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ABSTRACT: Small aqueous ionic clusters represent ideal systems to investigate the

Ground-State Tunneling Splittings
Cl-(H20)2 Br-(H20)2 I-(H20)2

microscopic hydrogen-bonding structure and dynamics in ion hydration shells. In this context,  f _ ]} IF — 3
halide—dihydrate complexes are the smallest systems where the interplay between halide— ¢ — {F __ i} —
water and water—water interactions can be studied simultaneously. Here, quantum molecular ~ * =3 = 1
dynamics simulations unravel specific ion effects on the temperature-dependent structural 7§t 1 1 1T
transition in X~ (H,0), complexes (X = Cl, Br, and I), which is induced by the breaking of the gz_ ______ T i __02 g
water—water hydrogen bond. A systematic analysis of the hydrogen-bonding rearrangements “ A = 1t _ 1 *
at low temperature provides fundamental insights into the competition between halide—water | It = 11 _ 1
and water—water interactions depending on the properties of the halide ion. While the . = it I = s
halide—water hydrogen-bond strength decreases going from CI"(H,0), to I"(H,0),, the  roewsisr  wotuster o,
opposite trend in observed in the strength of the water—water hydrogen-bond, suggesting that e 3
nontrivial many-body effects may also be at play in the hydration shells of halide ions in ' l/ / \/

solution, especially in frustrated systems (e.g., interfaces) where the water molecules can have

dangling OH bonds.

Ionic aqueous systems are ubiquitous. For example, they
exist inside living cells' ® and in the environment’~” and
are central components of many devices, including electrolytic
cells, capacitors, and batteries.'” An accurate characterization
of the underlying interactions between the ions and the
surrounding water molecules is central for understanding
specific ion effects as well as for controlling the underlying
physicochemical processes. While there have been extensive
experimental and computational studies on ion hydra-
tion,”"' ™" a definitive picture of how the ions are hydrated
and to what extent structural differences in the organization of
the hydration shells translate into differences in the
thermodynamic and dynamical properties of the corresponding
ionic systems is still lacking.

Ion—water clusters are ideal systems to validate the ability of
molecular models to characterize the molecular mechanisms
associated with hydrogen-bonding (H-bonding) rearrange-
ments, since, due to their relatively small sizes, they are
amenable to high-level molecular modelinglz'lg_36 and, at the
same time, can be studied experimentally using high-resolution
vibrational spectroscopy.””~*" In this context, halide dihydrates
hold a special place since they are the smallest complexes in
which two water molecules can be simultaneously H-bonded
to each other and to the ion, thus allowing for directly probing
the interplay between ion—water and water—water inter-
actions.

Building upon our recent study of isotope effects and
tunneling in the isotopomers of the I"(H,0), complex,”* we
report here a systematic analysis of the structure and
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temperature-dependent evolution of the X~ (H,0), dihydrates
(with X = Cl, Br, and I), which provides fundamental insights
into how halide ions with different sizes, charge densities, and
polarizabilities affect the H-bond rearrangement dynamics
within similar complexes. Anharmonic vibrational frequency
calculations and path integral molecular dynamics (PIMD)
simulations performed for all three halide—dihydrates using the
halide—water MB-nrg many-body potential energy functions
(PEFs) introduced in refs 32 and 33 predict a transition from
closed cyclic arrangements, where the two water molecules are
H-bonded to the halide ion and to each other, to open
arrangements, where the water—water H-bond is broken. At
low temperature, when the complexes exist predominantly in
the closed configuration, ring-polymer instanton (RPI)
calculations provide unambiguous evidence for H-bond
rearrangements taking place in all three halide—dihydrates
via quantum tunneling mediated by the presence of the halide
ion.

To provide context for our analysis, anharmonic vibrational
frequencies calculated for the global minimum energy
configurations of all three X" (H,0), dihydrates (Figure la)
using the combined local-mode*"** and local-monomer™*
methods (see Supporting Information for details) are
compared in Figure 1b with the corresponding values
measured in argon tagged-vibrational predissociation experi-
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Figure 1. (a) Schematic representation of the global minimum energy configuration of the three halide—dihydrate complexes analyzed in this study.
(b) OH-stretch vibrational frequencies (in cm™) for the CI~(H,0),, Br (H,0),. and I"(H,0), complexes. Experimental values for the Cl~(H,0),
and Br~(H,0), clusters are taken from ref 23 while those for the I"(H,0), complex are taken from ref 38.
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Figure 2. (a) Schematic representation of the O—X—0' (/) angle used to classify closed and open configurations. (b) One-dimensional potential
energy scans along the f§ angle. (c) Relative populations of closed configurations calculated from PIMD simulations carried out as a function of
temperature for the CI"(H,0),, Br (H,0),. and I"(H,0), complexes. (d)—(f) Normalized probability distributions of the f§ angle calculated from
PIMD simulations carried out as a function of temperature for the Cl~(H,0),, Br"(H,0),, and I"(H,0), complexes, respectively.

