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1. Introduction

lon vibrational spectroscopy of the microhydrated
iodate anion: unveiling the onset of
heterogeneous ion solvation

Arghya Chakraborty, (22 Huiyan Li,°° Zhi-Feng Liu {2 ** and Knut R. Asmis {2 *2
Gas-phase ion vibrational spectroscopy is combined with first principles calculations to provide a
bottom-up view of how the iodate anion is microhydrated from one to twenty water molecules. Infrared
photodissociation spectra of D,-tagged |03~ (H,0), (n = 1-8 and 11) are reported in the O-H stretching
(2800-3800 cm™Y) and the H-O-H bending (1600-1800 cm™?) region. Additionally, infrared muiltiple
photon dissociation spectra of bare 1037 (H,O), (n = 10-12, 15, and 20) were recorded in the O-H
stretching region. Structure assignments are made by comparing experimental spectra with simulated
ones derived from MP2 frequency calculations and ab initio molecular dynamics simulations. Two solva-
tion regions around the trigonal pyramidal iodate anion are identified based on their characteristic vibra-
tional signatures. The first water molecules prefer to interact with the negatively polarized O-atoms of
iodate by hydrogen bond donation. Notably, interwater hydrogen bonds are first detected at n = 3
as part of a water trimer ring. Starting at n = 4, a water tetramer ring motif is found and it persists in all
larger systems. The emergence of a free-OH oscillator feature (~ 3713 cm™?) signals the onset of |-atom
solvation at n = 11, manifested in the form of I°*...OH; interactions as a result of the | atom’s electropo-
sitive nature in |Os~. The interwater hydrogen bonds associated with |-atom solvation are considerably
stronger compared to those associated with O-atom solvation, resulting in characteristically red-shifted
(<3000 cm™) O-H stretching bands. Overall, this study sheds new light on polyoxoanion solvation,
complementing insights from condensed-phase experiments.

study of microhydrated ions isolated in the gas phase, which
are amenable to, both, characterization using highly sensitive

The iodate anion (I0;™) is the most abundant iodine species in
sea-water, the main source of atmospheric iodine, and plays a
critical role in facilitating “‘new particle formation” required for
cloud generation."™ However, iodate hydration cannot be
accurately described using conventional models that assume
a spherically symmetric charge distribution,”” as this trigonal
pyramidal polyoxyanion exhibits a positively polarized I-atom
with a formal charge of +1 separated spatially from three
negatively charged O-atoms (—2/3).> Hence, more realistic
solvation models require knowledge of specific ion-water inter-
actions in (at least) the first solvation shell. This motivates the
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and selective gas phase ion spectroscopy techniques as well as
to higher level electronic structure calculations.

The effect of iodate’s asymmetric charge distribution on the
structure and dynamics of its solvation shell has been the topic
of previous experimental and computational studies.””® X-ray
absorption fine structure (XAFS) spectroscopy combined with
density functional theory-based ab initio molecular dynamics
simulations (AIMD) indeed provides evidence for such a bipolar
anion with both anionic and cationic regions.” Interface-
specific vibrational spectroscopy reveals that iodate is prevalent
at the air-water interface due to the distinct water structure of
stronger as well as weaker hydrogen bonding in the iodate’s
hydration shell.'® Subsequently, the impact of charge aniso-
tropy on the hydration environment in microhydrated iodate
anions, 10;(H,0),, was investigated using anion photoelec-
tron spectroscopy.’ The most stable structures reported in this
publication suggest that the first four water molecules form
strong ionic hydrogen bonds to the iodate’s O-atoms in either
a DD or an ADD fashion, where the letters stand for hydro-
gen bond acceptor (A) and hydrogen bond donor (D).
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Characteristic anion microhydration moieties have been pre-
viously reported and labelled as W;_, ring motifs according to
the size of the hydrogen-bonded network.>™® A single DD-
H,0, donating two hydrogen bonds to I0;, represents the
simplest motif, W; (see Scheme 1 for an overview of the binding
motifs W; to W,). W, is composed of an ADD- and a DD-H,0
linked by a single interwater hydrogen bond and donates three
hydrogen bonds to I0;". Three ADD-H,0 molecules form the
W; motif, a three-membered ring, interconnected by three
equatorial interwater hydrogen bonds, and the three axial
OHs each donating a hydrogen bond to 1I0; . The W, motif
contains a four-membered water ring and is typically part of a
larger hydrogen bond network such that each water molecule is
at least three-fold coordinated (e.g. four ADD-H,0Os). Wang and
coworkers found that starting with n = 5 the second solvation
shell is populated, i.e., water-water hydrogen bond formation
competes with ionic hydrogen bond formation, leading to the
generation of particularly stable W, rings without any dangling
O-H bonds.’ They predicted that at n = 12, eight water mole-
cules, all bound to the iodate’s three O-atoms, comprise the
first solvation-shell.

