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ABSTRACT: We present molecular dynamics simulation
results describing proton/deuteron exchange equilibria along
hydrogen bonds at the vicinity of HX acids (X = F, I) in
aqueous clusters at low temperatures. To allow for an adequate
description of proton transfer processes, our simulation
scheme resorted on the implementation of a multistate
empirical valence bond hamiltonian coupled to a path integral
scheme to account for effects derived from nuclear quantum
fluctuations. We focused attention on clusters comprising a
number of water molecules close to the threshold values necessary to stabilize contact-ion-pairs. For X = F, our results reveal a
clear propensity of the heavy isotope to lie at the bond bridging the halide to the nearest water molecule. Contrasting, for X = I,
the thermodynamic stability is reversed and the former connectivity is preferentially articulated via the light isotope. These trends
remain valid for undissociated and ionic descriptions of the stable valence bond states. The preferences are rationalized in terms
of differences in the quantum kinetic energies of the isotopes which, in turn, reflect the extent of the local spatial confinements
prevailing along the different hydrogen bonds in the clusters. In most cases, these features are also clearly reflected in the
characteristics of the corresponding stretching bands of the simulated infrared spectra. This opens interesting possibilities to
gauge the extent of the isotopic thermodynamic stabilizations and the strengths of the different hydrogen bonds by following the
magnitudes and shifts of the spectral signals in temperature-controlled experiments, performed on mixed clusters combining H2O
and HOD.

I. INTRODUCTION

Chemical reactivity in clusters differs in a sensible fashion from
what is normally perceived in more conventional, bulk
environments. For aggregates with linear dimensions in the
nanometer range, the causes of such differences are normally
ascribed to the presence of a free surface in the close vicinity of
most of the cluster constituents. These interfaces introduce
strong gradients in the different interparticle force fields that
clearly modify key properties describing the reactive processes,
such as equilibrium and rate constants, to cite two relevant
examples.1−5

In aqueous aggregates, microscopic interpretations of the
later phenomena normally rely on the examination of the local
characteristics of the hydrogen bond topology as a controlling
agent of the reactive processes. The examination of water
nanoclusters comprising up to, say, ∼10−15 molecules, at
temperatures of the order of T ∼ 25−50 K, is particularly
enlightening since the stable conformers usually exhibit
solidlike structures with well-defined geometries. This allows
for direct characterizations of the hydrogen bonds along the
cluster network, which are normally interpreted in terms of the
donor/acceptor characters of each component.

The consideration of mixed clusters that incorporate ionic
solutes, in turn, opens interesting and new scenarios, most
notably in the closest solvation shells of the solutes. For
example, by performing a series of mass-selected, spectroscopic
experiments, Johnson and collaborators6−8 were able to
elegantly unravel the gradual modifications operated in the
hydrogen bond connectivity and in the structure of H+(H2O)n
clusters, starting from the resonant Zundel, [H2O·H·OH2]

+

moiety, up to cluster sizes comprising ∼30 water molecules.9,10

In a wider context, theoretical11,12 and direct experiments13−18

have also been conducted to examine, in systematic fashions,
the modifications in the infrared signals that might indicate
changes in the solvation structures and intermolecular
connectivities prevailing in X−·(H2O)n (X = F, Cl, Br, I)
clusters.
Isotopic positional exchange equilibria represents a comple-

mentary route to gain additional insights about hydrogen bond
strengths and their influence in the solvation structures in the
bulk and in clusters.19 Very recently, we analyzed the
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propensities of H and D isotopes to lie at dangling sites, in
contraposition with connecting positions, in the water octamer
using a path-integral (PI) approach.20 We found that the
differences between the thermodynamic stabilities of the two
isotopomers could be traced back to modifications in the
quantum spatial delocalization prevailing along perpendicular
directions with respect to the relevant O−H intramolecular
bonds. Similar equilibria were also examined for the cases of
protonated clusters,21,22 mixed aggregates combining water/
halides,23,24 Zundel moieties “decorated” with noble gas
terminal groups,25 and ionic solvation in bulk water at ambient
conditions.26 Following a similar spirit, in the present work we
extend these previous studies and present results for isotopic
equilibria extracted from computer simulations that shed light
on the characteristics of hydrogen bonding in the close vicinity
of hydrogen halides embedded in water clusters. More
specifically, we concentrated in aggregates with a number of
constituents close to the necessary one for the onset of acid
dissociation. In these aggregates, we investigated stable
configurations with similar geometrical characteristics, corre-
sponding to undissociated and contact-ion-pair (CIP) states.
To do so, we complemented our original PI approach with the
incorporation of an empirical valence bond Hamiltonian27

which allows for adequate descriptions of proton transfer
equilibria.
Bibliographic records dealing with the hydration and

dissociation mechanisms of H−X acids in water clusters are
numerous.28 Given their relevance in atmospheric chemistry,
HCl·(H2O)n aggregates have attracted the greatest attention
from both, theoretical29−35 and experimental36−39 perspectives.
Here, instead, given the well-known disparity of the acidic
characteristics of the different hydrogen halides in water at
ambient conditions (we remark that in passing from HF to HI
the corresponding pKa’s differ by ∼13 units), we focused
attention on these two limiting cases, namely X = F and I, as
prototypes for cluster solvation scenarios of well differentiated
weak and strong acids.
The organization of this paper is as follows: in section II, we

present details about the model and the simulation procedure.
The first part of section III includes results for the structure and
energetics of the different clusters. The middle part contains a
thermodynamic analysis of isotopic equilibria, whereas in the
last part, we present our predictions for the characteristics of
the infrared spectra of undissociated and dissociated clusters.
Finally, in section IV we summarize the most important
conclusions of the work.

