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Abstract

Using Path Integral Molecular Dynamics simulations we examine isomerization paths in-
volving collective proton transfers in [HoO]5 and [HyO]g clusters at cryogenic conditions. We
focused attention on combined effects derived from solvation and nuclear quantum fluctuations
on the characteristics of free energy barriers and relative stabilities of reactants and products.
In particular, we analyzed two different processes: the first one involves the exchange of donor-
acceptor hydrogen bond roles along cyclic moieties, whereas the second one corresponds to
charge separation leading to stable [H30]"[OH] ™ ion pairs. In the first case, the explicit incor-
poration of quantum tunneling introduces important modifications in the classical free energy
profile. The resulting quantum profile presents two main contributions, one corresponding to
compressions of O-O distances, and a second one ascribed to nuclear tunneling of the light
protons. Solvation effects promote a moderate polarization of the cyclic structures and a par-
tial loss of concertedness in the collective modes, most notably, at the onset of tunneling. Still,
the latter effects are also sufficiently strong to promote the stabilization of ion pairs along the
classical trajectories. Contrasting, the explicit incorporation of nuclear quantum fluctuations
brings charge separated configurations marginally stable. As such, the latter states could be

also regarded as short-lived intermediate states along the reactive exchange path.



1 Introduction

The autoprotolysis of water plays a fundamental role as a controlling agent of all acid/base equilib-
ria in aqueous solutions. For quite a long time, and despite its apparent simplicity, the microscopic
interpretation of the mechanisms that lead to the proton detachment from an initially neutral water
molecule and its eventual recombination remained elusive, in part, due to the lack of direct exper-
imental validation. The advent of ab initio molecular dynamics simulations opened possibilities
for significant advances in unveiling the details of the different steps involved in the molecular
mechanism. At present, there seems to be sufficient evidence that rare events leading to successful
autoionization processes are the results of an unlikely sequence of events. These include electric
field fluctuations leading to cleavages of O-H bonds followed by Grotthus-like proton transfers,
reorganization of hydrogen bonds preventing recombination, and modifications of O-O and hyper-
coordination of OH groups located at strategic positions. ! Given the level of complexity observed
in homogeneous bulk systems, it is not surprising that the above mentioned steps may show non-
trivial modifications when analyzed in the presence of inhomogeneous solvating environments
such as electrochemical interfaces,’ slit pores,8 carbon nanotubes,’ water wires at interfaces, '°
and membranes, ! to cite a few relevant examples.

The consideration of water dissociation in crystalline macroscopic phases at cryogenic condi-
tions introduces some simplifications in the dissociation description since the absence of spatial
and orientational disorders suppresses a great deal of the aforementioned fluctuations. Instead, in
this thermal regime, new effects become relevant; in particular, those derived from the inherent
quantum nature of the light protons. In this context, recent computer simulations performed on ice
I, at temperatures close to 100 K, showed that the incorporation of nuclear quantum effects lead to
a significant increase in autoprotolysis episodes, !> normally absent in classical simulations.

Solid-like water clusters with nanometric dimensions represent another interesting benchmark
to analyze water dissociation. Perhaps the simplest question to be answered in this context con-
cerns the minimum number of water molecules that are required to stabilize zwitterionic moieties

of the type [H30]"[OH]~ (H,0), . Several quantum calculations '*~' indicate that only n = 3 water



molecules, arranged in a cage-like structure, would suffice to isolate charges. These observations
sparked our interest to investigate possible microscopic ionization mechanisms that, preserving the
original topology of hydrogen bonds (HB), might connect neutral with ionized cluster states. In
particular, we focused attention on those involving correlated Grotthus-like proton transfer events
controlled by nuclear tunneling. As such, the present study is akin to a recent series of simu-
lation analyses that investigate the role of concerted proton tunneling on isotope induced charge
localization in hexagonal ice.!”"® Contrasting, here, charge separation will be controlled by the
intermolecular HB connectivity pattern that couples the ion pair with the rest of the cluster con-
stituents.

The organization of this paper is as follows: In Section II we present a brief detail of the
model and the simulation procedure. Additional elements are also provided in the Supplemental
Information. Section III contains the simulation results whereas the main conclusions of the work

are summarized in Section IV.

