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We carried out molecular dynamics simulation experiments to examine equilibrium and dynamical
characteristics of the solvation of excess protons in mesoscopic, [m:n] binary polar clusters compris-
ing m = 50 water molecules and n = 6, 25, and 100 acetone molecules. Contrasting from what is
found in conventional macroscopic phases, the characteristics of the proton solvation are dictated,
to a large extent, by the nature of the concentration fluctuations prevailing within the clusters. At
low acetone contents, the overall cluster morphology corresponds to a segregated aqueous nucleus
coated by an external aprotic phase. Under these circumstances, the proton remains localized at the
surface of the water core, in a region locally deprived from acetone molecules. At higher acetone
concentrations, we found clear evidence of the onset of the mixing process. The cluster structures
present aqueous domains with irregular shape, fully embedded within the acetone phase. Still, the
proton remains coordinated to the aqueous phase, with its closest solvation shell composed exclu-
sively by three water molecules. As the relative concentration of acetone increases, the time scales
characterizing proton transfer events between neighboring water molecules show considerable retar-
dations, stretching into the nanosecond time domain already for n ∼ 25. In water-rich aggregates,
and similarly to what is found in the bulk, proton transfers are controlled by acetone/water exchange
processes taking place at the second solvation shell of the proton. As a distinctive feature of the trans-
fer mechanism, translocation pathways also include diffusive motions of the proton from the surface
down into inner regions of the underlying water domain. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4766201]

I. INTRODUCTION

Protonated aqueous nanoclusters are common in nature.
For example, they are ubiquitous in the upper atmosphere,
where they host a rich variety of chemical processes with
relevance in atmospheric chemistry.1, 2 On the other hand,
the analysis of these clusters provides information on a se-
ries of fundamental processes in solution chemistry, such as
stepwise ionic solvation processes3, 4 or size controlled acid-
base equilibria5 and catalytic processes.6 Clusters of the type
H+(H2O)n with n, say, up to ∼30 have been extensively an-
alyzed from experimental7, 8 and theoretical9–12 perspectives
as well. Contrasting, the properties of mesoscopic aggre-
gates, with linear dimensions intermediate between 10 and
100 Å remain somewhat less understood.13 The latter systems
represent intermediate states with well differentiated struc-
tural and dynamical characteristics that cannot be straight-
forwardly interpolated from what is normally perceived in
isolated-molecule states and in macroscopic phases. Still, the
origin of many of these singularities can be normally traced
back to the presence of a free interface in the close vicinity

a)Author to whom correspondence should be addressed. Electronic mail:
dhlaria@cnea.gov.ar.

of a sizeable fraction of its components; however, in this size
range, additional collective variables start to play key roles in
determining their resulting structure and in controlling their
chemical reactivity.

Binary, mixed polar protic/aprotic clusters combining
water/acetonitrile or water/acetone provide clear examples:
While, in the bulk, these solvents are miscible at all relative
concentrations, there seems to be sufficient experimental evi-
dence that would suggest that, in mesoscopic aggregates, they
may phase separate.14, 15 In a much broader context, demixing
processes in nanoclusters16–18 would be just one example of
a more general class of phenomena involving confinement in
narrow slits19, 20 or in the interior of nanotubes,21 to cite two
relevant examples.

The analysis of protonated binary clusters gives rise to a
series of new and interesting questions; most notably are those
concerning the localization of the excess charge within the
aggregate, which indirectly depends on the competitive sol-
vation of the excess charge at different cluster sizes and com-
positions. In recent years, a large number of experimental and
theoretical work has been undertaken to examine proton pref-
erential solvation in mixed protic/aprotic clusters. The gen-
eral picture that emerges from this body of research suggests
that, beyond a relatively small number of water molecules, the
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proton exhibits propensity for aqueous solvation. This obser-
vation has been confirmed in mixed clusters combining wa-
ter with acetonitrile,22 diethyl-ether,23 and acetone,24–27 and
would clash with predictions based on the simple inspection
of gas phase, proton affinities which for water turns out to
be lower than the ones corresponding for the three aprotic
species mentioned above. This feature underlines the impor-
tance of solvation as a key element determining the stable
structures, even in aggregates comprising no more than, say,
10 molecules.