A comparative study of the influence of four halide anions
(F,Cl,Br,and I )vs. I0; on the hydrogen bond network in
aqueous nanodroplets (n = 30-75) was carried out using gas-

phase vibrational action spectroscopy and demonstrated that
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Scheme 1 Characteristic binding motifs W1—W, (labelled a—d) found in
microhydrated anions,>*® in general, and in iodate anions, in particular.
Individual water molecules are labeled according to their role as a hydro-
gen bond acceptor (A) or donor (D). A water molecule can accept up to
two and provide up to two hydrogen bonds at maximum coordination
(AADD-H,0). W, typically appears in combination with other motifs in
larger clusters.
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I" and 103, despite having nearly same ionic radii, exhibit
differences in hydration motifs that propagate to water mole-
cules beyond the second solvation shell.™* Two distinct solva-
tion regions were also identified in a recent AIMD study on
microhydrated iodate anions with 30 or more water molecules.®
This simulation suggests that the iodate’s first solvation shell is
composed of eleven to twelve water molecules. Of these, around
eight to nine H,0 molecules engage in hydrogen bonding with
one or more of the three O-atoms of the iodate, the so-called
oxygen solvation region. The remaining two to three H,O
molecules primarily interact with the electropositive iodine
center developing the iodine solvation region.

In the present study, we produce microhydrated iodate
anions, 10;™(H,0),, with up to twenty water molecules using
a nanospray ion source (see Methodology, Section 4.1). Ion
vibrational spectra in the O-H stretching region reveal char-
acteristically red-shifted bands, where the magnitude of the
shifts correlates with the strength of the corresponding hydro-
gen bond.">'® We assign structures and identify particularly
stable microhydration motifs based on a comparison with the
results of harmonic frequency calculations as well as AIMD
simulations. One of the key experimental findings is the onset
of I-atom solvation at n = 11, evidenced by the emergence of a
free-OH feature (>3700 cm ') together with substantially red-
shifted bands (<3000 cm™ ') associated with hydrogen-bonded
O-H oscillators in the iodine solvation region.

2. Results and discussion
2.1 Vibrational spectroscopy

To characterize the structure of microhydrated iodate anions
with up to 20 water molecules, we measured vibrational action
spectra, using D, as a messenger tag when possible, in order to
obtain IRPD spectra in the linear absorption regime. Since the
D,-tagging efficiency decreases with cluster size, it becomes
difficult to obtain sufficient tagging yields for n > 8. For n = 11,
we made an extra effort, since this is the first spectrum that
contains the signature of a free O-H oscillator. For all larger
clusters, we report the IRMPD spectra of the untagged micro-
hydrated anion. IRMPD spectra for such clusters are typically
less structured, the measured intensities do not necessarily
reflect the calculated linear absorption cross sections, in parti-
cular, when measuring at longer wavelengths, and therefore we
refrain from assigning structures based on a comparison of
calculated IR spectra and measured IRMPD spectra.

Fig. 1 compares the IRPD spectra (left) of D,-tagged
105" (H,0),, with n = 1-8 and 11 to the corresponding predicted
IR spectra (right) derived from scaled harmonic frequencies of
the best fit isomer in the O-H stretching (3800-2800 cm ') and
the H-O-H bending (1800-1600 cm ") regions. The experi-
mental band positions for n = 1-5 and 11 and their assignments
are provided in Table 1. Absorption bands arising from the
excitation of O-H stretching modes involved in ionic hydrogen
bonds as well as water-water hydrogen bonds are observed
between 3680 cm ™' and 2900 cm ™, while bands attributed to
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Fig. 1 IRPD spectra (left) of D,-tagged |05~ (H,0), with n = 1-8 and 11 recorded in the H-O-H bending (1600-1800 cm™) and O—H stretching (2800—
3800 cm™) regions compared to computed IR spectra (right) derived from scaled harmonic frequencies (and intensities) of the best-fit isomer. For
clearer interpretation, the O—H stretching region is segmented using multiple color shades to distinguish bands associated with free O—H groups and
substantially red-shifted O—H stretches (in red), single water ring motifs (in blue), and ionic hydrogen bond oscillators mixed with larger water—water ring
features (in green and yellow). It is noted that the yellow shaded region also points towards OH stretching oscillators associated with water ring moieties.
The peak assigned to the excitation of the D, stretching mode is denoted by asterisks. The corresponding minimum-energy structures (without a
messenger tag) are shown on the right (see the text for details).
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1) and assignments of the features observed in the IRPD spectra of D,-tagged 105~ (H,0), for n = 1-5and 11

n=1 2 3 4 5 11 Assignment
3713 (iy) Free O-H stretch
3524 (a;) 3550 (by) 3335(c,) 3523 (d,) 3515 (e,) O-H stretch (HO-H.--0I0,")
3504 (a,) 3526 (b,) 3428(c;) 3461 (dy)
3411 (ds) 3425 (ey)
3541(c,) 3344 (dy) 3338(e;) O-H stretch (HO-H---OH,)
1687 (as) 1676 (bs) 1679 Ecsg 1690 (ds) 1683(e,) HOH bend
1693 (c,
2960 (is) O-H stretch (H-O(H)---10;")
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free OH oscillators are expected above 3680 cm™"."” The small
feature at ~2960 cm ' (denoted by an asterisks in Fig. 1)
observed up to n = 7 is assigned to excitation of the D-D
stretching mode of the messenger molecule. It gains in IR
intensity due to polarization and is slightly red-shifted from the
frequency of the free D, molecule (2994 cm™'), suggesting
charge transfer into the antibonding ¢* orbital of D,."*

Based on the features observed in the O-H stretching region,
the experimental IRPD spectra on the left of Fig. 1 can be
grouped into four microsolvation regimes. (1) Up to n = 2,
the spectra are simple with no significant absorption above
3550 cm ™" or below 3500 cm ™. (2) From n = 3 to n = 5, intense
IR features are also observed in the 3200-3550 cm ™' region.
(3) The spectra become more congested with size, as expected.
Starting at n = 6, substantial absorption is also observed above
3600 cm ', tailing out to ~3700 cm ™!, however not as intense
as the more red-shifted O-H stretching bands. (4) Finally, the
IRPD spectrum at n = 11 shows two new features, which are not
observed in any of the spectra of the smaller complexes. These
are a relatively weak but characteristic free-O-H stretching
band at 3713 em™ ' (i;) and substantially red-shifted bands
below 3000 ecm ™" (i), both shaded in red in Fig. 1, signaling
a characteristic change in the hydration structure at n = 11.

