation of water
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1. Introduction

Bicarbonate (HCO; ) is a naturally occurring ion, observed
often as an intermediate when carbon dioxide or carbonate is
dissolved in water, and found to play a significant role in
processes such as geochemical transformations,’ cloud
nucleation,” pH homeostasis in oceans,®> CO, transportation,
pH regulation in blood,* ® and skeleton formation by calcifying
organisms.” Experimentally, its structure has been established
in the solid phase by X-ray crystallography.® In the gas phase, its
thermo-chemical properties have been measured by mass
spectrometry and spectroscopy”'® and its electronic structure
by photoelectron spectroscopy.’* In aqueous solution, vibra-
tional spectra have been reported for the dilute solution of
KHCO; and KDCO;,'*"? indicating C; symmetry for the
hydrated HCO; . Theoretical studies have been more concerned
with the solvation of HCO;~ with water molecules. While the
reaction between CO, and OH™ to form HCOj;™ is barrierless in
the gas phase, there is a barrier around 13 kcal mol™' in
solution, which has been the subject of several studies."*™*°
The reaction between CO, and H,O to form carbonic acid also
involves HCO,~ as an intermediate.?’ For the solvation of
HCO;™ in bulk solution, molecular dynamics studies either
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molecules and the formation of a surface structure with bicarbonate on the surface.

based on empirical potential>’ or density functional theory
(DFT)**** have also been reported.

More microsolvation details have been provided by studies
on the hydrated bicarbonate clusters, HCO; (H,0),.. Measurement
by high-pressure spectroscopy provided the stepwise solvation
enthalpy, at 15.7 kecal mol ™" for n = 1 decreasing to 13.4 kcal mol "
at n = 3, and also the stepwise solvation entropy.> The binding
energy for the negative charge was measured by photoelectron
spectroscopy.”® This shifted gradually from 4.15 eV to 6.95 eV, as
n was increased from 1 to 10, and stayed around 6.95 eV for
n > 10. The geometrical structures of HCO; (H,0), were
directly probed by infrared multiple photon dissociation (IRMPD)
spectroscopy, which showed significant changes in the vibra-
tional features between 600-1800 cm™' with the increase of
cluster size.”®

However, interpreting the experimentally observed size-
dependent changes is less straightforward. Similar to other hydrated
cluster ions, the potential energy surface for HCO; (H,0), is flat,
and at each cluster size, there are several isomers lying close to each
other in energy. The number of these isomers increases fast as the
cluster size grows, which has been extensively explored in theory by
the basin-hopping method in the case of HCO; (H,0),.>°
Identifying the global minimum is difficult, and neither the
photoelectron nor the IRMPD spectrum at a particular size could
be explained satisfactorily based on one single isomer.>>*® As
demonstrated recently in the IRMPD study of H,PO, (H,0),,>"?®
more than one isomer could contribute to an experimental
spectrum, which could be further complicated by the significant
fluctuation in hydrogen bond (HB) distances and the transformation
among various structures at finite temperature.

In this paper, we report a computational study on
HCO; (H,0),, using both harmonic analysis and the ab initio
molecular dynamics (AIMD) method to analyze the solvation
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dynamics and its effect on the vibration modes of HCO; . Our
results provide an account of the trends observed in the IRMPD
spectra and also identify the evolution towards a surface cluster
structure as responsible for the constant binding energy
observed in the photoelectron spectra.

2. Computational methods

Two computational methods are employed in the current study.
For energy optimization and the calculation of harmonic frequen-
cies, we use the MP2 method implemented in the Gaussian 03
package,” with a basis set of 6-311+G(d,p) to account for the
polarizability of the hydrated anion. The optimized structures are
verified either as a minimum or transition structure by the absence
or presence of one imaginary frequency. A scaling factor of 0.970 is
used in the 600-1800 cm™" region.***° Calculated harmonic fre-
quencies and intensities are convoluted using a Gaussian line shape
function with a full width at halfmaximum (fwhm) of 15 cm .
Zero-point corrections are added to all the relative energy values.