In the present paper we will present an analysis of proton
solvation in mixed mesoscopic water/acetone clusters of dif-
ferent sizes based on molecular dynamics results. This study
represents a natural extension of a previous molecular dynam-
ics study,28 in which we addressed a similar analysis in bulk
mixtures. As we will see, our simulations show that clus-
ter results conjugate elements from our previous bulk anal-
ysis with those corresponding to the behavior of proton at
macroscopic water/air,29–34 water/amphiphile solutions,35, 36

and water/hydrophobic interfaces37 as well. In addition to
this, proton states and the dynamical aspects connected to pro-
ton transfer events in clusters are also modulated by the char-
acteristics of local concentration fluctuations which, in turn,
derive from the overall boundary conditions that prevail in the
systems under investigation.

The organization of this work is as follows: in Sec. II we
will briefly describe the model system and the methodology
that we implemented to perform the simulation experiments.
Section III includes results for proton solvation structures
within the different clusters, whereas dynamical aspects per-
taining to proton transfer episodes in water-rich aggregates
are presented in Sec. IV. The main conclusions of the study
are summarized in Sec. V.

II. MODEL

We carried out molecular dynamics experiments on [m:n]
binary nanoclusters, comprising m molecules of water (W)
and n molecules of acetone (A) [(CH3)2CO]. Aqueous clus-
ters with m ∼ 50 represent perhaps the smallest aggregates
in which one can unambiguously differentiate “surface” from
“bulk” states. This will prove to be a key issue in the anal-
ysis of the proton solvation that will follow, so, in order
be able to clearly identify such states, all simulation exper-
iments were performed with m fixed at 50 and n = 6, 25,
and 100. A few test runs were also performed on [50:0] and
[50:50] aggregates. When necessary, the component with the
smaller (larger) mole fraction will be denoted as the solute
(solvent).

Molecular dynamics trajectories for W-A systems were
generated following a similar procedure to the one described
in Ref. 28. Our approach is based on a large body of previous
research performed by Voth and co-workers, so we will briefly
describe its main features and refer the interested reader to
Refs. 38 and 39 for additional details.

The dynamics of the classical nuclei with coordinates
{R} and mass Mi were derived from Newton’s equa-
tion of motion applied on the potential energy surface

ε0({R(t)}):

Mi

dRi(t)

dt
= −∇Ri

ε0({R(t)}). (1)

In the previous equation, ε0({R(t)}) = 〈ψ0(t)|ĤEVB|ψ0(t)〉
represents the ground state potential energy surface of
ĤEVB, a multi-state empirical valence bond (MS-EVB)
Hamiltonian.38–42 Some basic ideas underlying the EVB for-
malism date back to works by Warshel and Weiss43, 44 and
rely on the assumption that the aqueous proton extends delo-
calized over different water molecules, giving rise to a base of
diabatic states {|φi〉}. As such, the different matrix elements
of ĤEVB expressed in this diabatic basis set, i.e., hij ({R})
= 〈φi |ĤEVB|φj 〉 depend exclusively on the instantaneous co-
ordinates of the classical nuclei and are parametrized so as to
bring EVB geometrical and energy results for a series of rele-
vant H+(H2O)n clusters, in reasonable agreement with highly
refined quantum calculations.

At each step of the simulation procedure, the diabatic
states were chosen according to a connectivity pattern of hy-
drogen bonds (HB) starting at the instantaneous pivot water
molecule, denoted H3O*.39 After proper diagonalization, one
obtains |ψ0〉 and ε0, which can be expressed as

|ψ0〉 =
NEVB∑

i=1

ci |φi〉, (2)

ε0({R}) =
∑

i,j

cicjhij ({R}). (3)

The largest ci(t) determines the index of the instantaneous
oxygen pivot which corresponds to the water molecule that
exhibits stronger H3O+ character. This index can be updated
in the case of an eventual proton transfer event. Given the
large acidity of the protonated-acetone cation in solution, one
can safely disregard proton localization in A molecules. Ad-
ditional details concerning intermolecular and intramolecular
contributions of W-W, W-A, and A-A interactions incorpo-
rated in the parametrization of the matrix elements hij are pre-
sented in Ref. 28 and references therein.