The H,0 bending region is less diagnostic, in particular for
n > 4, due to overlapping absorption bands between 1640 cm ™"
and 1730 cm ™', with band maxima located between 1675 and
1685 cm ™', presumably reflecting the locally slightly different
environment of the H,O molecules.

Additional information on the first three of these micro-
solvation regimes can be obtained by comparing these spectra
to those previously reported for the microhydrated perchlorate
anion (ClO, )" and sulfate dianion (SO, ?)."* For n = 1, a
similar IR absorption profile was reported for ClO, (H,O) and
assigned to the W; motif (see Fig. 1a)."® The substantially more
red-shifted band at 3504 cm ™" (a,) for 103 (H,0) vs. 3575 cm ™"
for ClO, (H,O) suggests stronger ionic hydrogen bonds in the
iodate complexes as a result of iodate’s larger anion proton
affinity. For n = 2 (trace 1b), a similar spectrum is observed with
slightly different relative intensities, suggesting a similar assign-
ment. Hence, the second water molecule also likely adopts the W,
motif, leading to a 2W; arrangement in which iodate’s third
available O-atom is also engaged, rather than forming a water—
water hydrogen bond as part of the W, motif (see Fig. 1b), which
was reported for ClO, (H,0),." Hence, this first microhydration
regime up to n = 2 is characterized by DD-H,0O’s bound to iodate
O-atoms without any interwater hydrogen bonds.

In microhydrated ClO, ", the onset of water-water hydrogen
bonding, involving predominantly ADD-H,0O’s as part of three-
and four-membered water rings, is signaled by intense IR
absorption features, red-shifted up to 300 cm~' more than
those associated with OH oscillators involved in isolated ionic
hydrogen bonds. Indeed, for the iodate anions with n = 3 to
n = 5, additional bands are observed from 3500 cm™* down to
3200 cm ™', favoring a similar assignment. The region 3600-
3700 cm™ ' is characteristic for the formation of four-fold-
coordinated water molecules and we therefore assume that
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also for iodate the signal above 3600 cm™ " starting with n = 6
signals the formation of AADD-H,Os as the hydrogen-bonded
network grows. What causes the additional features starting
with n = 11 remains unclear at this point. Further below, we
demonstrate that both these features signal the onset of
microhydration of the iodine solvation region.

Since messenger-tagging is inefficient for larger microhy-
drated clusters, we reverted to IRMPD spectroscopy, monitor-
ing the water loss channels, to obtain vibrational information
on the larger clusters with up to 20 water molecules. These
spectra are shown in Fig. 2. The emergence of the free O-H
stretching band at 3713 cm™ " (i,) is evident at n = 11 too, which
aligns well with the corresponding IRPD spectrum in Fig. 1i.
In the current study, this band is observed up to n = 20.
The absorption between 3200 and 3650 cm ' in Fig. 2 loses
any distinctive pattern with increasing number of H,O mole-
cules. A similar absorption profile, including the weak free O-H
stretching feature, was reported to persist for larger clusters of
up to n = 78.™ The weak absorption signal apparent between
3200 and 3100 cm ' was attributed to AAD water mole-
cules."?° In contrast to the IRPD spectrum of n = 11 (Fig. 1i),
the IRMPD spectra in Fig. 2 show no significant signal below
3000 cm ™', which we attribute to IRMPD transparency (see

G|rRMPD

L S R ——

3000

3200

T T T
3400 3600 3800

2800
wavenumber (cm™)
Fig. 2 IRMPD spectra of iodate—water clusters, 103~ (H,0),,, with n = 10,

11, 12, 15, and 20 recorded in the O-H (2800-3800 cm™) stretching
region. Bands above 3680 cm ™2, like band i;, signal the presence of a free
O-H stretching oscillator.
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Section 4.1).>" Thus, the IRMPD spectra are less diagnostic
when it comes to the more red-shifted O-H stretching bands.

2.2 Microhydration motifs and energetics

In order to identify the structure of the individual iodate-water
clusters, we performed a minimum-energy structure search
using the MP2/def2-TZVP method. Characteristic low-energy
isomers are shown in Fig. 3 [see Fig. Sla—c of the SI for higher
energy structures]. Relative energies, without and with zero-
point energy (ZPE) correction, are listed in Table 2 (see also
Tables S1a and b in the SI). In the text, we refer to the ZPE-
corrected energies (AE,) if not noted otherwise.