II. MODEL AND SIMULATION PROCEDURE
Our simulation strategy was based on a mixed scheme that
combines the ring polymer molecular dynamics (RPMD)
approximation40,41 implemented within the PI formulation of
quantum statistical mechanics,42 along with a multistate
empirical valence bond (MEVB) model.27 The latter approach
has been successfully implemented in simulation studies of
proton transfer processes in a wide variety of aqueous
environments.43−48 On the other hand, the RPMD scheme
has also proved to be an adequate simulation route to gauge
effects derived from the explicit incorporation of nuclear
quantum fluctuations in simulations describing equilibrium and
dynamical characteristics of small aqueous clusters.20,24,49 In
what follows, we will briefly highlight the main features of these
two complementary methodologies and refer the interested
reader to more comprehensive descriptions.41,43,47

Empirical Valence Bond Hamiltonian. The basic
ingredient of the MEVB methodology relies on the
consideration of a Hamiltonian of the type:

∑ ϕ ϕ̂ = | ⟩ ⟨ |
′

′ ′H h r({ })
ii

i ii N iEVB

NEVB

(1)

where {|ϕi⟩} represents a basis set of diabatic valence bond
(VB) states (i = 1, 2, ..., NEVB) that describe different spatial
localizations of a tagged proton. In analyses of acid dissociation
equilibria, two types of VB states are normally consid-
ered:44−46,48 (i) on the one hand, a VB state associated with
the covalent, undissociated acid (hereafter identified as |XH⟩),
and (ii) on the other, a set of dissociated or ionic states of the
type |X−H+⟩ corresponding to halide-hydronium-ion-pairs, in
which the dissociated proton is localized in a water molecule at
the close vicinity of the halide. The criterion to determine
which VB states are to be included in the construction of the
ĤEVB matrix is normally guided by establishing a pattern of a
HB network.
The functional forms implemented here in the para-

metrization of the different matrix elements hii′(r) follow
closely the ones adopted in several previous MEVB
studies.44−46,48,50 In particular, following ref 48, the diagonal
matrix element for the covalent diabatic state was parametrized
as

⟨ | ̂ | ⟩ = + +H U U UXH XHEVB
XH H O XH/H O2 2 (2)

The first term on the right-hand side of the previous equation
corresponds to the intramolecular contribution in the acid and
was described by a Morse term:

α= − − −U D r r[1 exp[ ( )]]XH
XH XH

eq 2
(3)

The second term includes intra- and intermolecular contribu-
tions to the water potential energy and were modeled according
to the anharmonic aSPC/Fw force field described in ref 51. The
last term represents acid/water interactions and was considered
of the form:

= + + +−U U U U UXH/H O
XO
LJ

XH H O
coul

XO
rep

H O
rep2

w 2 w X w (4)

In the previous equation, UXOw

LJ and UXH−H2O
coul represent the

standard sum of pairwise, site−site, Lennard-Jones plus
Coulomb contributions to the acid-solvent interactions,
parametrized by implementing the usual arithmetic and
geometric means for length and energy parameters, respec-
tively. The last two terms in eq 4 represent additional
exponential repulsive contributions of the type:48

= − −U B b r dexp[ ( )]XO
rep 0 0

XO XO
0

w w w (5a)

= − −U C c r dexp[ ( )]H O
rep 0 0

H H
0

X w XO XOw (5b)

where HX refers to the H site in the undissociated acid.
The functional form of the diagonal elements for the ionic

states comprised the following contributions:

⟨ | ̂ | ⟩ = + +

+ + +

− + − + + + −

− +

H U U U

U U V

X H X H

c

H O H O /H O X /H O

X /H O H O

3 3 2 2

3 2 (6)

The first two terms at the right-hand side correspond to
intramolecular interactions in the hydronium state and to
hydronium/water intermolecular interactions, and they were
taken from the aMS-EVB3 model developed by Park and
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Paesani.51 The following contributions, UX−/H3O
+

and UX−/H2O,
represent intermolecular interactions between the halide X−

and H3O
+ and the water molecules, respectively, and were

modeled according to

= + +
−

− − −U U U UX /H O
X /O
LJ

X /O
coul

X /H
coul2

w w w (7)

and

= + + +
− +

− + − + − −U U U U UX /H O
X /H O
LJ

X /H O
coul

X /O
rep

X /H
rep3

3 3 (8)

The repulsive terms in the last equation were of the form:

= − −−U B b r dexp[ ( )]X /O
rep 00 00

XO XO
00

(9)

and

= − −−U C c r dexp[ ( )]X /H
rep 00 00

XH XH
00

(10)

The constant Vc accounts for differences in the energies of the
asymptotic states of the two different types of diagonal
elements, at large intermolecular distances. Finally, we remark
that for clusters involving HI or I− species, we found it
necessary to supplement the previous expressions with a
polarization term of the form:

μα= − ·V E E
1
2pol I

2
I (11)

with

μ α= EI I (12)

where μI is the induced dipole, αI the polarizability, and E
represents the external Coulomb electric field acting on the
halogen and the acid. Additional polarization contributions in
the force fields involving solvent species, beyond the
incorporation of flexibility in the positions of the nuclei, were
not considered. The latter is an approximation that would
otherwise be debatable in discussions involving “surface” versus
“bulk” ionic solvation in much larger, liquidlike, aqueous
clusters,52−56 which do not seem relevant in the present
analysis.
The expression of nondiagonal elements that couple diabatic

states localized at adjacent water molecules were also taken
from ref 51. The parametrization of off-diagonal matrix
elements of the type ⟨X−H+|ĤEVB|XH⟩ were approximated
from the usual form:44−46,48

⟨ | ̂ | ⟩ =− + H V A r qX H XH ( , )EVB const XO (13)

where

γ β= − − −A r q q r r( , ) exp( )[0.5 tanh[ ( )]]XO
2

XO
0

(14)

and

= − −
− ̃⎜ ⎟⎛

⎝
⎞
⎠q r

r
r

r r
2 15ÅXH,XO
XO

sc
0 XO

(15)

In the previous equation, rXH,XO = rX̂O · rXH represents the
projected distance between X and the resonant proton along
the direction described by the unit vector rX̂O.
In Table 1, we list the set of parameters that were optimized

in order to bring energy predictions from the EVB Hamiltonian
in reasonable agreement with results obtained from quantum
calculations. The procedure involved the implementation of the
SIMPLEX algorithm, following the procedure described in ref
45, taking as a reference quantum results of dissociative curves
for isolated dimers at a set of relevant, fixed X−O distances.