For the AIMD simulations, the electronic energy and atomic
forces are calculated within the framework of density functional
theory (DFT), while the atomic motion is treated by Newtonian
mechanics, as implemented in the CP2K package.*' The wave
functions are represented by double-zeta Gaussians, and the
electron density is represented by using a mixed basis set of
Gaussians and auxiliary plane waves,** with an energy cutoff at
400 Rydberg. Goedecker-Teter-Hutter (GTH) type pseudo-
potentials**=* and the PBE exchange and correlation functional®®
are employed in the AIMD simulations, with dispersion corrected by
Grimme’s D3 scheme.””

During the AIMD simulations, a cluster ion is put at the
center of a cubic box with a length of 18 A. The effect of the
periodical charge density images is eliminated by the decoupling
technique developed by Martyna and Tuckerman.?® The convergence
criterion for the DFT calculation at each time step is set to 10~ a.u
to guarantee the total energy conservation. The AIMD simulation is
performed with an equilibration period of 5-6 ps with the
temperature scaled to a desired value followed by a data
collection run in the NVE ensemble (without temperature
rescaling) with a time step of 0.5 fs. At 100, 150, 200, and
250 K, the duration of the trajectory is more than 20 ps. Each
trajectory is cut into 10 ps intervals for Fourier transformation
and then added up to produce the dipole time-correlation
function (DTCF) spectrum for a specific temperature.

Hydrated clusters are bound by HBs, which are relatively
weak and fairly flexible at finite temperature. Dynamic simulations
are essential for sampling the solvated structures and for
examining the thermal stability of a particular isomer. More
importantly, the fluctuations of HBs have strong effects on
the vibrations that can be captured by AIMD simulations. A
vibrational spectrum can be directly simulated by the Fourier
transform of the DTCF,*°

2nﬁw2 J+oo

a(w) = (o) dt<AjI(t) . ]\71(0)> exp(iwt)

—00
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where 8 = 1/kT, n() is the refractive index, c is the speed of light

in vacuum, V is the volume, and M is the total dipole moment
of the system, calculated by the polarization including both
ionic and electronic contributions.

3. Results and discussions
3.1 Hydrogen bond fluctuation in HCO; (H,0)

Shown in Fig. 1 are the three minimum-energy structures for
HCO;™ (H,0), together with the two transition-state (TS) structures
connecting them. In agreement with previous reports,”>>° the energy
separation between these structures are small (~ 10 kJ mol '), while
the energy barriers separating them are ~12 kJ mol™". The existence
of a number of isomers connected by a small energy barrier is a
common feature for hydrated clusters. In the case of HCO;™ (H,0),,
an extensive structural search has been performed by the
unbiased basin-hopping method with 7 up to 13, which found
even more isomers with increasing n.

Here, we demonstrate another important consideration for
HCO; (H,0),, the fluctuation of the HBs, as illustrated in the
simplest case of n = 1. While there are two HBs between the water
molecule and the bicarbonate anion in the 0 K structures (1-a, 1-b,
and 1-¢) shown in Fig. 1, one of the HB is easily broken during
AIMD simulations so that the cluster is held together by means of
just a single HB of C—0: - -HOH, similar to 1TS-ac or 1TS-ab.

In the case of 1-a, such instability is due to the geometric
constraint on the two HBs. When one H,O solvates two C—0O
groups, the O- - -H-O angles are 140.6° and 146.8°, quite a large
deviation from the ideal collinear alignment, although the two
HB distances at 2.08 and 1.98 A are typical. During an AIMD
simulation, one HB would be broken, and the other would be
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5 1TS-ab (+11.6)
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’3 149 4?
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Fig.1 Minimum-energy (1-a, 1-b, and 1-c) and transition-state (1TS-ab
and 1TS-ac) structures for HCOsz (H,O) calculated at the MP2/6-
311+G(d,p) level. Relative energies (in kJ mol™) are listed inside round
brackets. The distances of the hydrogen bonds are given in angstrom and
the angles are given in degree.
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Fig. 2 Fluctuation in the HB distances during AIMD simulations at 100 K
for isomers 1-a, 1-b, and 1-c.

shortened to ~1.80 A with its O- - -H-O angle coming closer to
180°, as shown in Fig. 2. Obviously, the breaking of one HB is
compensated by the strengthening of the remaining HB.