Structures are labelled using the m.i.bw nomenclature
scheme, where m refers to the number of water molecules,
and i refers to the number of ion-water hydrogen bonds and bw
is the number of water-water hydrogen bonds.>” In addition,

S
1}
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=]
]
N

5.5.5a (0. )

JANQ
G e ksfz‘ﬁd’

7.59a(0.0) 7.5.9b (1.3) 8.6.10 (0.0) 8.7.8(8.1)
n=11

555b(60 6.5.6a (0.0) 6.5.6b (0.7)
n=8

B, « TR

11.7.14 (0.0) 11.6.14 (1.5) 11.7.15 (6.4)

Fig. 3 Relevant MP2/def2TZVP minimum-energy structures for |05~ (H,0),
anions with n = 1-8 and 11. Structures are labelled using the m.ibw
nomenclature scheme (see the text). ZPE-corrected relative energies (AEq
in kJ mol™) are given in parenthesis.
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Table 2 Relative electronic energies (in kJ mol™?) without (AE) and with

zero-point energy correction (AEp) for the lowest energy structures of
1057 (H20), (n = 1-8 and 11) calculated using DFT and MP2

DFT MP2
Size n Isomers AE AE, AE AE,
1 1.2.0 0.0 0.0 0.0 0.0
2 2.3.1 0.0 0.0 0.0 0.0
2.4.0 3.7 1.0 3.2 0.5
3 3.3.3 0.0 0.0 0.0 0.0
3.4.2 14.8 10.5 12.9 9.0
4 4.4.4 0.0 0.0 0.0 0.0
4.5.3a 12.5 9.2 9.4 6.0
5 5.5.5a 0.0 0.0 0.0 0.0
5.5.5b 7.3 5.6 7.2 6.0
6 6.5.6a 0.0 0.0 0.0 0.0
6.5.6b 1.6 1.0 1.1 0.7
7 7.5.9a 0.0 0.0 0.0 0.0
7.5.9b 3.7 2.1 2.2 1.3
8 8.6.10 0.0 0.0 0.0 0.0
8.7.8 13.9 10.2 11.6 8.1
11 11.7.14 0.0 0.0 0.0 0.0
11.6.14 0.6 0.4 2.2 1.5
11.7.15 7.5 7.0 7.2 6.4

the letters a-z are used in ascending order according to AE, to
differentiate between multiple (m.i.bw) isomers.

Structures and relative energies. A more detailed discussion
of the nature and energy ordering of the structures identified
for each n can be found in the SI. Here, we focus on the
description of some general trends that are predicted, as the
bare iodate anion is sequentially microhydrated with up to
eleven water molecules. The lowest energy isomers (see Fig. 3)
identified for 103~ (H,0),_g are 1.2.0, 2.3.1, 3.3.3, 4.4.4, 5.5.5a,
6.5.6a, 7.5.9a and 8.6.10, which correspond to following
sequential evolution of microhydration motifs (see Scheme 1):

W, > W, > W; > W, > W, +W; > W, +W,
- W, +W; —» 2W,

Forn=1, 3,4, 5 and 8, the lowest energy isomer is more than
5 kJ mol~" lower in energy, while for n = 2, 6, 7 and 11 two
low-energy constitutional isomers are predicted only within
2 kJ mol ™.

The minimume-energy structures shown in Fig. 3 predict that
up to n = 8 only the oxygen solvation region is populated. The
formation of ionic hydrogen bonds competes with the for-
mation of interwater hydrogen bonds already in the smallest
possible complex, namely at n = 2, indicating that an increase
in the coordination of a water molecule lowers the total energy
more than that of one of iodate’s O-atoms. It is noted that while
2.3.1 (W,) is predicted to be 0.5 k] mol™ ' more stable than
2.4.0 (2W,), the latter is entropically favored, yielding a lower
free energy already at 100 K (Table S2 in the SI). In any case,
hydrogen-bonded network structures are formed early on,
which also effectively avoids the formation of any energetically
unfavorable free O-H oscillators. The first microsolvation shell
containing an ADD-H,O0 is predicted for n = 2 and remains the
most abundant species in all the larger complexes. Population
of the second solvation shell, i.e. a water molecule without
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direct contact with the iodate anion, is found for n = 5. The first
four-fold-coordinated AADD-H,O is predicted for n = 6, the first
complex that exhibits more water-water than ionic hydrogen
bonds. Interestingly, the maximum (solvation) coordination
number of iodate O-atoms is only two up to n = 8. The
structures in Fig. 3 also show that (at least at low temperatures)
the W; and, in particular, the W, ring motif are particularly
stable. Indeed, for n = 6, the labeling as “W, + W, above is
somewhat misleading. It correctly reflects the stoichiometry of
the complex, but its network structure is probably better
described as a “W, + W,” motif, in which two water molecules
are shared by each ring.

The first global minimum-energy structure, in which the
iodine solvation region is populated, is found for n = 11. 11.7.14
is above 6 k] mol ' more stable than the “oxygen solvation
region” structure 11.7.15. Besides the presence of an attractive
I°". . .OH, interaction, both iodine solvation region structures in
Fig. 3 contain a free OH oscillator, either on an AD-H,O
(11.7.14) or an AAD-H,O (11.6.14). The structural analysis of
11.7.14 is discussed in more detail in Section 2.3 (vide infra).

Summarizing, the trends observed in the evolution of the
global minimum-energy structures of microhydrated iodate
complexes with up to eleven water molecules confirm and
consolidate the observations derived from the experimental
IRPD spectra. The four identified microsolvation regimes
indeed correlate directly with the degree of coordination of
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the water molecules comprising the solvation shell. In the first
regime (n = 1, 2), only DD-H,0 molecules are present in the
complex. Entropic factors need to be considered in the case of
n = 2, in order to bring the experimental observation in
agreement with the predictions from the calculations. ADD-
H,O0s (and DD-H,0) contribute to the second regime (n = 3-5)
and finally at least one AADD-H, 0O is always present in the third
regime (n = 6-8). While in the first three regimes microsolvation
is limited to the oxygen solvation region, the iodine solvation
region is populated at n = 11, which is directly correlated with
the presence of (at least) one free OH oscillator.