These results corresponded to minimum energy calculations
computed at the MP2/aug-cc-pVTZ level of theory and were
obtained with the GAUSSIAN-03 package.57 For computations
involving clusters with I species, we employed a consistent aug-
cc-pVTZ-PP basis set.58

Ring Polymer Molecular Dynamics. As we mentioned
previously,59,60 nuclear quantum effects on equilibrium and
dynamical characteristics pertaining to acid dissociation in
different clusters were examined by implementing the RPMD
approximation, within the PI formalism of quantum statistical
mechanics. The starting point of the methodology is the
consideration of the standard P-bead discretization of the
quantum canonical partition function for the set of N nuclei
with coordinates {rN}, at the inverse temperature β, namely:61

∫ ∫ ∏ ∏= ··· β

= =

−Q
h

er p
1

d dP PN
k

P

j

N

j
k

j
k H p r

3
1 1

( ) ( ) ({ },{ })P P j
k

j
k( ) ( )

(16)

where β = (kBT)
−1 = PβP and

Table 1. Parametrization of the ĤEVB

X F I

DXH (kcal mol−1) 135.0 105.0
α (Å−1) 2.26 1.50
req (Å) 0.917 1.609
σX/Ow

(Å) 3.10 3.547

ϵX/Ow
(kcal mol−1) 0.184 0.30

qH (HX) (e) 0.567 0.15
qX (HX) (e) −0.567 −0.15
B0 (kcal mol−1) 1.00 1.40
b0 (Å−1) 0.55 3.00
dXOw

0 (Å) 2.5 3.7

C0 (kcal mol−1) 3.80 20.0
c0 (Å−1) 10.0 13.0
dHXOw

0 (Å) 1.25 1.15

σX−
/Ow

(Å) 3.142 4.168

ϵX−
/Ow

(kcal mol−1) 0.0974 0.1247

σX−
/H3O

+ (Å) 3.05 4.168

ϵX−
/H3O

+ (kcal mol−1) 0.1324 0.1247

qX− (e) −1 −1
B00 (kcal mol−1) 6.49 2.00
b00 (Å−1) 5.46 2.00
dXO
00 (Å) 2.3 3.7
C00 (kcal mol−1) 5.00 4.84
c00 (Å−1) 7.50 10.0
dXH
00 (Å) 1.25 1.95
Vc (kcal mol−1) 195.0 147.0
Vconst (kcal mol−1) −15.79 −30.49
γ (Å−2) 1.13 1.39
β (Å−1) 4.60 0.785
r0 (Å) 3.17 4.02
rsc
0 1.40 1.68
r ̃ (Å) 1.06 0.682
αHI (Å3) 5.41a

αI− (Å3) 7.43b

aFrom ref 59. bFrom ref 60.
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∑ ∑

∑ω

=

+ − + ϵ

= =

+

=

H
M

M

p r
p

r r r r r

({ }, { }) [
( )

2

2
( ) ] ( , ,..., )

P j
k

j
k

j

N

k

P
j
k

j

j
j
k

j
k

k

P
k k k

N
k

( ) ( )

1 1

( ) 2

2
( ) ( 1) 2

1
0
( )

1
( )

2
( ) ( )

(17)

In the previous equation, ω = (βPℏ)
−1, whereas rj

(k) and pj
(k)

represent the position and momentum of the jth particle of
mass Mj at the imaginary time slice k, respectively (rj

(P+1) = rj
(1)).

The connection between the PI and MEVB schemes is
established by the incorporation of ϵ0

(k)({rN
(k)}) in the

Boltzmann factor in eq 16. The latter term represents the
Born-Openheimer potential energy surface corresponding to
the ground state |ψ0

(k)⟩of ĤEVB evaluated at the imaginary time
slice k, namely:

∑ψ ϕ| ⟩ = | ⟩ck

i
i

k
i

k
0
( )

N
( ) ( )

EVB

(18)

which satisfies:

∑ϵ =
′

′ ′c c hr r({ }) ({ })k
N
k

ii
i

k
i

k
ii N

k
0
( ) ( )

N
( ) ( ) ( )

EVB

(19)

RPMD estimates for quantum thermal averages for position
dependent observables ⟨ ⟩P coincide with those obtained in
standard PIMD simulations, namely:

∫ ∫ ∏ ∏⟨ ⟩ = ··· β

= =

−

Q h
er p r

1
d d ({ })

P
PN

k

P

j

N

j
k

j
k H

P j
P

3
1 1

( ) ( ) P P

(20)

where

∑=
=P

r r({ })
1

({ })P j
P

k

P

j
k

1

( )

(21)

Moreover, the RPMD scheme provides reasonable estimates
for dynamical quantities via an approximate expression for
Kubo-transformed correlation functions K t( )AB for the
observables and , namely:40

= ⟨ ⟩ ∼C t t K t( ) ( ) ( )AB
RPMD

RPMD AB (22)

∫β β
λ λ= ̂ − ℏ ̂

β
β− ̂K t

Q
e i t( )

1
( )

d Tr[ ( ) ( )]H
AB

0 (23)

where

∫ ∫ ∏ ∏= ···

× β

= =

−

C t
Q h

e t

r

p r r

( )
1

d

d ({ (0)}) ({ ( )})

P
PN

k

P

j

N

j
k

j
k H

P j
P

P j
P

AB
RPMD

3
1 1

( )

( ) P P
(24)

In the previous expressions, the time evolution of the set of
coordinates {rj

P(t)} is dictated by the classical Newton’s
equations of motions which, invoking Hellmann−Feynman’s
theorem,62 take the form:

∑= − ∇
′

′ ′M
t

c c h
r

r
d

d
({ })j

j
k

ii
i

k
i

k
ii N

k
2 ( )

2

N
( ) ( )

r
( )

j
k

EVB

( )

(25)

The systems under investigation were nanoclusters of the
type HX·(H2O)n (X = F, I), at a temperature of T = 25 K. At
this thermal regime, the aggregates exhibit solidlike, dynamical
characteristics, with no changes in the original intermolecular
connectivity and absence of spontaneous evaporation episodes.
The number of VB states considered was NEVB = n + 1,
accounting for descriptions in terms of a covalent configuration
of the type HX·(H2O)n and a set of ionic states of the type
X−H3O

+(H2O)n−1, in which proton is considered localized at
one tagged water molecule. To integrate the equations of
motion of all pseudoparticles we implemented a transformation
from Cartesian to normal mode coordinates,63 coupled to a
multiple time step algorithm,64 discriminating intramolecular
modes in the isomorphic polymers from the rest of the
components to the total forces.
The number of beads was set to P = 300; we checked that

this value was sufficient to guarantee statistical averages within
2−5% uncertainty. For equilibrium properties these averages
were computed from canonical trajectories lasting typically 1
ns, in which each component of each normal mode coordinate
was coupled to a Langevin thermostat.65 Averages from time-
dependent properties were harvested from 10 statistically
independent trajectories lasting 100 ps, whose initial conditions
were taken from the previous canonical trajectories.