ments.””*® The minimum energy configuration of each
X~ (H,0), complex exhibits a cyclic arrangement where the
two water molecules form H-bonds to the halide ion and a
single H-bond to each other. Based on the H-bonding
environment within the complex, the two water molecules
are classified as donor—donor (DD), donating two H-bonds,
and acceptor—donor (AD), accepting one H-bond and
donating one H-bond, respectively. As a consequence, the
four OH-bonds, labeled as IHBpp, IHB,p, IH, and Fgy, are
associated with four distinct vibrational frequencies (Figure 1).
For all three X~ (H,0), complexes, the calculated anharmonic
frequencies are in excellent agreement with the corresponding
experimental values, providing further evidence for the
accuracy of the MB-nrg PEFs.”>”’ Clearly, the IHBpp and
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IHB,, vibrational frequencies, corresponding to the two H-
bonded-to-halide positions, increase going from chloride to
iodide as the halide—water H-bond strength decreases.
However, there is a slight decrease in the IH vibrational
frequency corresponding to the H-bonded-to-water position,
suggesting an increase in the water—water H-bond strength
going from Cl~(H,0), to I (H,0),. These findings are in
agreement with previous studies assessing the trends in the
halide—water and water—water interactions in small halide—
water clusters, which suggest that the presence of the halide
ion weakens the water—water H-bond strength.'>**~>>**

The variation of the water—water H-bond strength in the
X7(H,0), complexes can be further quantified through the
analysis of one-dimensional potential energy scans along the
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Figure 3. (a)—(c) Schematic representations of the halide—water H-bond bifurcation, water—water H-bond bifurcation, and flip rotation pathways,
respectively, in the X (H,0), complexes. (d)—(f) Ground-state tunneling splitting patterns for the Cl"(H,0),, Br (H,0),, and I"(H,0),

complexes, respectively. See main text for details.

O—X—0’ angle (denoted as f§ in Figure 2a) characterizing the
transition from closed to open configurations. As shown in
Figure 2b, each of the three potential energy scans exhibits a
minimum value for # corresponding to the closed configuration
with an intact water—water H-bond and then plateaus for
larger values of f as the water—water H-bond breaks. The
energy required to break the water—water H-bond is the
smallest for the CI7(H,0), complex which, consequently, is
characterized by the weakest water—water H-bond among the
three halide—dihydrates.

In order to characterize the structural evolution of all three
complexes as a function of temperature, normalized probability
distributions of the f angle computed from PIMD simulations
are shown in Figure 2d—f for CI"(H,0),, Br (H,0),, and
I"(H,0),, respectively. At low temperature, all three
distributions are spread over narrow ranges of f, where the
complexes exist exclusively in closed configurations. As the
temperature increases, a shoulder starts to appear for larger
values of f, indicating that the water—water H-bond start
breaking and the complex transitions to the open configuration.
This transition can be easily quantified by classifying the
instantaneous molecular configurations as closed or open using
a cutoff value for § and calculating the relative populations of
both types of configurations as a function of temperature
(Figure 2c). A cutoff value of § = 70 + 2°, 64 + 2°, and 60 +
2° was chosen for the CI"(H,0),, Br"(H,0),, and I"(H,0),
complexes, respectively, to classify the configurations as closed.
Since the water—water H-bond strength increases going from
Cl (H,0), to I"(H,0),, the water—water H-bond starts to
break at a lower temperature (~75 K) in the chloride—
dihydrate complex and at a higher temperature (~100 K) in
both bromide— and iodide—dihydrate complexes. As entropic
contributions become dominant at higher temperature, the
small energy differences between the three halide—dihydrates
are diminished and the corresponding distributions overlap.