2.3 Analysis of the vibrational spectra

Microhydrated iodate anions are bound by hydrogen bonds
which are considerably weaker than intramolecular bonds and
easily rearrange at finite temperature. Their potential energy
surfaces are typically flat, with many isomeric structures lying
close to each other in energy. It is not always straightforward to
assign IRPD spectra based on a comparison to simulated
spectra derived from harmonic IR frequencies and intensities
of the static minimum-energy structures (at 0 K). Temperature
induces free energy and dynamic changes. Therefore, we also
performed ab initio molecular dynamic (AIMD) simulations on
105 (H,0),, clusters to examine such effects (details are pro-
vided in Methodology, Section 4).

(e) b,
u_c
2.4.0
(0.5)
JL “ < AL
2.31
(0.0)
>
: o I\
o]
E () 2.4.0
14 (100 K)

1600 1700 2800 3000 3200 3400 3600 3800
wavenumber (cm’)

(Left panel) Comparison of the IRPD spectrum (trace a) of D,-tagged 103 (H,O) with the scaled harmonic MP2/def2TZVP (trace b) and unscaled

AIMD simulated IR spectra of the (untagged) lowest energy isomer 1.2.0 at temperatures of 20 K (trace c) and 100 K (trace d). (Right panel) Comparison of
the IRPD spectrum (trace e) of D,-tagged 103~ (H,0O), with the scaled harmonic MP2/def2TZVP (trace f and g) and unscaled AIMD simulated IR spectra (h
and i) of (untagged) lowest energy isomers 2.4.0 and 2.3.1, respectively, at a temperature of 100 K. The feature attributed to the wiggling motion of the
water molecule is denoted by # and the D; stretching band is denoted by an asterisk (*). ZPE-corrected relative energies AEq (in kJ mol™) are reported in
parentheses. See Table 1 for band positions and assignments.
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The harmonic IR spectra of the best-fit I0; (H,0), isomers
(n = 1-8 and 11) are shown in Fig. 1 (right panel). In the
following, we provide a more detailed analysis of the experi-
mental IRPD spectra based on a comparison to computed
harmonic, and when necessary, to anharmonic IR spectra. This
allows us to assign the relevant spectral features and provides
the basis for our structure assignment.

The IRPD spectra of 10; (H,O) and 1037 (H,0), in Fig. 4
(trace 4a and 4e) are satisfactorily reproduced by the harmonic
IR spectra for 1.2.0 and 2.4.0 (4b and 4f), respectively, which
appear similar, since the corresponding structures exclusively
exhibit the W; motif. In contrast, the agreement with the
spectrum of 2.3.1 is worse, underscoring our initial finding
(see Section 2.1) that the microhydration regime up to n = 2 is
characterized by DD-H,0’s bound to iodate O-atoms without
any interwater hydrogen bonds. For n =1 (n = 2), IRPD bands a,;
(bs), a5 (by) and a; (bs) are assigned to the excitation of the H,O
antisymmetric stretching, symmetric stretching and bending
fundamental, respectively. The weak feature at ~3350 cm ™" (#)
in both IRPD spectra is attributed to the excitation of the H,O
bend overtone. It is reproduced when static anharmonic effects
are considered (see the SI, trace c of Fig. S2a, for the results of
the MP2/VPT2).

The weak signal around 3450 cm ™ is attributed to dynamic
effects (see trace 4a vs. 4c), which become more prominent with
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increasing simulation temperature (trace 4d). It is noted that
the AIMD simulation suggests that 2.4.0 efficiently isomerizes
to 2.3.1, the global minimum-energy structure, at 20 K, but not
anymore at 100 and 200 K. Hence, the free energy barrier
separating these two isomers increases at higher simulation
temperatures. Indeed, the 100 K spectrum of 2.4.0 (trace 4e vs.
4h, right panel) reproduces the IRPD spectrum quite well, in
particular, the characteristic splitting between bands b, and b,
as well as the weaker features at slightly lower wavenumbers. It
is noted that the temperature in an AIMD simulation is scaled
to the average kinetic energy, without considering the zero-
point energies, and only provides an indication for the extent of
the dynamic motion in the cluster rather than the thermody-
namic cluster temperature.

The harmonic IR spectra of the two lowest energy isomers
for n = 3 and n = 4 are shown in Fig. 5. In both cases, better
agreement with the measured IRPD spectrum is found for the
lowest energy isomers 3.3.3 and 4.4.4, which both exclusively
exhibit ADD-H,0 molecules. This confirms the onset of water-
ring formation at n = 3, which manifests itself in the calculated
IR spectra by additional, more red-shifted bands in the region
below 3500 cm ™" (c,). For n = 3, the harmonic spectra allow the
band c, at ~3425 cm™~ ' to be assigned to the excitation of the
three OH oscillators bound to the iodate core, which are well
decoupled from the three OH oscillators comprising the W;-

(b) 4.4.4
o ehgh

(©) 453

R I
g b A

é (d) 44.4

(100 K)

"y

444

MJJL‘ ' (200 K)

1600 1700 2800 3000 3200 3400 3600 3800
wavenumber (cm’ )