2 Model and Molecular Dynamics

The systems under investigation consisted of isolated, solid-like water nanoclusters at temperatures
close to 50 K. In particular, we focused attention on four different water moieties: the first two
correspond to the W5, and the Wy, isomers? of the water pentamer and octamer depicted on the
left-hand side of Fig. 1. For the purposes of the discussions that will follow, it will be useful to
portray the geometrical characteristics of the intermolecular connectivity of these clusters in terms
of non-planar, 4-ring and 6-ring structures?' comprising W, water molecules, connected via HB;
of the type O;-H; - -+ O, ;. Intermolecular bonding along the rings is not uniform: for example,
for the particular W, case, it contains three different types of molecules (see Fig. 2): the single-
donor-double-acceptor (SDDA) molecule W1, the double-donor-single-acceptor (DDSA) molecule
W3 and two single-donor-single-acceptor (SDSA) molecules W5 and W4. As such, the remaining

Wg water molecule will be considered as a “solvation bath”, coupled to the cyclic structure at the



SDDA and at the DDSA molecules.

Alternatively, the global structure in the W5, cluster can be considered as composed of three,
end-to-end connected branches: the O;-H; - -+ O3-Hs; - - - O3 branch (hereafter referred to as the
B; branch), the O3-Hs - - - O4-H, - - - O; branch (hereafter referred to as the B, branch) and a third
B3 branch, equivalent to the previous one, that includes the Wi molecule. A similar description
holds for the larger Wy, isomer, except that the branches contain four molecules, with two SDSA

molecules at intermediate positions, while the “solvaltion bath” includes two Wy molecules.
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Figure 1: Snapshots of typical configurations of the Ws,, Wg,, Ws;,, Wy, aqueous clusters. The
arrows indicate collective proton motions leading to left-to-right charge separation processes (see
text).

The other two water clusters that we analyzed are depicted on the right hand side of Fig. 1

13-16 predict that these

and correspond to the Ws;;, and the Wyg;,, isomers. Quantum calculations,
structures represent the smallest aqueous moieties that might exhibit stable [H;O]" [OH]~ ion pairs.
Note that these ionic configurations can be readily obtained from those on the left-hand side via

Grotthus-like, collective displacements of the protons along the corresponding B, branches (see

arrows in Fig. 1).



To perform the computer simulations we implemented a standard Path Integral Molecular Dy-
namics procedure.?? Briefly, the starting point of the procedure relies on the path integral repre-
sentation of the canonical quantum partition function of an /V particle system with coordinates r
at a temperature 7', in terms of a classical expression of isomorphic cyclic polymers comprising

P-beads, namely:
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In the previous equation, wp' = (ph, whereas r;" and pgk represent the position and momentum
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of the i-th particle of mass M; at the imaginary time slice k, respectively (r;

Our choice for the potential energy term in the previous expression corresponded to the OSS2
potential developed by Ojamie et al.>* This fully atom-atom potential provides reasonable es-
timates for energies and geometrical parameters of excess protons in water clusters and neutral
aggregates as well. In addition, it incorporates dissociative pathways and can be implemented
within the PIMD scheme in a straightforward fashion, allowing appropriate harvesting of statistics
at reasonable computing costs. As a direct test to gauge the accuracy of the predictions from the
OSS2 Hamiltonian, in Table I we list results for a series of relevant interatomic distances and dis-
sociation energies for quenched structures along with those obtained from representative B3LYP
density functional theory estimates recently reported in the literature.?® In all cases, OSS2 bind-

ing energies fall within the dispersion obtained by considering different levels of approximation.