In the case of 1-¢, when the H,O solvate a C=O0 group and a
C-OH group, the two HBs are quite different: the C=0O- - -HOH
distance is 1.63 A with an O---HO angle of 171.0°, while the
H,O---HOC distance is 2.30 A with an O---HO angle of only
149.4°. Clearly, the HB interaction is favorable for the former,
but not for the latter. During AIMD simulation, the latter is
easily broken. The case of 1-b is similar to 1-¢, since it also
contains one strong HB (C=0- - -HOH/1.82 A/163.9°) and one
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Table1 Isomer populations (in %) for minimum-energy (1-a, 1-b, and 1-c)
and transition-state (1TS-ab and 1TS-ac) structures from AIMD simulations
at 100, 150 K, and 200 K. The threshold distance value of the hydrogen
bond is 2.40 A

1-a 1-b 1-c

100 K 150 K 200 K 100 K 150 K 200 K 100 K 150 K 200 K

1-a 42.5 63.5 46.5 0 573 0 0 80.7 0
1-b 0 0 0 378 0 357 0 0 0
1-c 0 0 0 0 0 0 819 0 72.8
1TS-ab 27.5 154 23.6 61.6 21.6 633 0 7.2 0
1TS-ac 30.0 21.1 299 O 211 0 181 121 27.2

weak HB (C—(H)O---HOH/2.37 A/122.3°). During an AIMD
simulation starting with any of the three isomers, there is
always the significant presence of the dangling transition
structures, in which HCO;~ and H,O are bound together by
just one HB, as shown in Table 1. This is true whether the
simulation temperature is 100, 150, or 200 K.

Such a mixture of various structures has been demonstrated
recently in the case of H,PO, (H,0),”” and the O-H stretching
feature is found to be very sensitive to the strength of the HB,
providing strong indications for the presence of various iso-
mers, even at a very low experimental temperature. In the
previous IRMPD study on HCO; (H,O),, only the backbone
region below 2000 cm ™" was measured.”® The O-H stretching
region for HCO;™ (H,O) could be an interesting comparison to
that for H,PO, (H,0), as the energy differences and barriers
separating various isomers are higher for HCO; (H,0), which
could induce changes in the intensity of various O-H stretching
peaks. Based on the potential energy surface shown in Fig. 1
and the comparison between theory and experiment discussed
below, HCO; (H,0) could be a mixture of 1-a and 1-b, with
minor contributions from 1-c.

3.2 HOH scissoring and COH bending

For HCO;3™ (H,0),, the fluctuation of HB distances could also
have significant effects on the two bending modes, HOH
scissoring in H,O (dmom)) and COH bending in HCO;~
(d(com)), since both involve a hydrogen atom that could parti-
cipate in HB interaction. It has been demonstrated in the case
of HPO, (H,0) that dom is broadened to a flat feature and
well reproduced by AIMD simulations.””?® In the case of
HCO; ™ (H,0), d(rom) contributes to feature F at around 1700 em !
as shown in Fig. 3.>° This peak is more pronounced for
HCO; (H,0) than for H,PO, (H,O), with a hint of doublet
splitting, due to a coincidence: there is an overlap between
dmomn) and the asymmetric C=O0 stretching (vyc—0))-

The COH bending is affected only when it forms an HB as a
donor, as in 1-¢, which pushes d(com) (peak D) to the blue by
50 cm ' (Fig. 3). For all the other stable and transition
structures, the variation in Jcon) is quite small, within 10 em Y
which is narrower than the width of peak D observed in
experiment. Based on the comparison of the experimental
spectrum to the calculated harmonic vibrational spectrum, it
has been concluded that 1-c does not make a significant contri-
bution to the experimental spectrum.?®
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Fig. 3 Vibrational spectra for the structures shown in Fig. 1. The experi-
mental spectrum at the bottom was provided by Prof. Knut R. Asmis. The

harmonic spectra are obtained at the MP2/6-311+G(d,p) level. The spectra
labeled by 100 K are obtained by the DTCF produced by AIMD simulations.