Clusters were generated from samples comprising ap-
propriate amounts of W and A, randomly distributed within
spherical regions of radius ∼8–10 Å. The aggregates were
equilibrated by multiple rescaling of the atomic velocities,
following a thermal ramp with initial temperature Tin = 100 K
and final temperature Tf = 200 K, along a 5 ns period.
Atomic velocities were taken from Boltzmann distributions,
after proper subtraction of the velocity of the center of mass
and total angular momentum. At Tf, the clusters presented dy-
namical characteristics similar to those found in liquid phases
and negligible evaporation. After the incorporation of the ex-
cess proton at central regions of the clusters, a second, 10 ns
thermalization period at Tf followed. Typically, the number of
diabatic states considered in the diagonalization of ĤEVB var-
ied from 15–17 at high W contents down to ∼4–5 for [50:100]
clusters. For each particular cluster size, statistics were har-
vested along three statistically independent microcanonical
trajectories, each one lasting ∼30 ns. Given the lengths of the
simulation runs, and the inherent total energy jump episodes
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resulting from the restrictions in the number of diabatic states
considered, special care was taken to maintain an adequate
control of the energy conservation. To that end, we found it
necessary to decrease the time steps down to 0.25 fs, to re-
lax the hydrogen bond connectivity criterion when choosing
diabatic states28 and expand the tree-like connectedness al-
gorithm of hydrogen bonds so as to include patterns with bi-
furcated, double-donor and double-acceptor connectivity, as
suggested in Ref. 45. With this procedure, we could maintain
the energy conservation below, 3%–4% along the complete
lengths of the simulation trajectories.

III. CLUSTER EQUILIBRIUM
SOLVATION STRUCTURES

A. Water as a solvent

We will start our analysis by examining the character-
istics of clusters at low-A contents. Perhaps the most direct
route to gain a preliminary insight into the structural char-
acteristics of these clusters, is the simple inspection of the
snapshot shown in Fig. 1(a), which corresponds to a [50:25]
cluster. At a first glance, it is clear that the gross structural
characteristics of the aggregate can be cast in terms of a cen-
tral water nucleus, coated with an A-external shell. Similar
segregations involving aprotic solutes at cluster surfaces were

FIG. 1. Snapshots for selected [m:n] W-A nanoclusters. (a) [50:25]; (b) Top
view of a [50:6] (see text); (c) [50:100]. For clarity purposes, A molecules
are rendered in light gray (except in panel (b) that appear in dark gray). In the
three panels, the pivot oxygen is rendered in black.

FIG. 2. Density fields for different species along the radial direction of the
different [50:n] W-A clusters. Panels (a) n = 6; (b) n = 25; and (c) n = 100.
The solid lines correspond to oxygen sites in W, the dashed lines correspond
to oxygen sites in A whereas the white circles correspond to the oxygen pivot
(see text). The W and A profiles appear normalized by the corresponding
bulk densities (left y-axis); values for the pivot oxygen appear in the right
y-axis.

reported in our previous study of mixed water/acetonitrile
clusters.16

Spatial correlations involving different species along the
cluster radial direction provide additional information based
on more quantitative grounds. To facilitate our description,
we found it convenient to define a local coordinate system
centered at the centers of mass (CM) of the different clusters.
Panels (a) and (b) of Fig. 2 include results for density fields
ρrad

α (r), for [50:6] and [50:25] clusters, namely,

ρrad
α (r) = 1

4πr2

Nα∑

i=1

〈
δ
(
rα
i − r

)〉
(4)

in the previous equation, 〈· · ·〉 denotes a statistical average
and rα

i represents the distance between the position of the CM
of ith particle of species α (α = W, A, and H+) and the CM
of the cluster; Nα = m (α = W), n (α = A), and 1 (α = H+).
The proton coordinate is defined by the expression,39

rH+ =
NEVB∑

i

c2
i ri

ds (5)

that takes into account the delocalization of the excess charge
over the set of NEVB different water molecules, with coordi-
nates ri

ds, associated to the i-diabatic state of ĤEVB. Note that
the results for W and A (shown in the left y-axis) appear nor-
malized by ρ

pure
α , the corresponding bulk densities of the pure

components, whereas the results for the excess proton are dis-
played in the right y-axis.