(Left panel) Comparison of the IRPD spectrum (trace a) of D,-tagged |03~ (H,O)3 with scaled harmonic MP2/def2TZVP (trace b and c) derived IR

spectra of (untagged) isomers 3.3.3 and 3.4.2, respectively. The unscaled AIMD simulated IR spectra of the (untagged) lowest energy isomer 3.3.3 at a
temperature of 100 K is plotted in trace d. (Right panel) Comparison of the IRPD spectrum (trace e) of D,-tagged 103~ (H,O)s with scaled harmonic MP2/
def2TZVP derived (trace f and g) IR spectra of the (untagged) lowest energy isomers 4.4.4 and 4.5.3, respectively. The unscaled AIMD simulated IR spectra
of the lowest energy isomer 4.4.4 at temperatures of 100 K and 200 K are plotted in traces h and i, respectively. The feature attributed to the D, stretching
band (in traces a and e) is denoted by an asterisk (*). Features observed in the AIMD trace are labelled with capital letters (see the text).
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ring contributing to band c; at ~3540 cm™ . Hence, the ionic
hydrogen bonds in n = 3 are stronger than the water-water
hydrogen bonds of the W; motif. However, the situation is
reversed for n = 4 and the most red-shifted band d, at
3352 cm™ ' is indeed assigned to the excitation of OH oscillators
in the plane of the W, motif, reflecting the cooperative stabili-
zation of the water network concomitant with the weakening of
the ionic hydrogen bonds to the iodate core. It is noted that
multiple peaks in this region (the green-shaded area of Fig. 1)
highlight the stronger coupling between ionic hydrogen bond
and water-water stretching modes (compared to those in the
3 system). Such mode mixing persists up to n = 11,
contributing to the spectral complexity in the IRPD spectra of
the larger clusters. The spectra in Fig. 6 (vide infra) show that
the bands in the HOH bending region are not sufficiently
diagnostic and we will therefore not discuss them any further.
The AIMD simulations also emphasize the growing significance
of dynamic fluctuations as the cluster size increases. For example,
the W; motif in 3.3.3 comprises three longer equatorial inter-water
hydrogen bonds (202 pm) and three shorter axial hydrogen bonds

n =
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(192 pm) interacting with iodate’s three O-atoms (see the SI, Fig.
S5). A similar motif was previously identified for NO; ™ (H,0); and
shown to be stable during AIMD simulations,'® even at 200 K.
However, the present W; motif in 3.3.3 is less stable and ruptured
already at 20 K (see the SI, Fig. S5), likely due to the 30% larger O-O
distance in 105~ (290 pm) compared to NO;~ (220 pm). Such a
deformation strengthens some hydrogen bonds, giving rise to peak
C in the AIMD spectrum, which reproduces peak c; in the IRPD
spectrum (Fig. 5d, left panel) that could not be accounted for by
comparison to the harmonic spectrum of the two lowest energy
isomers (see traces a and b of Fig. 5, left panel).

In contrast, the W, ring in 4.4.4 remains stable at 100 K,
suggesting a better compatibility with the larger size of 105~
(vs. NO3 ™) and hence a more rigid structure. However, at 200 K,
the W, ring does break, with one H,O molecule moving into
the second solvation shell, leading to considerable signal
broadening in the OH stretching region (Fig. 5e, right panel).
The relative intensities, on the other hand, are less well
reproduced, suggesting that capturing the relative contribution
of the dynamic solvation motifs is challenging.
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(Left panel) Comparison of the IRPD spectrum of D,-tagged 1035 (H,O)s (trace a) to (MP2/def2TZVP) derived harmonic IR spectra (trace b and c)

of (untagged) two lowest energy isomers 5.5.5a and 5.5.5b, respectively. AIMD simulations for 5.5.5a at 100 K is shown in trace d. The IRPD spectrum of
D,-tagged 1037 (H,0)¢ and the MP2/def2TZVP derived IR spectrum of the most stable isomer 6.5.6a are shown in traces e and f, respectively. (Right
panel) Comparison of the IRPD spectra of D,-tagged 103~ (H,0); (trace g) and 103~ (H,O)g (trace h) to the corresponding harmonic IR spectrum of their
corresponding lowest energy isomers as provided in traces i and j, respectively. The unscaled AIMD simulated IR spectra at temperatures of 100 K and
150 K of the lowest energy isomer 8.6.10 for n = 8 are plotted in traces k and |. The D, stretching band is denoted by an asterisk (*).
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Spectral congestion becomes more evident as the number of
water molecules (in different coordination environments)
increases. For n = 5, the computed IR spectrum of 5.5.5a agrees
well with the IRPD spectrum, but does not reproduce the IRPD
band e, (see Fig. 6, left panel), which suggests a contribution
from higher energy isomers like 5.5.5b. The AIMD simulations
confirm that 5.5.5a remains stable even at 200 K and the
corresponding AIMD trace obtained at both 100 K (trace d in
Fig. 6) reproduces the IRPD spectrum (trace a) rather well. The
OH bonds involved in inter-water hydrogen bond interactions
within the W, ring predominantly contribute to the higher-
frequency region (group A in trace 6d, left panel), while the OH
bonds associated with axial hydrogen bonds and those from
the W, ring contribute to the lower-frequency region (group B
feature).