The significant gap between the §(comny modes of 1-¢ and 1-a/
1-b raises another important consideration, the position of
d(con) in 1-¢ could be sensitive to the dynamic fluctuation of
the distance of the HB in which the COH group is the donor. As
demonstrated in the case of H,PO, (H,0),,>® such an effect
could flatten the corresponding d(pon) peak. To examine it, we
calculate the change in the harmonic frequency of §(com) while
constraining the COH donor HB in 1-c¢ to a specific distance.
Such a procedure is justified by the fact that the HB is relatively
weak and its fluctuation frequency (2-3 THz based on Fig. 2) is
considerably slower than that of Jcom) (1200 cm™'/36 THz). As
shown in Fig. 4A, the é(con) shifts by more than 100 cm ™! as the
HB changes from 2.1 to 2.6 A, while the shift for vyc—o) is
~40 cm™'. This indicates a significant broadening of d(com)y
although the DTCF spectrum obtained at 100 K for 1-c in Fig. 3
still shows a well-resolved peak, probably due to the low
simulation temperature. Unfortunately, 1-c is transformed into
other structures when the temperature is raised to 150 K, which

4574 | Phys. Chem. Chem. Phys., 2018, 20, 4571-4578
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supports the previous conclusion that there is no significant
presence of 1-c.

As the cluster size grows, the water molecule accepting COH
would be further bound to other water molecules, rather than
to the C=O0O group in 1-c. As shown in Fig. 4B for the 8-a
structure with n = 8, the COH- - -OH, HB (019 - -H3) is shortened
to 1.98 A. As the HB distance is changed from 1.8 to 2.2 A, the
shift in d(con) is 65 cm ' (Fig. 4B). This is smaller than the shift
for 1-c, but comparable to the shift calculated before in the case
of H,PO, (H,0),,”® and large enough to flatten the 5(con) peak.

Indeed, it is observed in experiment that peak D becomes
almost invisible at n = 8 and beyond.>® It means that at such
sizes, there are enough water molecules around HCO;~ so that
the COH group is always solvated by a donor HB. As a result,
peak D disappears as d(con) is flattened by the fluctuation in
this HB distance.

3.3 C=O stretching

The symmetric C—0O stretching (feature E) is an example of a
vibrational mode which is less affected by the solvation inter-
action. Although the O atoms do form HBs, vy c—o) involves two
atoms much heavier than H and is less sensitive to the
fluctuation in HB distance. The shift in r4c—0), shown in
Fig. 4, is indeed significantly smaller than the shift in dcom)
when the distance of the COH donor HB is varied. As n
increases from 1 to 10, the v4c—c) peak position shifts to the
blue by ~60 ecm™ " in the experimental spectra,”® while its
shape changes little. In our previous study on H,PO, (H,O0),,
the symmetric P—=O0 stretching also changes little in its shape
as n increases from 1 to 12, although the peak positions shifts
in the opposite direction, by ~15 cm ' to the red.”” This
indicates that while the P—O bonds in H,PO,  are slightly
weakened by solvation, the C=0 bonds in HCO; ™ are strengthened
by solvation.

The vyc—o) frequency in HCO; ™ (H,0), happens to be very
close to d(on). Dynamic broadening is expected to be important
for the latter, but not for the former. Furthermore, harmonic
calculations indicate significant coupling between these two
modes, making it difficult to extract structural information from
the fairly broad peak F. For future experiments, it would be
interesting to measure the IRMPD spectra for DCO;™ (D,0),, in
which the v,c—0) and dpop) modes could be separated.

3.4 C-OH stretching and CO; out-of-plane bending

Below 1000 cm ™', the experimentally observed features have
been assigned to C-OH stretching (v(c-om), peak C), CO; out-of-
plane bending (y(co,), peak B), and various H,O libration modes
(broad feature A, shown in Fig. 1, ref. 26), with feature A only
becoming more prominent for the n > 6 clusters.*® Among
these three modes, y(co,) is the least sensitive to solvation. At
n = 1, the calculated harmonic frequency is 794 cm™* for 1-a,
782 cm™* for 1-b, 788 cm™* for 1-¢, within a gap of only 12 cm ™,
and these are also very close to the value of 787 cm™ " for the
bare HCO;™. As n increases, the calculated yco,) shifts to the
blue, to ~840 ecm ' at n = 4, and ~850 cm ' at n = 7, in
agreement with the small blue-shift observed in the experiment.