The W profile shown in panel (a) corresponds to a
spherical-like, compact aggregate of radius R ∼ 6 Å, with
density close to the standard bulk value of W. Moreover, the
plot reveals an internal shell structure in the nucleus, compris-
ing a “bulk” shell at r ∼ 2 Å and a “surface” shell r ∼ 5 Å.
Beyond the latter distance, the profile falls smoothly down
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to zero, along a ∼2.5 Å wide interface region, centered at
r ∼ 6 Å. Contrasting, the curve describing spatial correlations
of A molecules looks like a 3 Å wide, Gaussian-like profile,
centered at r ∼ 7 Å. Interestingly, the distribution correspond-
ing to the excess charge also looks Gaussian, and its position
practically coincides with that of the Gibbs-dividing surface
of the underlying aqueous nucleus.

In principle, invoking elemental entropic arguments, the
propensity of the excess charge to present surface solvation
states could be somehow anticipated. However, this feature
also highlights a “singular” characteristic of the proton in
aqueous media. In this context the direct comparison with
the solvation of a small size cation such as Li+ is illustra-
tive: In the inset of the top panel, we have included results for
the density profiles corresponding to the solvation of Li+ in a
similar cluster. Note that, while the W and A curves show no
meaningful modifications, the small cation does not lie at the
water nucleus surface but mostly localizes in-between “bulk”
and “surface” shells. The segregation of the proton at water/
air and water/hydrophobic interfaces is a well documented
phenomenon and is the result of a complex interplay between,
on the one hand, ion-water and water-water interaction and,
on the other, geometrical aspects related to the charge distri-
bution within the pivot. As such, there is a general consensus
identifying the stabilization of the proton at the interface with
the solvation structure which minimizes disruptions in the ar-
chitecture of the water hydrogen bond network.29–34, 37

Panel (b) of Fig. 2 includes plots of ρrad
α (r) for [50:25]

clusters. Although the gross structural features for these
larger aggregates look similar to the ones shown in the top
panel, a closer inspection reveals, at least, three relevant
modifications: (i) a loss of structure in the internal water
nucleus, (ii) a widening of its interface, and (iii) an incipient
penetration of the external A phase deeper into the aqueous
nucleus. Moreover, the increment of A molecules at the sur-
face also promotes the penetration of the excess charge: Note
that the corresponding plot now exhibits a double-peaked
structure, suggesting a surface solvation state at rH+

surf ∼ 7.5 Å
and an inner solvation state at rH+

blk , located 3 Å deeper into
the water domain as well.

The presence of a compact, inner water nucleus and the
localization of the proton mostly at its surface allows for as-
sessing additional correlations involving orientational vari-
ables. Following previous analyses,37 we will consider the fol-
lowing probability density:

Pμ(cos θ ) = 〈δ(cos θμ − cos θ )〉 (6)

with

cos θμ = μ · rO∗

|μ||rO∗ | .

In the previous equation, μ corresponds to the dipolar mo-
ment of the charged [H3O]+ moiety with respect to its CM.
Results for Pμ(cos θ ) for the two clusters examined are dis-
played in the top panel of Fig. 3. For the [50:6] case, the
distribution is sharply peaked at the vicinity of cos θ = −1,
suggesting an antiparallel alignment of the hydronium dipo-
lar moment with respect to the radial direction. Again, this
observation is accordant with that reported in macroscopic

FIG. 3. Orientational correlations involving the solvation of excess proton in
W-A clusters. Top panel: Angular distribution of the orientation of the dipole
moment along radial directions (see text). Bottom panel: Angular distribution
of the adsorbed A molecules at the underlying W nucleus with respect to the
position of the excess charge.

water/air and water/hydrophobic interfaces.37 However, for
[50:25] aggregates, the distribution widens significantly and
a secondary, much milder maximum appears at cos θ ∼ 1, in-
dicating much rare episodes during which the previous align-
ment reverses.

The simultaneous analysis of the time evolutions of
rH+

(t) and cos θμ(t) along several nanoseconds (not shown)
indicates that the latter inversion episodes coincide with time
intervals during which rH+

remains close to rH+
blk . Moreover,

the time evolution of cos θμ also shows that the pathways for
the dipolar inversion involve gradual rotations of the [H3O]+

as it “plunges” into the water cluster and, in a few instances,
sharp umbrella-inversions of the pyramidal structure of the
hydronium as well. Similar inversion processes have been re-
ported in a recent ab initio molecular dynamics of H3O+(H2)n

clusters.46 We remark that we did not observe neither rota-
tions nor inversion episodes for the case of [50:6] clusters,
a fact that would suggest a higher degree of immobilization
of the excess charge and its close environment at the cluster
surface, compared to the situation in more internal regions of
the water nucleus.37