While the large-amplitude fluctuations leading to breaking of
the water—water H-bond can be probed through experimental
vibrational spectroscopy, the faster water rotational motions
leading to H-bond rearrangements within each complex cannot
be detected using current experimental setups. As first reported
for the iodide—dihydrate complex in ref 34, our simulations
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indicate that, below ~50 K, when all three halide—dihydrate
complexes exist in closed configurations characterized by four
distinct H positions (Figure la), the H atoms can exchange
their positions through rotational tunneling pathways.
Specifically, three feasible quantum tunneling pathways (Figure
3a—c), corresponding to the halide—water H-bond bifurcation,
water—water H-bond bifurcation, and flip rotation, are
identified from the RPI simulations (see the Supporting
Information for details).*****® The first two pathways involve
the breaking and forming of a single H-bond, while the third
pathway involves a simple out-of-plane rotation of the free
OH-bond of the AD water molecule. The individual tunneling
splitting values associated with the three pathways for each
halide—dihydrate are listed in Table 1. Since the coupling

Table 1. Tunneling Matrix Elements, —h, in cm™}, for the
CI"(H,0),, Br (H,0),, and I"(H,0), Clusters

CI"(H,0), Br (H,0), I (H0),
halide—water H-bond bifurcation 0.29 1.1 5.9
water—water H-bond bifurcation 7.1 4.1 1.7
flip rotation 0.25 0.17 0.09

between the three pathways gives rise to a complicated
tunneling splitting pattern of the otherwise degenerate ground
state, the energy splitting patterns for all three halide—
dihydrate complexes shown in Figure 3d—f are obtained from
the diagonalization of the corresponding tunneling Hamil-
tonian matrices.”**®

The individual tunneling splittings associated with the three
pathways and, consequently, the overall ground-state tunneling
splitting patterns are significantly different among the three
halide—dihydrates. The changes in the individual tunneling
splitting values, particularly those corresponding to the two H-
bond bifurcation pathways, can be attributed to changes in the
relative strength of the halide—water and water—water
interactions. Since the tunneling splitting values depend
directly on the height and shape of the potential energy
barrier along the corresponding tunneling pathways and the
halide—water H-bond strength decreases significantly from
chloride—water to iodide—water, the tunneling splitting value
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Figure 4. Time evolution of the probabilities of each of the four positions of the hydrogen atom in the I7(H,0), (b), Br~(H,0), (c), and
Cl(H,0), (d) clusters, starting from the free OH position indicated in blue (see text for details). The colors of the four curves correspond to the

four different positions of the hydrogen atom (a).

associated with the halide—water H-bond bifurcation pathway
increases by more than a factor of 10 from CI~(H,0), to
I"(H,0),, as shown in Table 1. The opposite trend is observed
for the water—water tunneling splitting value since the barrier
height along the water—water H-bond bifurcation pathway
slightly increases going from CI~(H,0), to I7(H,0), (see the
Supporting Information for details). Following the same
argument, the decreasing trend in the tunneling matrix
element associated with the flip rotation pathway can be
explained by the increasing trend in the barrier height
corresponding to this pathway, ie, 0.85 kcal/mol for
CI7(H,0),, 0.98 kcal/mol for Br~(H,0),, and 1.12 kcal/mol
for I"(H,0),.

As mentioned above, current vibrational spectroscopy
techniques for ionic clusters do not have high enough
resolution to detect such small energy level splittings as
predicted by the present RPI simulations. Hence, the time
scales associated with the individual tunneling pathways shown
in Figure 3a—c could provide a useful measure to guide
comparisons between theory and future experiments. Follow-
ing the same procedure as described in ref 34, tunneling time
scales for exchange between the four H positions through the
H-bond bifurcation pathways are calculated by monitoring the
evolution of the H-bonding arrangements in each complex
through the propagation of the time-dependent Schrodinger
equation under the action of the tunneling Hamiltonian. Figure
4b—d shows the probabilities for a H atom initially (¢t = 0)
located in the free position (blue H atom in Figure 4a) of the
CI~(H,0),, Br (H,0),, and I"(H,0), complexes to be found
in any of the four different positions at a later time t. As a
direct consequence of the differences in the tunneling splitting
values listed in Table 1, the exchange between the blue and
orange H positions (Figure 4a), which takes place through the
halide—water H-bond bifurcation pathway, is found to be the
slowest for the chloride—dihydrate and becomes progressively
faster in Br (H,0), and I7(H,0),. The opposite trend is
found for the exchange between the blue and gray H positions
(Figure 4a), which takes place through the water—water H-
bond bifurcation pathway. In this case, the tunneling motion is
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the fastest for the chloride—dihydrate and becomes pro-
gressively slower in Br~(H,0), and I7(H,0),. Additional
analyses of the temperature-dependent free-energy profiles
associated with the three pathways are provided in the
Supporting Information.