For n = 6 and n = 7, the harmonic IR spectrum of the lowest
energy structures, 6.5.6a and 7.5.9a (see Fig. 3 and Fig. S1)
provides the best agreement with the experimental IRPD spec-
trum, confirming the onset of the formation of structures
that contain (four-fold-coordinated) AADD-H,0 molecules,
but isomers with similar structures are predicted within a few
k] mol™" (see the SI, Fig. S6 and S7) and probably also
contribute. For n = 8, the lowest energy isomer 8.6.10 also
provides the best agreement and is likely to be the only isomer
present, since this 2W, motif is 8 k] mol~" more stable than
other structures.

The above structure assignments confirm that up to eight
water molecules exclusively bind in the oxygen solvation region
in such a way that the formation of W; and, in particular, W,
motifs is favored and the formation of free dangling OH
moieties is avoided. A characteristic cubic motif involving two
O atoms from iodate and six water molecules stacked as W, on
top of W,, first found in 7.5.9a, is predicted to persist in
the larger clusters (Fig. 6 and Fig. S8 in the SI) and found quite
stable even at 200 K, despite the shuffling of other H,O
molecules.

The predicted IR spectra for three low energy isomers of n =
11 are shown in Fig. 7. The spectra are spectrally considerably
more congested than those of the smaller clusters and all
exhibit multiple IR bands between 3200 and 3600 cm %, in
agreement with the experimental observation. However, only
the two lowest energy isomers, 11.7.14 and 11.6.14, contain a
free OH group and only their calculated IR spectra reproduce
the characteristic IRPD band i, above 3700 cm™". The spectra
of both isomers also exhibit a characteristic IR band below
3200 cm ™%, 11.7.14 a band at 3115 cm ™' and 11.6.14 an even
more red-shifted band at 2977 cm ™', which agree well with the
IRPD bands i3 and i, respectively, suggesting that both con-
tribute to the IRPD spectrum. Peaks i; and i, correspond to the
excitation of an OH oscillator of the water molecule directly
interacting with the I-atom. However, the I.--O interaction
comes at the expense of the hydrogen-bonded network among
water molecules, resulting in the formation of a free dangling
O-H bond. The AIMD simulations starting from 11.6.14 and
11.7.14 (see Fig. 7e and f) confirm the stability of these isomers
at 100 K. At 200 K, isomer interconversion is observed, but the
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Fig. 7 Comparison of D,-tagged IRPD spectra (trace a) of 103~ (H,O)y;
with MP2/def2TZVP derived scaled harmonic spectra of three lowest
energy isomers 11.7.14 (trace b), 11.6.14 (trace c) and 11.7.15 (trace d).
The AIMD spectra at 100 K obtained with two lowest energy isomers
11.7.14 and 11.6.14 as the starting structure are plotted in traces e and f,
respectively. The I---OH; interaction is shown by a black dotted line.

free OH group and the I---OH, interaction persist throughout
these simulations. In summary, the iodine solvation region is
first populated at n = 11, concomitant with the formation of a
free OH group, either of the water interacting with the I-atom
(11.6.14) or of another (11.7.14).

3. Summary and conclusions

The microhydration of the iodate anion was systematically
investigated using IRPD spectroscopy in combination with
static electronic structure calculations and AIMD simulations.
This study provides a detailed molecular-level understanding of
the solvation structure and dynamics of the iodate anion. The
findings complement surface-sensitive spectroscopic observa-
tions in condensed phases and support recent theoretical
predictions. Moreover, the present work offers a benchmark
for future comparative studies on the hydration and solvation
processes of related pyramidal polyoxyanions, including BrO; ",
Clo;™, and SO,>".

The primary structural motifs identified in iodate microhy-
dration correspond to four characteristic hydrogen-bonding
arrangements (W;-W,), whose stability reflects the competition
between ion-water and water-water hydrogen bonds. The
cooperative nature of these interactions significantly influences
the vibrational features of the water ring motifs. In larger
clusters, a particularly stable cubic motif involving two O atoms
from iodate and six water molecules is identified. In principle,
direct structural assignment based solely on static theoretical
spectra becomes increasingly challenging for larger aggregates;
however, such comparisons remain highly valuable for identifying
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systematic trends in solvation behavior, especially when comple-
mented by molecular dynamics simulations. For example, this
combined approach enables a reliable quantification of the
number of water molecules (n) associated with the completion
of oxygen solvation regions followed by the onset of the iodine
solvation region of the anion.

In aqueous solution, I0;~ resides beneath the topmost
interfacial water layer, where its O atoms interact with surface
water molecules while the iodine center remains oriented
toward the bulk.'® This arrangement results in distinct solva-
tion domains, with the inner iodine solvation region exhibiting
stronger hydrogen bonding than the outer oxygen solvation
region. The present results obtained for gas-phase model
systems mirrors this behavior. At n = 11, the identified low-
energy structures display two distinct solvation regions, with
hydrogen bonds in the iodine solvation region being over 10%
shorter than those in the oxygen region, indicating stronger
interactions.