The inspection of Fig. 1(b) will be helpful to introduce a
second relevant orientational coordinate related with the dis-
tribution the A molecules at the W nucleus surface. The snap-
shot corresponds to a top view—with respect to the position
of the proton— of a [50:6] cluster: One can clearly see a “par-
tially capped” structure in which, at least, four out the six A
molecules remain adsorbed in the close vicinity of the excess
charge. Local surface density fluctuations of A molecules can
be gauged quantitatively via the distribution PA(cos φ) de-
fined in terms of

PA(cos φ) = 1

n

n∑

i=1

〈δ(cos φi − cos φ)〉, (7)
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FIG. 4. Pair correlation functions (left y-axis) between the oxygen pivot and
selected sites for mixed [50:n] clusters. Top panel: oxygen sites in W; bottom
panel: oxygen sites in A. n = 6 (circles); n = 25 (triangles); and n = 100
(squares). The corresponding cumulative integrals Nα(r) are shown in black
symbols (right y-axis).

where the angle φi is given by

cos φi = rH+ · rA
i

|rH+|∣∣rA
i

∣∣ .

Results for PA(cos φ) are displayed in the bottom panel of
Fig. 3 for three selected cluster sizes with n = 6, 25, and
50. At low surface coverages, the presence of a maximum
for cos φ ∼ 0.67 reveals a significant local enhancement of
the A density next to the excess charge; meaningful surface
density fluctuations still persist in [50:25] clusters, although
the angular interval and their magnitudes are much more re-
duced. Finally, in clusters with n = 50, one finds surface sat-
uration and surface density fluctuations practically disappear
at all relative orientations, except perhaps along the narrow
cos φ > 0.9 conical section, which remains deprived from A
molecules.

The solvation structure in the close vicinity of the ex-
cess charge can be also analyzed via the usual pair correlation
functions of the type:

ρO∗α(r) = 1

4πr2

∑

i

〈
δ
(∣∣rα

i − rO∗ ∣∣ − r
)〉
. (8)

Results for two relevant correlations involving oxygen sites in
W (α = OW) and oxygen sites in A (α = OA) are shown in
Fig. 4, where we have also included results for Nα(r), the cor-
responding cumulative integrals (black symbols, right y-axis).
The constancy in the magnitudes and in the positions of the
main peaks of ρO∗OW (r), located at r = 2.55 Å, indicate that
the two main features that characterize the short range coor-
dination of excess protons in the bulk, persist in these aggre-
gates. Here, we are referring to: (i) the tri-coordination via
hydrogen bonds with water molecules in the first solvation
shell and (ii) the absence of H–O–H· · ·[OH3]+-type accep-
tor bonding, due to the energetically unfavorable approach of
external polar H-groups to the positively charged [H3O]+.

The coordination of the excess charge with the aprotic
component also resembles the one found in the bulk and is
characterized by a first peak at r ∼ 3 Å and a secondary one

located at r ∼ 4.8 Å. Contributions from the first peak in
[50:6] clusters are clearly negligible, whereas in the [50:25]
aggregates, correspond to molecules lying close to the “hy-
drophobic” region of the hydronium moiety, exposing their
methyl groups. For both aggregates, the secondary peaks ac-
count for ∼3–4 A molecules lying at the hydronium second
solvation shell and acting as HB acceptors from the three wa-
ter molecules located in the inner, first solvation shell. As we
will see in the forthcoming section, these A molecules would
play a key role controlling a possible mechanism for proton
transfers between neighboring W molecules.

B. Acetone as a solvent

The structural analysis of A-rich clusters shows dramatic
modifications which become self-evident by comparing snap-
shots (a) and (c) in Fig. 1: (i) first, there is a sensible loss
of spherical symmetry in the overall shape of the clusters;
(ii) more importantly, one can clearly observe incipient stages
of the solubility of W in the aprotic phase. Concerning the
last issue, the direct inspection of a set of trajectories reveals
that local concentration fluctuations now involve irregular W
domains, fully embedded within the A phase. The overall
shapes of these irregular domains also present large fluctu-
ations along a variety of lengthscales which eventually may
become commensurate with the global cluster size, leading to
frequent fragmentation and recombination episodes. The lat-
ter processes are the result of the alternance between compact
and “thread-like” structures, during which a sensible reduc-
tion of the number of W–W hydrogen bonding is observed.