By combining accurate many-body representations of
halide—water and water—water interactions with state-of-the-
art quantum dynamics simulations, this study provides a
comprehensive analysis of the structure, H-bond rearrange-
ments, and temperature-dependent evolution of the X~ (H,0),
complexes, with X = Cl, Br, and 1. At low temperature, the
complexes exist in the global minimum energy (cyclic)
configuration with the two water molecules simultaneously
H-bonded to the halide ion and to each other. In this
configuration, the four OH-bonds experience significantly
different H-bonding environments, which results in four
distinct peaks in the corresponding vibrational spectra.
Rotational tunneling pathways (as introduced in ref 34 for
the iodide—dihydrate complex) were identified, which result in
complete scrambling of the four OH-bonds in all three halide—
dihydrate complexes, leading to well-defined tunneling splitting
patterns that were calculated using RPI simulations. At a higher
temperature (above ~75 K) the complexes partially “dis-
sociate” as the water—water H-bond breaks and the complexes
transition to open configurations with the two water molecules
being only H-bonded to the halide ion. This transition is
associated with major changes in the vibrational spectra, as
shown previously in temperature-dependent experiments
carried out for I"(H,0),.”” Although temperature-dependent
measurements are currently not available for C1~(H,0), and
Br~(H,0),, our analysis suggests that similar progressions of
the spectral features as a function of temperature should be
expected for these complexes as well.

For the low-temperature closed configurations, the vibra-
tional spectra and tunneling splitting values associated with the
halide—water H-bond bifurcation pathway show a clear trend
mirroring the decreasing strength of halide—water interactions
going from the chloride—dihydrate to the iodide—dihydrate.
This leads to significantly different H-bond rearrangement
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dynamics among the three X (H,0), complexes. As the
halide—water H-bond strength decreases, going from
ClI"(H,0), to I"(H,0),, the water—water H-bond strength
slightly increases, which is most evident from the decrease in
the tunneling splitting values associated with the water—water
H-bond bifurcation pathway. This can also be seen in the
temperature-dependent evolution of the complexes, with the
temperature at which the water—water H-bond starts to break
increasing from Cl™(H,0), to I"(H,0),.

Previous studies have established that tunneling pathways
leading to H-bond rearrangements exist in the water dimer and
trimer"* as well as halide—monohydrates.””*"** Building upon
the results of ref 34, the present study provides further
evidence for quantum tunneling pathways in halide—dihydrates
along with a comprehensive analysis of the temperature-
dependent H-bond rearrangement dynamics. Since the water
trimer in its minimum energy configuration has a cyclic
arrangement similar to that of the three halide—dihydrates
studied here, it is thus not surprising that similar flip rotation
and water—water H-bond bifurcation tunneling pathways exist
in both complexes. Compared to the water trimer, the present
results demonstrate that the halide ion drastically weakens the
water—water H-bond, leading to significantly faster tunneling
dynamics. Importantly, the flip rotation, which is the fastest
motion in the water trimer, becomes the slowest in the halide—
dihydrate complexes. As originally noted in ref 34, this
difference is explained by considering the relatively higher
energy barrier associated with the flip rotation pathway (0.85
kcal/mol for CI~(H,0),, 0.98 kcal/mol for Br~(H,0),, and
1.12 kcal/mol for I7(H,0),) in the halide—dihydrates
compared to that in the water trimer (0.47 kcal/mol).*

While our results indicate that the presence of halide ions in
the halide—dihydrate complexes speeds up the H-bond
rearrangement dynamics compared to the pure water trimer,
ultrafast vibrational spectroscopy measurements of salt
solutions suggest that the H-bond dynamics within the first
hydration shell of the halide ions is significantly slowed down
compared to that of pure water."””~* As previously noted,*
the H-bonding environments in the halide—dihydrates are
significantly different from those found in solution. In
particular, the halide—dihydrates are characterized by a free
OH-bond, which triggers the overall H-bond rearrangement
within the complexes, thus leading to faster water reorientation
along both halide—water and water—water H-bond bifurcation
pathways. Our analysis of halide—dihydrates thus raises the
question whether faster H-bond dynamics in the first hydration
shell of halide ions may be observed in frustrated systems, such
as interfaces, where water molecules H-bonded to the ion can
be undercoordinated, with at least one dangling OH-bond. In
addition, the present quantum simulations of the H-bond
dynamics in halide—dihydrates provide indirect evidence for
the importance of many-body effects in water H-bond
rearrangements around halide ions in solution, which,
involving water molecules beyond the first hydration shell,
may lead to a slowdown of the overall dynamics, reversing the
trend observed in the gas phase.
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