III. RESULTS

Energetics and Structures of HX·(H2O)n Clusters. The
starting point of our analysis will be the consideration of dimers
of the type XHb ··· OH2

e (X = F, I), where with the superscripts
“b” and “e” we will discriminate “bridge” from “external”
positions, respectively (see Figure 1a). In Figures 2 and 3, we
present results for dissociative curves obtained from MP2
calculations and predictions from the EVB Hamiltonian for
isolated dimers, at a set of fixed donor−acceptor distances. For
both halogens, the agreement between the two sets of data is

Figure 1. Typical stable configurations for HX·(H2O)n clusters. (a)
XHb···OH2

e dimer; (b) undissociated FHb···OH2
e(H2O)6; (c) dis-

sociated F−···(HbOH2
e)+(H2O)7; (d) undissociated IH

b···OH2
e (H2O)2;

and (e) dissociated I−···(HbOH2
e)+(H2O)2. For clarity purposes, F and

I atoms are rendered in light green and in mauve, respectively.
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quite satisfactory; moreover, for the particular case of HF, the
quantum plots look comparable to those reported in ref 48.
The same can be said about the results for relevant distances
and angles for the global minima which are listed in Table 2a.
Yet, the direct comparison between interatomic distances in the
dimers and in the isolated molecules (shown between
parentheses) reveals no meaningful changes and, consequently,
does not provide clues to anticipate differences in the acidic
characteristics of either halogen.
To proceed, we moved to the examination of clusters

comprising a number of water molecules, n, close to the values
that would stabilize dissociated CIPs. Previous quantum
calculations66−69 have suggested that HF·(H2O)n clusters
would exhibit stable CIP configurations as n reaches ∼8,
whereas for HI, that threshold number would drop down to
only ∼3 water molecules.67,70 In Figure 1 (panels b−e), we
show typical configurations reported for stable undissociated
and dissociated moieties; as such, in what follows, we will use
them as benchmarks to analyze isotopic equilibria. Incidentally,

we remark that the undissociated stable structure shown in
Figure 1b does not correspond to the actual free energy
minimum configuration for the HF·(H2O)7 cluster which
would be characterized by a nonconnected ion pair located at
opposite corners of a cubiclike structure.71 At temperatures of
the order of T ∼ 50 K, the free energy difference between the
latter structure and the one shown in Figure 1b is of the order
of approximately −7 kBT. Still, interconversions between them
would require surmounting activation free-energy barriers of
considerable magnitudes (typically of the order of ∼30 kBT), a
fact that would support the validity of our analysis of this
metastable structure. The overall shapes of both, (b)
undissociated and (c) dissociated, clusters can be cast in
terms of fairly cubiclike structures where the acid acts as an H-
bond donor to a double-donor−single-acceptor water molecule.
The larger aggregate, though, exhibits a distorted edge, where
an additional single donor water molecule (hereafter labeled
d1′) attaches along one side of the original structure.
Interestingly, a closer look reveals that this geometrical
arrangement allows for stronger bindings to the halide of the
type OH···F−, involving the single-donor molecules Hd1′ and
Hd2′, compared to the connectivity in the undissociated cluster,
operated via the double-donor-single-acceptors Hd1 and Hd2.
The comparison between a set of relevant distances and angles
in the two clusters confirms this observation. In Table 2b, we
list quantum averages for the distances dFH and for the angles
θF−H−O, which characterize hydrogen bonding to the halogen in
both moieties. For the dissociated cluster, one observes: (i)
shorter Hdi′···F distances, (ii) a more marked O−Hdi′···F
alignment and, more importantly, (iii) a clear increment in the
F − Hb distance.
Previous studies have suggested that the key elements

controlling dissociation processes of HF in bulk water72,73 and
in clusters66,71 are different and, in neither case, they would be
directly connected to solute−solvent hydrogen bonding.
Contrasting, a more recent analysis concludes that large
angular, rather than translational, modifications in the hydro-
gen-bond architecture are involved upon dissociation in
solution.48 Anyhow, the simple inspection of the modifications

Figure 2. Dissociation energies as a function of the F−H distance, for
global minima of the FH···OH2 dimer, at fixed FO distances. The solid
line corresponds to results from the EVB Hamiltonian, whereas the ○
correspond to MP2 results (see text).

Figure 3. Same as Figure 2 for IH···OH2.

Table 2. Geometrical Parameters for Clusters

FHb ··· OH2
e IHb ··· OH2

e

a. dimers EVBa MP2 EVB MP2

dXHb 0.94 (0.92) 0.94 1.63(1.61) 1.62
dHe

O 1.0 (1.0) 0.97 1.0 (1.0) 0.97
dHb

O 1.66 1.71 1.94 2.05
θXHb

O 180.0 178.5 180.0 178.4
b. FH·(H2O)n clusters atom ⟨dFHi⟩ ⟨θF−Hi−O⟩

FH ··· OH2(H2O)6 Hd1 2.41 ± 0.28 107 ± 42
Hd2 2.29 ± 0.27 116 ± 40
Hb 0.97 ± 0.07 167 ± 12

F− ··· H3O
+(H2O)7 Hd1′ 1.42 ± 0.11 172 ± 8

Hd2′ 1.38 ± 0.10 172 ± 8
Hb 1.35 ± 0.10 168 ± 10

c. IH·(H2O)n clusters atom ⟨dIHi⟩ ⟨θI−Hi−O⟩

IH ··· OH2(H2O)2 Hb 1.67 ± 0.09 169 ± 9
Hd 3.18 ± 0.23 146 ± 29

I− ··· H3O
+(H2O)2 Hb 1.99 ± 0.11 170 ± 9

Hd 2.46 ± 11 171 ± 9
aEVB values correspond to quenched structures. Quantities between
parentheses correspond to isolated molecules. Lengths are expressed
in Å; angles are expressed in degrees.
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operated in the distances of the solvation structures reported
here indicate that the closer approach of the two donor water
molecules d1′ and d2′ should necessarily benefit solvation of
ionic species in detriment of nonionic alternative structures.
Moreover, note that values of θF−Hdi−O in the undissociated
cluster do not satisfy the criterion normally implemented in
computer simulations to identify hydrogen bonding, which sets
the lower threshold angle at ∼150°. The reasons for this lower
level of atomic alignment along hydrogen bonds may be traced
back to the fact that double-donor molecules are subjected to
tighter constrains, imposed by the simultaneous preservation of
the linearity of two hydrogen bonds. In this context, a
description of the intermolecular connectivity in the undis-
sociated cluster expressed in terms of a network of hydrogen
bonds would seem to be only marginally satisfied.
As we mentioned previously, only two additional water

molecules are necessary to stabilize I−···H3O
+ contact ion pairs.