This journal is © the Owner Societies 2018
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Fig. 4 The vgc—0) and dcon) frequencies as a function of COH donor HB distance for 1-c (O7---H3 distance) (A) and 8-a (O19---H3 distance) (B)

obtained at the MP2/6-311+G(d,p) level.

The only problem is with the case of n = 1. The peak at 859 cm ™

in n =1 (labeled peak B in Fig. 3) is significantly higher than that
of the peak positions of yco, in n = 2-10 (826-841 cm™').>°
Considering that its calculated position is blue-shifted to only
850 cm ' by n = 7, the peak at 859 cm ' in the n = 1
experimental spectrum is unlikely to be due to yco,), as pre-
viously assigned. Instead, y(co,) should be assigned to the lower
frequency tail, labeled as B’ in Fig. 3.

The C-OH stretching mode (1(c-om)) is sensitive to the
position of H,0. In the case of n = 1, the calculated yc_on) is
880 cm ! for 1-a, 877 ecm ™ * for 1-¢, and 827 cm ™ for 1-b. In the
experimental IRMPD spectrum of n = 1,?® the peaks at 859 cm ™"
(peak B) and 887 cm™' (peak C) could both be assigned to
Yc-on), indicating that HCO;™ (H,0) could well be a mixture of
1-a and 1-b. As n increases, the calculated v(c_on) shows a trend
of shifting to higher frequency while the frequency gap between
various isomers is reduced. This is in good agreement with the
experimentally observed blue shift and better resolved shape
for peak C, as n increases from 2 to 7. The further broadening of
this peak for n above 7 is due its coupling with the numerous
libration modes of H,O as n increases.

3.5 Libration modes and surface cluster

The libration modes of water produce a broad feature labeled
as A in the experimental report,”® centering around 700 cm ™"
and extending all the way up to 1000 cm ™. Its intensity is size
sensitive, being appreciable only at n = 6 and above, and
increasing further with the cluster size. These modes are known
to be sensitive to the fluctuation in the HB network, and for
bulk samples, related to long range and collective motions.**™*?
Reproducing peak A would require detailed AIMD simulations
on the larger clusters with long durations. Nonetheless, two

This journal is © the Owner Societies 2018

conclusions could be drawn by harmonic analysis and short
duration AIMD simulations.

The first conclusion concerns the coupling between the
libration modes with either yc_omn) Or y(co,. Harmonic analysis
indicates that the coupling with v(c_om) is significant, producing
several harmonic peaks, which is responsible for the broadening
of peak C at n > 8. On the other hand, the coupling with yco,) is
less significant, as the out-of-plane motion of a C atom does not
disturb the HB network as much as the stretching of the C-OH
bond. As a result, the yco, peak (B’ for n =1 and B for n > 1) is
maintained all the way up to n = 10, even when its baseline is
raised by the contribution from the water libration modes.

The second conclusion concerns the aggregation of the
water molecule. As shown in Fig. 5, there are three solvation
sites, o, B, and y in HCO; , using the labels previously
employed.”® When 7 is small, the water molecules on these
three sites are not connected to each other by HB. However, by
n = 6, the HB network is extensive enough such that the water
molecules on these three sites are connected. In such cases, the
overall structure could be characterized as a surface cluster,
with water molecules aggregated below the planar bicarbonate
anion. These structures are among the most stable at n = 7 and
n = 8, and robust during AIMD simulations. Their presences
could account for the sudden enhancement of peak A above
n = 6,>° which indicates the collective motion of large water
aggregates.*’

Furthermore, the emergence of the surface cluster could
also explain another interesting observation in the photo-
detachment study on HCO;3; (H,0),: the vertical detachment
energy (VDE) increases gradually with 7 and becomes a constant
of 6.95 eV for n > 9.'* When HCO; ™ is on the surface, additional
water molecules would aggregate at the bottom in the third or
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8-b 8-c

Fig. 5 Lowest-energy isomers of HCOz (H,O), (n = 6-8) optimized by
MP2/6-311+G(d,p) and position labelling used in the Results and discussion
section. 7-a and 8-a are surface clusters, with HCO3™ laying flat at the
cluster surface.

higher solvation shell, which is far away from the bicarbonate
anion and have little effect on the VDE of the negative charge.