On the other hand, differences between the OSS2 results for the interatomic distances and DFT



Table 1: Geometrical parameters and binding energies for clusters

0SS2 DFT PIMD? 0SS2 DFT PIMD?
a. ring [Ho O]y
Edis 126.0 135.7¢
do,0;44 2.83 2.71% 2.76 do.u, 1.01 0.98% 1.01
b. Wsp,
Euis 143.4 137-181°
do, 0, 2.78 2.66 2.80 do,m, 0.99 1.02 1.02
do,0, 2.84 2.69 2.86 do,m, 0.99 1.02 1.02
do,0, 2.98 2.86 2.97 do,Hs 0.98 0.98 0.99
do,0, 2.96 291 2.96 do,H, 0.97 0.96 0.99
C. W5ip
Edis 98.6 85-113b
do,0, 2.67 2.52 2.67 do,n, 1.67 1.53 1.67
do,05 2.70 2.52 2.70 do,m, 1.73 1.51 1.75
d. Wg,
Edis 267.1 253-141°
do,0, 2.77 2.62¢ 2.79 do,n, 1.03 1.00¢ 1.03
do, 0, 2.76 2.63¢ 278 do, 1, 1.02 1.00¢ 1.02
do,o, 2.80 2.63¢ 2.81 do,H, 1.03 1.00¢ 1.02
do,0- 2.93 2.80° 2.96 do,m, 1.00 0.98¢ 0.99
do. 0 2.88 2.80° 2.90 do. . 1.00 0.98¢ 0.99
do,0, 2.94 2.74¢ 2.87 do.H, 1.00 0.98¢ 0.99
e. W8ip
Edis 225.4 183 - 276"
do,0, 2.71 2.54¢ 2.71 do,n, 1.67 1.51¢ 1.65
do,0, 2.68 2.57¢ 2.71 do,m, 1.65 1.55¢ 1.68
do,0, 2.70 2.52¢ 2.69 do,H, 1.70 1.49¢ 1.69

“B3LYP functional results. *Results reported in Ref. [23] using different levels of approximation within
the B3LYP functional scheme. “The distances correspond to B3LYP-D3 results from Ref. [23]. dpIMD
statistical averages evaluated at 50 K. Energy values are expressed in kJ mol~! and lengths are expressed in

predictions remain within 5 — 10%. Additional technical details of the simulation produced are

provided in the Supplemental Information.



3 Results

3.1 Collective proton transfer along cyclic structures

Before addressing the analysis of the mechanisms that drive charge separation in water clusters, it
will be instructive to examine the related proton transfer isomerizations involving the modes de-
picted in Fig. 2. These modes are characterized by collective displacements of all the protons along
the ring structures; the net result of these displacements is the exchange in the HB acceptor/donor

roles in nearest neighbor water pairs, namely:
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Figure 2: Reactive and product states for the exchange of donor/acceptor roles in neighboring
water pairs, along the cyclic structures. (a): Ws,; (b) Wy, (c) planar tetramer. The arrows indicate
collective proton transfer modes leading the donor/acceptor exchanges (see text).



17,18,25

Following previous analysis, an adequate collective variable to describe such exchange

of roles is given by the equally weighted sum of asymmetric stretching coordinates:

1 &
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where
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In Eq. 4, N, corresponds to the number of water molecules comprising the cycle (rgchl = ().

Within the path integral context, the latter definition can be naturally extended to an equivalent

cnt} 17,18,25,26
N ’

expression in terms of distances between atomic centroids {r where:
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cnt (k)
= 23 (©)

Armed with these definitions, we explored the characteristics of the reactive path along the &

coordinate by constructing the corresponding free energy profile A(¢'):

BA(E) o< —In(0 (E({r¥'}) — &) - (7)

where (- --) denote an equilibrium ensemble average. We remark that, given the non-linear na-
ture of collective variable, the previous equation represents an approximate expression to the more

rigorous treatment involving the following “bead average” computation:

! 1 & = k /
BA(E) o ~In ;;w(&({rﬁv)}) -¢)) ®)

Still, both approaches are known to yield comparable results.?’
The exchange reaction involves ruptures and reconstructions of intramolecular O-H bonds;
in the gas phase, the energy cost of such processes is typically of the order of hundreds of kcal

mol~!. Consequently, proper sampling of all relevant regions of phase space will necessarily



require the incorporation of a non-boltzmann sampling strategy. In this case, we found that the
direct implementation of standard umbrella sampling techniques®® turned out to be adequate to
collect statistics along the complete ¢ interval of interest (see the Supplemental Information for

further details of our implementation).
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Figure 3: Free energy profiles associated with the donor-acceptor exchange along cyclic structures
in water clusters. [HyO]5, PIMD: red squares; [HoO]4, PIMD: black circles; [HoOly4, classic: solid
lines; [HoOlg, PIMD: violet triangles. The dashed vertical lines represent approximate boundaries
between regimes A and B (see text). For clarity purposes, only the £ < 0 portions of the symmetric
plots are shown.