In fact, the HI·(H2O)3 aggregate is singular since it exhibits two
stable conformers: on the one hand, the covalent IH ···
OH2(H2O)2 and, on the other, the ionic I− ··· H3O

+(H2O)2
structure as well. Panels (d) and (e) of Figure 1 contain typical
snapshots of the two isomers, both with cyclic connectivities.
Contrasting with the HF case, in the covalent structure, one of
the “external” positions exhibits connected characteristics while
the other one remains dangling. The analysis of quenched
structures corresponding to the two conformers reveals that the
energy of the ionic one, though, is ∼4.5 kcal mol−1 lower than
the one for the undissociated structure. In fact, in the course of
all the trajectories obtained in this work, we did not detect
spontaneous interconversions between these two structures
indicating that, at temperatures of the order of T ∼ 25−30 K,
such isomerizations would require the passage over activation
free-energy barriers well above thermal energies.
In Table 2c, we list quantum averages for geometrical

parameters for the covalent and ionic conformers. The most
relevant differences are to be found in the intermolecular
connectivities established between the I and the two nearest
water molecules, via the Hd and Hb sites. In particular, upon
dissociation, (i) the atomic I−−Hd−O arrangement looks much
more colinear. (ii) The I−Hd distance contracts from 3.18 Å
down to 2.46 Å, whereas (iii) the I−Hb distance stretches from
the original 1.67 Å up to 1.99 Å, indicating proton dissociation.

Still, one can gauge the extent of dissociation for both acids
from a more quantitative perspective by analyzing the
magnitude of PI averages of the coefficients ⟨ci

2⟩PI, correspond-
ing to covalent and ionic descriptions of key diabatic states in
the dissociated clusters. For F−···H3O

+(H2O)7, these values are
⟨cHF

2 ⟩PI = 0.02 and ⟨cH3O
+

2 ⟩PI = 0.77, whereas for I−···
H3O

+(H2O)2, we found ⟨cHI
2 ⟩PI = 0.26 and ⟨cH3O

+
2 ⟩PI = 0.65.

Note that the latter set of values would indicate that, for the
two particular cluster sizes analyzed, the solvation structure
prevailing in the HF cluster promotes a higher degree of
dissociation compared to the HI case. Contrasting, the role of
quantum fluctuations attenuating the extent of proton transfer
looks more important in the description of the dissociation
process in the latter case: results from classical (i.e., P = 1)
simulations show practically no modifications in the magni-
tudes of the corresponding coefficients for the dissociated F−···
H3O

+(H2O)7 moiety, whereas in the I− ··· H3O
+(H2O)2 case,

one observes sensible modifications in the classical predictions,
namely, ⟨cHI

2 ⟩clss = 0.12 and ⟨cH3O
+

2 ⟩clss = 0.75. In addition to the
usual considerations of zero-point energy and tunneling effects
along the proton transfer coordinate, the causes of the latter
changes should also be found in the weakening in the quantum
description of the OHd···I

− bonding (see Figure 1e) which, in
turn, would hamper acid dissociation.

Isotopic Substitution. We now turn to the analysis of the
propensity of H and D to lie at “bridge” and “external”
positions. Interconversions in isolated dimers of the type:

··· → ···XD OH XH OD Hb
2
e b e e

(26)

represent the simplest cases, in which “external” locations
coincide with dangling positions. The relative stability of
reactant and product states in eq 26 can be estimated by
computing ΔA, the associated free energy difference via
thermodynamic integration procedures:74

∫ λ λ
λ

Δ = ∂
∂ λ

A
A

d
( )

0

1

(27)

where λ represents a control parameter characterizing the
reversible mass transformations described in eq 26 and ⟨...⟩λ
represents a quantum statistical average taken with the masses

Table 3. Free-Energy Differences for Isotopic Positional Exchange and Quantum Kinetic Energies at “Bridge” and “External”
Locations in HX ··· (H2O)n

a. XDb ··· OH2
e → XHb ··· ODeHe

X ΔAa ΔAb ⟨THb
∥ ⟩ ⟨THb

⊥ ⟩ ⟨THe
∥ ⟩ ⟨THe

⊥ ⟩ ⟨THb
∥ ⟩ − ⟨THe

∥ ⟩ ⟨THb
⊥ ⟩ − ⟨THe

⊥ ⟩

F 4.6 4.2 43.6 22.2 41.8 16.9 1.8 5.3
I −12.2 −12.5 28.7 7.8 41.2 16.7 −12.5 −8.9

b. XDb ··· OH2
e(H2O)n → XHb ··· ODeHe(H2O)n

X ΔAa ΔAb ⟨THb
∥ ⟩ ⟨THb

⊥ ⟩ ⟨THe
∥ ⟩ ⟨THe

⊥ ⟩ ⟨THb
∥ ⟩ − ⟨THe

∥ ⟩ ⟨THb
⊥ ⟩ − ⟨THe

⊥ ⟩

F 1.07 0.76 40.9 25.2 43.5 21.3 −2.6 3.9
I −17.0c −17.0c 25.5 11.5 42.2c 24.0c −16.7c −12.5c

−13.0d −13.1d 43.3d 16.1d −17.8d −4.6d

c. X−··· (DbH2
eO)+(H2O)n → X− ··· (HbHeDeO)+(H2O)n

X ΔAa ΔAb ⟨THb
∥ ⟩ ⟨THb

⊥ ⟩ ⟨THe
∥ ⟩ ⟨THe

⊥ ⟩ ⟨THb
∥ ⟩ − ⟨THe

∥ ⟩ ⟨THb
⊥ ⟩ − ⟨THe

⊥ ⟩

F 1.40 1.49 33.7 37.1 34.9 33.4 −1.2 3.7
I −6.7c −7.6c 18.2 35.6 35.1c 31.7c −16.9c 3.9c

−4.3d −5.2d 43.3d 19.4d −25.1d 16.2d

aFrom eq 27. bFrom eq 31. cExternal connecting site. dExternal dangling site. Energies are expressed in units of β−1. In all cases, the statistical
uncertainties in the kinetic energy averages do not surpass 3%.
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set at fixed {Mj(λ)}. The integrand of the previous equation can
be readily evaluated using the virial estimate of the quantum
kinetic energy, namely:

∑

∑

λ
λ λ

λ

λ

β

∂
∂

= −
∂

∂

× + ⟨ − ·∇ ϵ ⟩

λ

λ
=
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⎣
⎢⎢

⎤
⎦
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( ) 1
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2

( )

j j

j

k

P

j
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C k

r
1

( )
0
( )

j
k( )

(28)

where rj
C is the position of the polymer centroid associated with

the jth particle:

∑=
P

r r
1

j
k

P

j
kC ( )

(29)

Following previous calculations the reversible transformation
was performed along linear paths:

λ λ

λ λ

= +

= −

M M

M M

( ) (1 )

( ) (2 )

p

p

H

D (30)

where Mp represents the proton mass. At present, there exist
different alternatives based on more refined estimators to
compute ΔA.21,22 However, in the present case, we found an
adequate convergence for the integrand in eq 28, with a smooth
behavior along the complete λ-interval of interest.
The entries in column two of Table 3a reveal that, for X = F,

the free-energy difference associated with the previous isotopic
exchange is βΔA = 4.6; contrasting, for X = I, the relative
stabilities of light and heavy isotopes are reversed, βΔA =
−12.2. In order to rationalize the origins of these qualititative
changes, it will be instructive to consider the harmonic
approximation for ΔA proposed by Ceriotti et al.,75 which
establishes:

Δ ∼ − ⟨ ⟩ − ⟨ ⟩A m m T T2[1 ( / ) ]( )H D
1/2

H Hb e (31)

This approximation was found to be quite accurate to describe
isotopic equilibria for a variety of aqueous environ-
ments.24,76−78 Note that the previous expression is particularly
appealing since the free-energy difference is exclusively
controlled by the difference between the kinetic energies of
the light isotope, at “bridge” and “external” positions.
Estimates for ΔA computed from eq 31 are listed in column

three of Table 3. In all cases, the results of the approximation
reproduce the values computed from eq 27 within an ∼10−
15% difference. The average quantum kinetic energies in eq 31,
in turn, can be further decomposed into two orthogonal
directions: (i) the first one corresponds to parallel contribu-
tions ⟨Ti

∥⟩, along the relevant rOH
C and rXH

C centroid vectors; (ii)
the second one corresponds to a perpendicular projection,
defined as ⟨Ti

⊥⟩ = ⟨Ti⟩ − ⟨Ti
∥⟩. We remark that the values of

⟨Ti⟩ and the corresponding decompositions provide estimates
for the global and projected quantum spatial dispersions,
respectively.
The values listed in Table 3a show that, for the FH ··· OH2

dimer, the kinetic energy of the proton at the “bridge” position
clearly surpasses the one registered at dangling locations.
Moreover, the proton at the “bridge” bond exhibits tighter
spatial localizations along both parallel and perpendicular
projections. These differences can be rationalized by examining
the combined effects from the intramolecular interactions and

the local characteristics of the intermolecular Coulomb
coupling. For example, the simple consideration of the
stretching frequency in HF, ωHF ∼ 4150 cm−1, which is an
∼10% higher than a typical O−H stretching frequency in water,
ωOH ∼ 3700 cm−1, would anticipate the increment in the
quantum kinetic energy along parallel directions. On the other
hand, the increment in ⟨THb

⊥ ⟩ could be ascribed to effects from
the intermolecular Coulomb coupling between the undis-
sociated acid and the acceptor water, which clearly increases the
more compact the isomorphic polymers. A similar analysis
performed on the IH···OH2 dimer shows opposite trends in
both projections. We can think of, at least, two causes to
account for these differences: (i) first, the much lower HI
intramolecular stretching frequency, ωHI ∼ 2300 cm−1, allowing
more delocalized configurations of the isomorphic polymer
along the parallel direction and (ii) second, the relaxation of
colinearity along the I−H···O bond prevailing, otherwise, in the
previous F−H···O case. Contrasting with the HF case, the
largest difference in the quantum kinetic energies is registered,
in this case, along parallel directions. As such, this interplay
between the topologies of intra- and intermolecular interactions
provide simple geometrical interpretations of origins of the
observed differences in the isotopic stabilities in the two dimers.
As a digression, the comparison between the relative isotopic
stabilization in these two dimers and the one observed in the
resonant [H2

eO···Hb···OH2
e]+, Zundel cation, exhibiting an even

stronger HB, is instructive. In the latter case, a similar PI-MEVB
calculation at T = 50 K yields ⟨THb

∥ ⟩ − ⟨THe
∥ ⟩ = −12.6, whereas

⟨THb
⊥ ⟩ − ⟨THe

⊥ ⟩ = 11.1 (both values expressed in units of β−1).
As such, the stabilization of the light isotope at the “bridge”
position in the Zundel cation is the result of a large cancellation
between perpendicular and parallel projections of the kinetic
energy differences, contrasting with the present, XH···OH2
dimer cases in which the two projections exhibit equal signs.
Solvation modifies isotopic equilibria, although the global

trends observed in ΔA remain similar. In Table 3b, we list
results for clusters exhibiting nondissociated species (i.e., FH···
OH2(H2O)6 and IH···OH2(H2O)3. For the former moiety,
βΔA drops down to ∼1, revealing a much less marked
stabilization of D at the “bridge” position. Moreover, the
approximate harmonic analysis shows that the main causes of
this change are to be found in (i) an increment in the kinetic
energy along perpendicular directions at “external” positions
and (ii) a drop of the parallel component at the “bridge”
location, indicative of an incipient dissociation, along with an
increment at the external position which, in turn, leads to a
change of sign in the ⟨THb

∥ ⟩ − ⟨THe
∥ ⟩ difference. For IH···

OH2(H2O)3, the more vivid modifications are found along
perpendicular directions involving both “externally” connected
and “bridge” positions as well. As a result, βΔA goes down to
approximately −17, revealing a solvation-induced, extra
stabilization of the light isotope at “bridge” positions.
Compared to the undissociated case, the relative stability of

the deuteron at the “bridge” position in F−···DOH2
+(H2O)7

clusters increases by a factor of ∼1.5, expressed in terms of
βΔA. For this particular case, one observes comparable
increments in the values of ⟨THi