4. Methodology

4.1 Experimental methods

IRPD experiments were performed using the Leipzig 6 K ion
trap triple mass spectrometer described previously.>* Briefly,
microhydrated iodate anions, 105 (H,0),, are generated using
a nanospray ion source from a 10 mM solution of KIO; in the
1:1 mixture of H,O and acetonitrile (CH3CN). The beam of
anions is skimmed, thermalized to room temperature in a
helium-filled radio-frequency (RF) ion-guide, and then mass-
selected using a quadrupole mass filter. The quadruple mass
spectrum is presented in Fig. S9 of the SI. Then, the mass-
selected ion beam is focused into a RF ring-electrode ion trap
held at ~13 K. Ions are thermalized to the ambient tempera-
ture of the trap by many collisions with the buffer gas. At
sufficiently low ion-trap temperatures, ion-messenger com-
plexes, in this case D,-tagged anions, are formed via three-body
collisions.*

Every 100 ms, all ions are extracted from the ion trap and
focused both temporally and spatially into the center of the
extraction region of an orthogonally mounted double-focusing
reflectron time-of-flight (TOF) tandem mass spectrometer.
Background-free action spectra are obtained using the IR'MS?
technique.?>** The ion packet is accelerated into the reflectron
stage; ions spread out in space according to their mass-to-
charge ratio (m/z) and are refocused at the initial extraction
region. Just before reacceleration towards the MCP detector,
ions with a particular m/z value are irradiated by a properly
timed widely wavelength tunable IR laser pulse (bandwidth:
3.5 em™') from an optical parametric oscillator/amplifier
(LaserVision: OPO/OPA/AgGaSe,) laser system.?® An IRPD spec-
trum is measured by continuously scanning the laser wave-
length, which is monitored online using a HighFinesse WS6-
600 wavelength meter with a scan speed such that an averaged
TOF mass spectrum (over 80 laser shots) is obtained every
2 cm™ . Typically, at least five scans are measured and averaged
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and the photodissociation cross section (orpp) is determined
as described previously.>*®” We measured IRPD spectra in two
spectral regions: 1600-1800 cm ' and 2800-3800 cm .

For larger clusters (n > 10) the messenger tagging efficiency
decreases substantially, making the measurement of IRPD
spectra with satisfactory signal/noise ratio increasingly diffi-
cult. Therefore, IRMPD measurements without D2-tagging were
carried out in the range of 2800-3800 cm ™' by monitoring the
H,O dissociation channel. To characterize the differences in
the two types of spectra, IRPD and IRMPD measurements for
the same n (n = 11) were performed (see Fig. S10 in the SI). The
spectra are similar above 3500 cm ™", but the IRMPD spectrum
quickly loses relative intensity with decreasing wavenumber
and little to no signal is observed below 3200 cm™'. We
attribute this to the decrease in efficiency of the multiple
photon dissociation process with decreasing photon energy as
a result of the substantially higher dissociation energies of the
(bare) microhydrated anions compared to the D,-tagged
species.!

4.2 Computational methods

A thorough search of the lowest energy structures for n = 1-8
and 10-12 was performed based on previously published struc-
tures as well as chemical intuition. Initial geometries for n=1-8
were taken from ref. 9 considering all low energy structures
(AE < +10 kJ mol ™ '). Geometries were then optimized using
the B3LYP/def2TZVP and MP2/def2TZVP methods and the
energy ordering was determined.”®*° Zero-point-energy (ZPE)
correction has been shown to be necessary to obtain a reliable
relative energy-ordering for moderately sized microhydrated
ions.’*?13? Therefore, unscaled harmonic frequencies were
used to obtain ZPE-corrected relative energies (AE;). The
MP2/def2TZVP harmonic frequencies in the O-H stretching
region (>2800 cm™ ') are scaled by a factor 0.96 to correct for
anharmonic effects.®® Stick spectra are convoluted with a
Gaussian line shape function with a full width at half-
maximum of 12 ecm™ " for better comparability. Anharmonic
MP2/def2TZVP frequency calculations have been carried out
using the second-order vibrational perturbation theory (VPT2)**
as implemented by Bloino and Barone. All these electronic
structure calculations are carried out using the Gaussian 16
program package.?®

Ab initio molecular dynamic (AIMD) simulations at finite
temperatures are performed using the CP2K package.*®
A cluster under simulation is placed at the center of a periodic
cubic box with a length of more than twice the largest intera-
tomic distance in the cluster and with the effect of the periodic
charge density images eliminated by the decoupling technique
developed by Martyna and Tuckerman.®’ At every time step, the
potential energy and atomic forces are calculated within
the framework of density functional theory (DFT). 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 a cutoff of 320
Rydberg. The Geodecker-Teter-Hutter (GTH) typed pseudopo-
tentials are employed for the atomic cores.*® For the exchange

This journal is © the Owner Societies 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp01186a

Open Access Article. Published on 11 May 2026. Downloaded on 5/12/2026 1:06:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

and correlation energy, the BLYP functional®® is employed with
dispersion corrected using Grimme’s D3 scheme.*’

The atomic motion is treated by Newtonian mechanics, with
the temperature controlled using a Nose-Hoover thermostat
and with a time step of 0.5 fs. The temperature is first scaled at
the desired value for 3 ps, followed by a data collection run in
the NVE ensemble for 15 ps. The value of dipole moment is
calculated and collected at each time step, so that a vibrational
spectrum can be directly simulated by the Fourier transform of
the dipole time-correlation function (DTCF),*"

a(w) = Mrmdz@?(ﬁ : M(0)> exp(ior)

T 3n(w)eV) o
where f = 1/kT, n(w) is the refractive index, ¢ the speed of light
in vacuum, and V is the volume. M is the total dipole moment of
the system, calculated by the polarization including both ionic
and electronic contributions. Dynamic and anharmonic effects
are automatically taken into account in such a scheme,
although quantum effects at low temperature are not included.
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