Radial correlations involving the three relevant species
are displayed in Fig. 2(c). Observe that the W profile has
turned practically structureless and that the local density at
the cluster center is now much more comparable to the one
observed in bulk solutions with a similar overall molar frac-
tions to that of the cluster, i.e., ρmix

w (xw = 1/3) ∼ 0.1ρ
pure
w .

Still, the W profile looks far from uniform. We can think of
two reasons for such lack of uniformity: on the one hand,
the already mentioned loss of sphericity in the overall clus-
ter shape and, on the other, insufficient statistics to proper
sampling slow modes associated with long-wavelength shape
fluctuations of the domains. Concerning the A plot, it is clear
that the aprotic component prevails at the outer region of the
cluster, whereas in the central regions the curve levels off at a
value also comparable to the one observed in the correspond-
ing bulk mixture, i.e., ρmix

A (xw = 1/3) ∼ 0.9 ρ
pure
A . As per the

proton is concerned, the analysis of its profile does not show
any relevant new feature except, perhaps, the absence of sur-
face solvation states, as a result of the break up of the original
compact water nucleus. As will see in the next paragraph, the
solvation structure of the excess charge will be very much
controlled by its aqueous closest environment, so results for
the proton density might still suffer from similar sampling de-
ficiencies to those found for the W case.

The analysis of pair correlations functions (see top panel
in Fig. 4) for these larger clusters shows that, even in
those cases where A acts as the solvent, the Eigen cation47

[H3O · (H2O)3]+ remains the stable solvation structure of the
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excess charge at short distances. Note that, in the upper panel,
the three plots are practically identical for r < 3.5 Å. Mod-
ifications in the local concentrations do appear at larger dis-
tances where W molecules get gradually replaced by A ones.
In particular, in the lower panel, one observes that the integral
under the secondary O*-OA peak accounts for 6 A molecules,
saturating the second solvation shell coordinated with the first
one via acceptor-donor HB partners. Moreover, we have ver-
ified that in the vast majority of the configurations, the Eigen
cation represents the terminal link in one of the “string-like”
aqueous domains (see Fig. 1(c)), and exhibits a high exposure
to the aprotic phase.

Incidentally, the previous observations might lead us to
compare the latter clusters with “spherical-like samples” of
xw ∼ 0.3, bulk solutions. However, we believe that such cor-
respondence is likely to be misleading, due to the presence
of non-negligible surface effects which promote, for example,
the persistence of an external A-rich layer at the free interface.
As such, a more realistic picture of these aggregates would be
closer to a “sample of a liquid/air interface” of a protic/aprotic
solution, in which similar external layer-like aprotic structures
have been reported.48

IV. PROTON DYNAMICS IN CLUSTERS

Our dynamical analysis will focus on proton transfer (PT)
events in clusters. We start by considering population relax-
ations of the type,

C(t) = 〈δhi(t) · δhi(0)〉
〈(δhi)2〉 , (9)

where δhi(t) = hi(t) − 〈hi〉 represents the instantaneous devia-
tion of the characteristic function hi at time t from its average
value. The dynamical variable hi(t) is equal to 1 if, at time t,
the pivot oxygen corresponds to the ith water molecule and
0 otherwise. According to Onsager’s regression hypothesis,49

after an initial transient, C(t) should exhibit an exponential de-
cay, with characteristic time scale equal to the inverse of the
proton rate, k−1

PT = τPT.
Results for ln C(t) for [50:6] and [50:25] clusters appear

in Fig. 5 where, as a reference, we have included results for
a [50:0] cluster as well. For [50:0] and [50:6], proton transfer
characteristic time scales obtained from linear fits of ln C(t)
for t > 50 ps are in the order of 150–400 ps, whereas for
[50:25] the predicted τ pt stretches into the nanosecond time
scale (see Fig. 5 for the exact values). In passing, we re-
mark that, for clusters with n beyond ∼50, we failed to detect
PT events along the trajectories investigated. Leaving aside
for the moment the obvious differences in temperature, these
rates look considerably smaller, when compared to those ob-
tained in bulk W-A solutions at ambient conditions. In the lat-
ter cases, the values of kPT span from ∼0.1 ps−1 for xW ∼ 0.8
solutions, down to ∼0.01 ps−1 for xw ∼ 0.2 ones. Moreover,
it is somehow unexpected that the incorporation of only 6 A
molecules to a 50 W cluster may induce a reduction in the
resulting rate by a factor of practically 3.