3.6 DTCEF spectra for n = 6

Shown in Fig. 6 are the DTCF spectra for three isomers with
n = 6, obtained by AIMD simulations. The calculated spectra are
dependent on the simulation temperature, and also on the
starting geometry, indicating that a much longer simulation
period would be needed to fully reproduce the experimental
features. However, dynamic features can be discerned from
these spectra.

6-a is a surface cluster, although at n = 6, it is not yet the
most stable isomer. During AIMD simulation at 200 K, it is
often transformed into a structure with only one water molecule
at the v site. As expected, the d(con) is blue shifted to the position
just below peak E and broadened, providing an example for the
disappearance of peak D.

For 6-b, there is one water molecule on each of the  and vy
sites. However, during AIMD simulation, 6-b is unstable and
easily transformed into 6-¢ which does not have any water
on the B or y site. As a result, the simulated spectra for 6-b
and 6-c are similar to each other. They are also similar to the
experimental IRMPD spectrum, with the presence of peak D
indicating that COH is not solvated yet.

For all three isomers, there are many features around 800 cm ™,
which should produce a broad feature, as water aggregation is
observed during the AIMD simulations for all three isomers. Such
a broad feature, due to the water libration modes, is indeed
observed in the experimental spectrum.

3.7 Comparison between hydrated HCO; and H,PO,
clusters

Solvation effects on the backbone vibration modes have also
been studied in detail for hydrated H,PO, clusters.”® It is
interesting to compare the cases of HCO;~ and H,PO," since
both are polyatomic anions, with X=0 and XOH (X = C and P)
groups.
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Fig. 6 DTCF spectra for three isomers of HCO3z (H,0)s, obtained by
AIMD simulations, and compared with the experimental IRMPD spectrum
provided by Prof. Knut R. Asmis. MP2/6-311+G(d,p) relative energies
(in kJ mol™?) are listed inside round brackets.

There are obvious similarities between these two systems.
The symmetric X=O stretching is relatively stable, showing
only a small shift in position with increasing cluster size. XOH
bending is very sensitive to solvation, and when it is a donor for
HB, it is flattened by the fluctuation in HB distance. X-OH
stretching is usually resolved and shifted to the blue as more
water molecules are added. HOH scissoring is always broadened
due to HB fluctuation.

There are also differences. In H,PO, ™ (H,0),, the asymmetric
X=O0 stretching is coupled with X-OH bending, while in
HCO; ™ (H,0),, it is coupled with HOH bending. There is a well-
resolved out-of-plane peak for HCO;™ (H,0),,, while H,PO, (H,0),
is tetrahedral. As the cluster size grows, the symmetric X=0
stretching peak moves to the red in H,PO, (H,0), and to the
blue in HCO;™ (H,0),,.

The most interesting contrast is in the aggregation of solvent
water molecules. HCO;™ is planar, and water molecules can
aggregate on one side of the plane, starting at a modest size of
n =6 and producing a surface cluster. In the IRMPD spectra, the
libration modes of water shows up prominently at n = 6, and in
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the photo-detachment spectra, VDE becomes a constant for
n = 9."' H,PO,™ is tetrahedral and has one more XOH group
than HCO;™, and more water molecules are required for the
onset of solvent aggregation. In fact, the water libration feature
for H,PO, (H,0),, which is also a broad feature centered
around 700 cm ™', does not show much intensity until n reaches
12.”® Accordingly, one would expect the VDE of H,PO, (H,0),
to shift to a higher energy beyond n = 12.

4. Summary

Understanding the IRMPD spectra of HCO; (H,0), requires
the consideration of more than one isomer and the fluctuation
of HB distances. Vibrational modes with the involvement of a
hydrogen atom participating in HB are most affected, such as
OH stretching, COH or HOH bending, and water libration. In
the backbone region, this is demonstrated by the flattening of
the COH bending peak for n > 8, which indicates that the COH
group is solvated at such sizes for all the isomers present. For
the other vibrational modes, the increasing extent of solvation
with growing cluster size only induces shifts in peak positions.
The onset of the water libration feature at n = 6 indicates the
early beginning of solvent aggregation, as the planar HCO;™
stays at the surface of the cluster. The dominance of such a
surface structure at larger n also accounts for the constant
vertical detachment energy for n > 9.
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