Results for the PIMD A(¢) for the pentamer are presented in Fig. 3 (red squares). The profile
is symmetric with respect to the transition state located a £ = 0 and exhibits two distinct regimes:
the first one, hereafter denoted .4, is characterized by a parabolic-like shape, and spans along the
£ < —0.6 A interval. A sharp transition into a B plateau regime takes place as one surpasses
the latter value; beyond this threshold, the free energy difference levels off at ~ 6.1 kcal mol 1,
reaching the transition state practically without any further modifications.

The direct comparison between these features with those perceived from the plot with black
circles corresponding to the ring [H,O], (see Fig. 2.c) is instructive. Note that both curves exhibit
A-to-B transitions located at similar values of £; however, the absence of coupling with the Wg
molecule, lowers the magnitude of the activation energy in the water tetrameter by approximately
1 kcal mol~!. Moreover, the previous characteristics of the PIMD results contrast sharply to those

obtained from a similar calculation performed for the classical, i.e. the P = 1 case, water tetram-
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Figure 4: Statistical averages of stretching coordinates &; along collective cyclic modes in the W5,
isomer (top panel) and in the Wy, isomer (bottom panel). Results for the B, branch (dotted red
circles); results for the B, branch (dotted blue squares). The solid red circles correspond to results
for the planar tetramer.

eter, in which nuclear quantum effects are switched off. In the latter case, the free energy plot
(solid black line) exhibits the usual double well shape, reflecting the characteristics of the potential
energy surface, with reactant and product states separated by a five-fold higher activation energy
barrier (see inset). These observations reveal modifications not only at quantitative but also at
qualitative levels that deserve further investigation. In passing, we remark that similar characteris-
tics have also been reported for collective proton transfer processes in hexagonal ice rings at low
temperatures. >

To move forward in our analysis, we examined the average values of the geometrical param-
eters related to the set of the individual ;s. These average values were obtained from restricted

samplings, using umbrella potentials, centered at different values £ of interest and will be denoted

11
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Figure 5: Panels (a) and (b): Statistical averages of O;-H; and O;-O;,; distances at different HBs
along the collective cyclic mode in the Wj, cluster. HB,: open red triangles; HB3: solid red
triangles. Panels (c) and (d): similar results for the Wg, cluster. HB3: open violet squares; HB:
solid violet squares. The vertical dashed lines indicate .A-to-I3 regime transitions (see text). The
open black circles in panels (a) and (b) correspond to results for the planar tetramer.

as (- - - )z. The top panel of Fig. 4 contains results for ({;)¢ for the planar tetramer and the pentamer.
Interestingly, the two sets of average values corresponding to the B; branch were consistently ~ 0.2
A higher than those corresponding to the B, branch. This feature would indicate that “solvation
effects” induced by the coupling between the ring and the W molecule lead to a mild tendency
to localize positive and negative charges at the positions of the W; and W3 molecules. Of course
these tendencies are absent in the isolated water tetramer, where the four (¢;)z coincide within the
statistical error (see red circles), revealing practically perfect correlation between the individual
transfers. Still, these solvation effects do not provide sufficient clues to rationalize neither the
similarities nor the differences between the pentamer and the tetramer free energy plots.