⊥ ⟩ contrasting with much
more dissimilar modifications in ⟨THi

∥ ⟩. Still, contributions from
the former projection are the ones that prevail. In contra-
position with the previous scenario, free-energy differences
between “bridge” and “external” configurations of the light
isotope in ionic clusters containing iodide are drastically
reduced by a factor of ∼3, compared to the undissociated case.
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In this case, again, the most dramatic modifications are to be
found in changes along perpendicular directions, most notably
in the increment of ⟨THb

⊥ ⟩ by also a factor of ∼3.
Infrared Spectra. We will conclude the present study by

examining whether the local characteristics of the different
hydrogen bonds analyzed in previous sections might be inferred
from the inspection of the stretching signals of the
corresponding infrared spectra. In this context, the key
magnitude of interest is the spectral density, which is
proportional to the Fourier transform of the second derivative
of the total dipole−dipole RPMD time correlation function,
namely:

∫ω ω∝ μμ

∞

̇ ̇I C t t t( ) ( )cos( ) d
0

RPMD
(32)

where

μ μ= ⟨ ̇ · ̇ ⟩μμ̇ ̇C t t( ) ( ) (0)RPMD
RPMD (33)

Within the EVB framework, the total dipole moment of the
cluster is given by

∑ ∑μ =
= =
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In the previous expression, qj
(k)(t) denotes a weighted sum of

partial charges of site j, computed as
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( ) 2
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(35)

where qj
i represents the partial charge of site j participating in

the ith VB state. Time derivatives of the coefficients ci
(k) were

evaluated using standard quantum perturbation theory
procedures, namely:79

∑

∑ ψ ψ ϕ ψ

̇ =
ϵ − ϵ

× ⟨ |∇ ̂ | ⟩· ̇ ⟨ | ⟩

≠

=

c

H r

1

[ ]

i
k

j
k

j
k

n

N

j
k k

n
k

i
k

j
k

r

( )

0

N

0
( ) ( )

1

( )
EVB 0

( ) ( ) ( ) ( )
n
k

EVB

( )

(36)

In clusters containing HI or I− species, eq 34 was supplemented
with an additional term of the form:

∑ ∑ μμ̃ = | |
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1 1

N
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where, similarly, μIi
(k) represents the induced dipole moment of

the HI/I− species in the ith VB, evaluated at the kth imaginary
time slice. We remark that in order to avoid the presence of
spurious signals originated from intrapolymer dynamical
modes,80 we implemented the procedure reported in ref 81
that removes the coupling between Langevin thermostats and
centroid degrees of freedom. Anyhow, although this thermo-
statization methodology is known to introduce broadenings in
the spectral lineshapes and may have limitations in its direct
implementation for the case of small molecules, the simulated
profiles that we obtained still allowed for appropriate
discernments of the key features and frequency shifts we are
interested in describe.
The two panels of Figure 4 contain results for the stretching

bands of I(ω) for the undissociated FH···OH2(H2O)6 cluster
(left-hand side) and for the dissociated F−···(HOH2)

+(H2O)7

moiety (right-hand side). In both cases, the curves labeled (a)
correspond to fully protonated clusters. For the covalent state,
the spectrum presents a wide single band, spanning the 3000−
4000 cm−1 frequency interval, that includes a two-peak motif. A
normal-mode analysis performed on quenched structures,
complemented with the inspection of the modifications
operated in the spectra following deuteration at selected
positions, led us to clear identifications of each signal. The low-
frequency one, located at ω = 3380 cm−1 (indicated by a
dashed arrow), corresponds to motions of the “bridge” proton,
whereas the high-frequency one, located at ω = 3600 cm−1 and
indicated by a solid arrow, corresponds to dynamical modes
involving “external” protons. Note that the ordering in the
latter frequencies correlates with one registered for ⟨T∥⟩ in
Table 3b. The analysis of curves (b and c), which correspond to
isotopomers with deuterations at these two positions, supports
the previous correspondence. In both cases, the modifications
include sensible reductions in the magnitude of the tagged peak
where the isotopic replacement was operated, along with the
appearance of new signals at frequencies ω = 2480 cm−1 [curve
(b)] and ω = 2590 cm−1 [curve (c)]. The positions of these
new peaks look similar to the ones one would predict from a
direct ∼0.51/2 mass rescaling of each of the missing original
frequencies. In passing, we also remark the presence of two
shoulders at ω ∼ 3700 cm−1 and ∼3400 cm−1, which
correspond to additional collective stretching modes involving
the rest of the water molecules. In curves (a and c), the first
shoulder can still be detected, whereas the latter one is clearly
shadowed by the much broaden signal from the “bridge”
stretching mode.
A similar analysis performed on the dissociated cluster (right-

hand side panel) shows the following features: (i) curve (a)
presents a high frequency band, comprising two peaks at ω =
3460 and 3720 cm−1, which correspond to H motions in water
molecules not directly connected to the dissociated acid; (ii) in
addition, one observes a band with a central signal at ω = 2710
cm−1 (indicated by a solid arrow) which corresponds to a
dynamical model localized at the “bridge” connective bond in
the (H3O)

+ moiety; (iii) the latter signal is flanked by two
barely perceptible humps at ω = 2900 cm−1 and ω = 2510 cm−1

Figure 4. Stretching bands of RPMD infrared spectra of HF·(H2O)n
clusters. Left panel: undissociated FH···OH2(H2O)6; right panel:
dissociated F−···(HOH2)

+(H2O)7. The letter code in both panels is the
same: (a) fully protonated, (b) isotopomer with deuterium at “bridge”
position, and (c) isotopomer with deuterium at “external” position.
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(indicated by dashed and dotted arrows, respectively) which
correspond to stretching motions at the other two non-
equivalent, “external” positions of the hydronium; and (iv)
deuteration at the “bridge” position causes a ∼ 730 cm−1 red
shift of the original central peak [curve (b)], whereas a
deuteration at a tagged “external” position [the one with the
highest frequency motion, in curve (c)] transforms the original
triple-motif into a double one and promotes the appearance of
a new dangling deuterium-mode at ω = 2070 cm−1. Here again,
the position of these two new D-features could be reasonably
well predicted by a simple mass rescaling procedure.
In Figure 5, we present similar results for iodated clusters.