To provide physically sound arguments to rationalize
such modifications it will be instructive to pause for a mo-
ment and reconsider some conclusions about the controlling

FIG. 5. Logarithm of the population relaxation of the pivot label for [50:n]
W-A clusters. n = 0 (squares); n = 6 (triangles); and n = 25 (circles). The
dark solid lines correspond to linear fits for the t > 75 ps decays.

mechanisms for proton transfers that we inferred from our
previous analysis in W-A bulk solution.28 More specifically,
we were able to detect that a key element that would make
transfers possible would be an “appropriate” coordination of
the eventual proton acceptor site. Such coordination gives rise
to a symmetric solvation of a [H2O · H · OH2]+ Zundel-
like moiety,50 in which donor and acceptor partners are sol-
vated on an equal foot, by two HB acceptor external water
molecules. As such, PTs in W-A bulk solutions would be con-
trolled by the exchange rates that prevail in the second sol-
vation shell of the excess charge leading to such symmetric
structures, which should become gradually more infrequent
as the A concentration increases (see Fig. 6 in Ref. 28).

We now return to the [50:6] structural analysis: note that
even though the global ratio n/m ∼ 0.1 is a relatively small
number, the local concentration of the aprotic solvent in the
close vicinity of the excess charge was found to present a sig-
nificant enhancement with respect to a uniform distribution of
A molecules at the water nucleus surface (c.f. Fig. 3(b)). As
a result, we verified that the cumulative integrals of ρO∗OA for
n = 6 (see bottom panel of Fig. 4) already accounts for ∼3 A
molecules lying the proton second solvation shell, and act-
ing as HB acceptors from the Eigen moiety. Moreover, that
number grows up to ∼4 for [50:25] clusters and practically
saturates at ∼6 for n > 50. This observation would explain
the marked modifications in the proton rates operated by rel-
atively moderate increments of n and also, the absence of PT
events in [50:50] and [50:100] clusters along temporal inter-
vals of the order of ∼30–50 ns.

Before closing this section we would like to also com-
ment on a distinctive proton transfer mechanism that we were
able to detect in [50:25] clusters. Figure 6 shows the time evo-
lution of a few relevant physical observables during one illus-
trative example of such episodes. In the top panel, we display
results for the pivot label, where we have arbitrarily set the
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FIG. 6. Time evolution of a set of relevant observables along a proton trans-
fer in [50:25] W-A nanoclusters. Top panel: pivot label; middle panel: dis-
tance of proton to the CM of the cluster; bottom panel: number of molecules
of species α in the proton second solvation shell. W (squares, left y-axis); A
(circles, right y-axis).

temporal origin at the beginning of a series of Zundel-like,
high frequency resonances that anticipate the transfer from W
molecule labeled 22 to the one labeled 37. Such resonances
cease after a ∼20 ps interval, beyond which the proton re-
mains localized in the acceptor W site. In the middle panel, we
present the time evolution of the distance between the CMs of
the pivot and that of the cluster. Note that the PT event is pre-
ceded by an incursion of the pivot down into the water phase,
as rH+

decreases from values close to rH+
surf down to values rH+

blk .
A sharp, ∼2 Å “jump” at t = 0 can also be perceived, indi-
cating that the initial transfer takes place outwards, along the
radial direction. At t ∼50 ps, and as the resonances die off,
the new pivot “resurfaces,” remaining localized at the cluster
surface.

To complete this description, in the bottom panel,
we present time evolutions of N2

α (t), i.e., the number of
molecules of species α (α = W, A) that lie in the pivot second
solvation shell. Clearly, the proton transfer is made possible
by the increment of N2

W up to ∼6 or, equivalently, by the con-
comitant reduction of N2

A down to practically 0. This modifi-
cation is facilitated by the penetration of the pivot down into
rich-W domains, a fact that would indicate a more complex
pathway for PTs in clusters, in which the exchange at the sec-
ond solvation shell would be preceded by diffusions of the
excess charge into the water nucleus. In passing, we remark
that the overall physical picture here would not differ substan-
tially from what we have already reported in a previous analy-
sis of proton transfer events in aqueous reverse micelles51 and
would also agree with results from a recent analysis of proton
diffusion at hydrophobic surfaces.52

V. CONCLUDING REMARKS

The analysis presented in this paper provides a new mi-
croscopic perspective on proton solvation states in meso-
scopic clusters. Our molecular dynamics results confirm that,
in mixed protic/aprotic binary aggregates, the solvation struc-
ture of the excess charge and its localization within the cluster
are the result of a complex interplay between the prevailing
concentration fluctuations and the competition for proton sol-
vation between the two components.