A further decomposition of the individual values of &; into distances between donor-acceptor

oxygens (do,0,.,) and donor oxygen-hydrogen pairs (do,y,) proved to be more enlightening. As

i+1
representative examples, in panels (a) and (b) of Fig. 5 we present results for averages of these
distances for two H-bonds located in different branches: HB; and HB3. In the two sets of plots,

the sharp changes in the tendencies, already observed in the free energy profiles at the A-to-B

12



transitions, are also reproduced. In particular, along the A stage, the average values of do.y;

exhibit only minor changes; as a result, the increase of (£) is practically the result of the gradual

contraction of do.o,,, from 2.9 A (2.8 A)downto2.7A (2.6 A) fori = 2 (i = 3). The transition

i+1
observed at () ~ —0.6 coincides with sharp relaxations of the contracted do,o, 41> concomitant
with the onset of steady stretchings of the different do.p;,, which now represent the key elements
controlling the overall changes in (£). Note that these behaviors are also observed in the results for
the ring [H,O]4 cluster, also depicted in the Figure with open black circles.

A last element is still needed to complete the previous description and deals with the extent of
the spatial localization of the transferred quantum protons along the different stages of the reactive

path. To gauge the magnitude of these changes, we computed spatial bead-densities projected

along O,;-O,; directions, at different values of the umbrella potential, namely:

)
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Figure 6: Spatial bead-density projected along the O;-O;, direction for z = 2 (open blue squares)

and i = 3 (open red circles) at four different values of (¢). Top panel: (a): (¢) = —0.86 A; (b):

(€) = —0.6 A. Bottom panel: (c): (£) = —0.3 A; (d): (£) = 0.0 A.
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Results for PZ.” (d) (i = 2, 3) computed at four representative values of (£), appear in Fig. 6. As a
common feature, all P2” distributions appear shifted by ~ 0.1 A with respect to those corresponding
to the Pz,‘,‘, reflecting the already mentioned differences in the extent of charge transfer along the
two branches of the ring. More noticeable are the changes operated in the the overall shapes of
the plots as one compares scenarios .4 and B. The plots in the upper panel correspond to domains
A and look fairly Gaussian-like, with widths of ~ 0.2 A. This reveals that the proton isomorphic
polymers present compact, wound up structures, located at approximately ~ 1 A from the donor
oxygens.

Contrasting, along the B realm (see plots (c) and (d) in the bottom panel), nuclear tunneling
prevails, giving rise a picture characterized by stretched polymers localized at the two minima
of the bistable local potential energy profile, with fleeting imaginary time interwell transitions.
According to this picture, the profiles indicate that the progress in the proton transfers towards the
transition state is operated by a steady migration of larger fractions of polymer beads from the
donor basin of attraction located at d = —0.45 A, towards the acceptor basin located a d = 0.45 A.

The previous description of the spatial extents of the protons can be complemented by exam-
ining characteristic correlation lengths, R, computed from imaginary time mean square displace-

ments of the type:’

P

1 , .

Ri(k) = 5 S (gt —x@l e j0<k<P. (13)
Jj=1
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Figure 7: Imaginary time mean square displacements for the different hydrogens in the cyclic
tetramer at 7' = 50 K. Left panel: sampling at reactive/product states; £ ~ £0.84 A. Right panel:
sampling at the transition state; £ = 0 A. Also shown are results for thermalized, non interacting
protons, R f,..(k) (dashed lines)

In the last equation, ry, denotes the position of the a tagged H-site along the cycle (i=connective,
dangling). The correlation length corresponds to the maximum value of the mean square displace-
ment, R; = R,;(P/2). For thermalized, free (i.e. non interacting) protons, R s = 0.8 A.?° The
left panel in Fig. 7 contains plots for R?(k) for reactive and product states of the illustrative case
of the cyclic tetramer. The results do not differ substantially from those reported for the water oc-
tamer at similar temperatures (see Fig. 3 of Ref. [30] ). Intramolecular interactions bring the
value of Ry g dOWN to ~ 0.5 R free, Whereas intermolecular interactions along HBs promote an
additional ~ 0.1 A contraction in the resulting value of Ry . Modifications in the spatial extents
operated by nuclear tunneling are much more vivid at the transition state: The results in the right-
hand side panel show that, while the R% dng plot presents no meaningfull modifications, the curve

of RQHCOH is characterized by a much larger variety of lengthscales. In this case, the resulting cor-

relation length stretches out up to ~ 0.8 A, which is comparable to the above mentioned distance

15



separating donor/acceptor basins of attraction.