The line shape for the fully protonated IH···OH2(H2O)2

moiety [curve (a) in the left-hand side panel] comprises two
sub-bands and a dip at ∼3520 cm−1 that separates modes
involving mostly connective protons from those with
preferential participation of dangling protons. These two sub-
bands are akin to the ones previously observed in small water
clusters, such as the [H2O]8 case.20 Unfortunately, at first
glance, we failed to detect signals from modes involving the
“bridge” proton which, based on the simple consideration of
the magnitude of the stretching frequency in the isolated HI
molecule, should appear at frequencies on the order of ∼2000
cm−1. As such, deuteration at the “bridge” position did not
promote any relevant modifications in the overall line shape
[curves (a) and (b) look practically identical], except by the
absence of a series of low-intensity humps localized at 1500−
2000 cm−1 in the original spectrum, which are displayed in the
4 × zoomed profiles shown in the inset of the figure. This
would confirm that contributions from the “bridge” local mode
get washed out by much more intense contributions from the
rest of the water dynamical modes. Curves (c and d) depict the
modifications following deuterations at “external” connective
and dangling positions, respectively. In the first case, one
observes a new peak at ω = 2510 cm−1, concomitant with a
clear attenuation of the low-frequency original sub-band;

conversely, the substitution at the “external”-dangling position
shifts this new peak up to ω = 2740 cm−1, whereas the
attenuations are now registered in the high-frequency sub-band
of the full protonated spectrum. The last analysis concerns the
spectral signals of the I−···(HOH2)

+(H2O)2 cluster (right-hand
side panel). In curve (a), the list of the peaks corresponding to
modes localized at the (H3O)

+ ion includes: (i) a signal
corresponding to motions of the “bridge” H, located at ω =
2100 cm−1, significantly red-shifted and broadened, compared
to the corresponding one in the ionic fluorinated cluster. The
frequency shift is consistent with the 33.7 kBT (HF) versus 18.2
kBT (HI) reduction in the corresponding values of ⟨T∥⟩ listed
in Table 3c and with the larger extent of proton delocalization
in HI also suggested by the corresponding ⟨ci

2⟩ coefficients that
we mentioned at the end of section IIIa; (ii) at ω ∼ 2800 cm−1,
the spectrum presents a much lower intensity structure, which
corresponds to stretching motions along the “external”-
connective H of the cation (indicated by a solid arrow); and
(iii) as one moves up in frequency, one observes a signal at ω ∼
3500 cm−1 comprising three sub-bands of decreasing
amplitude. The central one, at ω = 3560 cm−1 (indicated by
a dashed arrow), corresponds to the stretching mode localized
at the dangling intramolecular bond in the hydronium, whereas
the lateral ones can be ascribed to similar motions along
connective and dangling bonds in water molecules (dotted
arrows). The modifications operated upon selective deuteration
are self-evident: the incorporations of the heavy isotope at the
“bridge” [curve (b)] and “external”-connected [curve (c)] sites
lead to the complete disappearances of the corresponding
motifs in curve (a). We remark that the positions of the
corresponding new D-peaks (not shown) are of difficult
detection, since they overlap with the bending and “bridge”
bands of curve (a). Finally, the deuteration at the “external”-
dangling position shifts the peak down to 2560 cm−1, a value of
similar order to the one obtained by a direct mass rescaling.

IV. CONCLUDING REMARKS
The results presented in this paper provide new insights about
the characteristics of hydrogen bonding at the vicinity of
hydrogen halides, with different acid strengths, embedded in
aqueous clusters at low temperatures. As such, the present work
expands previous analyses, exploring aggregates with more
complex structures beyond to those comprising pure water and
simple anionic species. To accomplish that, we have
implemented a molecular dynamics algorithm that combined
the use of an MEVB Hamiltonian to achieve a proper
description of proton transfer processes, along with a PI-
RPMD scheme, to incorporate effects from nuclear quantum
fluctuations on equilibrium and dynamical properties. In
particular, we focused attention on clusters involving HF and
HI, at the inceptions of their dissociative onsets, examining
preferential solvation in structures that incorporates H and D at
key connective locations.
In the isolated FH···OH2 dimer case, we found a clear

propensity of the heavy isotope to lie along the weak acid−
water hydrogen bond, compared to the alternative, dangling
positions. This tendency, however, reverses for the IH···OH2
case. We found that the reasons for these differences can be
traced back to the differences in the extents of spatial
confinement prevailing at the two scenarios. For the HF···
OH2 case, the thermodynamic stability is the result of a larger
localization along both, parallel and perpendicular, directions
with respect to the intermolecular H bond, compared to the

Figure 5. Stretching bands of RPMD infrared spectra of HI·(H2O)4
clusters. Left panel: undissociated IH···OH2(H2O)3; right panel:
dissociated I−···(HOH2)

+(H2O)2. The letter code in both panels is the
same: (a) fully protonated; (b) isotopomer with deuterium at “bridge”
position; (c) isotopomer with deuterium at “external”-connective
position; and (d) isotopomer with deuterium at “external”-dangling
position. The inset in the left panel shows a 4 × zoomed image of
curves (a and b).
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one observed at the dangling OH intramolecular bond.
Contrasting, for the IH···OH2 case, it is the isotopomer with
the light isotope lying along the connecting H-bond that is
more stable. This change in stability is the result of sensible
reductions of the quantum spatial confinements at the latter
connecting position along parallel and, most notably,
perpendicular directions. In this respect, this scenario resembles
in part the one observed in clusters with even stronger HBs,
such as the case of the [H2O···H···OH2]

+ Zundel complex, in
which the most stable structures also correspond to those with
the light isotope lying at the bridge position, and the key
elements controlling the thermodynamic stability are the
parallel projections of the corresponding kinetic energies. The
latter feature contrasts with what is observed in other cluster
and bulk environments,20,24,76,82 in which the control is
transferred to perpendicular projections. For the two acids,
the extent of these thermodynamic positional propensities are
modulated by the incorporation of increasing number of
solvating water molecules; however, the qualitative trends
remain valid, even after the onset of dissociation, in CIP
solvation structures.
These predictions have also clear correlations with the overall

characteristics of the lineshapes of the different stretching sub-
bands of fully protonated clusters and selected deuterium
substituted aggregates as well. We are confident that these
theoretical predictions will be corroborated by direct
experimental measurements opening interesting possibilities
for assessing the strengths of the different H bonds along the
intermolecular network via the analysis of the corresponding
intensities and positions of mass-selected, spectroscopic signals
of mixed clusters combining hydrogen halides, H2O, and HDO.
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