The overall cluster structures present dramatic modifi-
cations which, to a large extent, are dictated by the rela-
tive concentrations of the components: At low A contents—
in agreement with experimental evidence17, 18—the two flu-
ids demix, giving rise to a central W nucleus, coated by an
external A shell. Under these circumstances, the hydronium
remains tightly bound to the surface of the water nucleus,
with its rotational motions severely hindered, and exposing
its “hydrophobic,” lone-pair side to the bare water/air inter-
face. As such, the resulting solvation structure resembles the
one found in macroscopic water/air interfaces,29, 31–34, 37 and
bulk methanol/water solutions.35, 36

The gradual incorporation of aprotic molecules relaxes
the structure of the interface of the aqueous nucleus and turns
it wider. These effects allow for penetrations of the excess
proton into the water domain and its marginal stabilization
in inner aqueous shells. In the other limiting situation, i.e., at
high A concentrations, the central W nucleus breaks up and
the aqueous phase turns into a highly irregular, “thread”-like
structure that spreads throughout most of the spatial extent of
the cluster, exhibiting random fragmentation/recombination
episodes.

From the dynamical side, we also found important
changes in the temporal characteristics associated to proton
transfer events between neighboring water molecules. For ex-
ample, our results show that the incorporation of only a hand-
ful of aprotic molecules to a protonated aqueous cluster is
sufficient to promote marked reductions in the characteristic
rates describing translocations. To provide quantitative esti-
mates, we found that the value of τ tr for [50:25] aggregates
differs by approximately one order from the corresponding
value observed in pure water clusters and already falls in the
nanosecond time domain. Moreover, for clusters with even
larger A contents, the characteristic time scales seem to be
exceedingly long to be detected in the course of simulation
experiments lasting, say, a few tens of nanoseconds.

The analysis of local concentration fluctuations in the
close vicinity of the proton provides clues to rationalize these
dynamical modifications. As we mentioned in the previous
paragraphs, we were unable to identify modifications in the
first solvation shell of the proton. Yet, we did detect changes
in the second one and beyond. For example, our results show
that, in [50:6] clusters, already one half of the total number of
acceptor sites in this shell, is occupied by A molecules, a re-
sult comparable to the one found in xw ∼ 0.5 bulk solutions.
This large enhancement in the A population represents the
response of the aprotic molecules to the Coulomb coupling
with the excess charge. Note that these molecules, in turn,
act as spacers, inhibiting a sizeable fraction of the reactive
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pathways available for proton translocations. For the largest
cluster investigated, N2

A ∼ 5−6, and proton transfer events
become much rare events. Under these circumstances, one
could speculate that the eventual increments in N2

w that
would make transfers possible, could be controlled by long-
wavelength, slow dynamical modes, involving global shape
reorganizations of the aqueous domains, that we failed to
detect.

Finally, we would like to comment that the consideration
of a series of reactive proton transfer events in clusters with
intermediate acetone concentrations showed a correlation be-
tween these events and diffusive motions of the excess charge,
into the underlying water nucleus. Such displacements would
reveal that, in addition to the exchange between aprotic and
protic components in the second solvation shell of the hydro-
nium, the mechanisms controlling proton transfer pathways
in these clusters should include additional elements reflecting
couplings with dynamical modes of the free interface.

Still, the description presented here is far from be-
ing complete. For example, at temperatures of the order of
∼200 K quantum effects on the proton structural and dynam-
ical descriptions are likely to be non-negligible. From pre-
vious analysis,39 we can anticipate that our predictions for
the fluctuations in spatial correlations and for τ tr are prob-
ably overestimated. However, we remain confident that the
present analysis provides new and physically sound insights
that will be useful to predict and to rationalize relevant exper-
imental information about chemical reactivity involving pro-
tonated species in mixed mesoscopic phases.
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