The picture that emerges from the previous considerations can be summarized as follows: (7)
the magnitude of the PIMD free energy barrier along the collective £ reactive path is mainly deter-
mined by the energy cost required to approach neighboring oxygen atoms from typical distances
of reactant states, say 2.8-2.95 A, down to values intermediate between 2.6 and 2.7 A; (ii) dur-
ing the A stage, the distances between the protons and the oxygen atoms in the donor molecules
remain practically unchanged so the modifications in ¢ go hand-in-hand with those registered in
the O,;-O,4, distances; (7i¢): the PIMD averages for the latter distances in the W, isomer at the
reactive state are ~ 0.15 — 0.2 A longer than in the cyclic tetramer (see entries in column 4 of
Table I). A simple calculation shows that such modifications are translated in a ~ —0.12 A shift in
the locations of the minima of the corresponding free energy curves observed in Fig. 3 and would
explain the 1 kcal mol~! increment in the reversible work which is necessary to bring the nuclei to
the A-to-B transition; (iv) the compressions of the O;-O;; below a threshold distance modulates
the magnitude of the barrier controlling nuclear tunneling which is operated by the gradual mi-
gration of the proton beads from one minimum of the local bistable potential to the adjacent one;

(v) given the still much higher magnitudes of the intrinsic potential energy barriers that persist
along the different O;-O;; ring edges compared to typical thermal energies, the fraction of bead
populations located away from the attractive wells remain negligible; (vi) as such, the energy cost
for bead migrations gets drastically reduced which, in turn, explains the observed quasi-plateau
behavior of the free energy plot along the I3 regime. Note that the possibility of gradual charge
transfer operated by inter-well transitions at practically no energy costs contrasts sharply with the
classical, P = 1 situation, which would otherwise require surmounting the local potential energy
barriers and explains the differences between the quantum and classical activation energies shown
in Fig. 3.

We will close this section by commenting on the characteristics of collective transfers along
the six water ring of the Wg, cluster. The corresponding free energy profile (shown with open

violet triangles in Fig. 3) shows features similar to the ones already described for the W, cluster,
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Figure 8: Imaginary time asymmetric stretching coordinates in the B; branch (red circles) and
in the B, branch (blue squares) of the Wy, cluster. The results correspond to two representative
configurations for runs in which (¢) = —0.55 A (top panel) and (£) = 0.0 A (bottom panel).

except that the positions of the minimum and of the .A-to-B transition are shifted by 0.1 A and
0.14 A, respectively. As a result, the free energy plateau rises an additional ~ 2.2 kcal mol~".
The comparison between the plots in the two panels composing Fig. 4 reveals differences between
the degree of correlation between proton transfers along the two different branches. The loss of
correlation is clearly visible in the bottom panel at (€) ~ 0.5 A, and is also evident in the behaviors
of the interatomic distances, most notably in the O;-O;,; distances (see lower panel on the right-
hand side of Fig. 5). In particular, compressions in the O;-O;;; distances along the B; branch
are more marked, facilitating the “earlier” detachment of the protons from the donor molecules
operated via tunneling. A more vivid picture of the latter feature is illustrated in the results shown

in Fig. 8 that correspond to imaginary time stretching coordinates, > namely:
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&(k) =[xl — 2P| = 5 —ri)| 0<k<P (14)
for two representative configurations corresponding to a partial tunneling regime, (¢) = —0.55 A

(top panel), and to the transition state, (@ = 0.0 A (bottom panel). The differences in the two sets
of plots are selfevident: in the former case, ~ 20% of the hydrogen beads have already been trans-
ferred from the reactant to product states. Contrasting, along the By branch, the protons remain
localized at the reactant basins as the contractions in the distances between donor/acceptor pairs
seem to be still insufficient to promote collective proton tunneling. This scenario presents some
elements reminiscent of the disruption of collective proton tunneling induced by partial deuteration
in the cyclic water hexamer,!” although here, such inhibition seems to be controlled by the char-
acteristics of the local spatial asymmetries of the Coulomb coupling between the reactive ring and
the rest of the cluster constituents. The results at the transition state appear in the bottom panel and
differ at a qualitative level; at a first glance, the plots reveal practically perfect correlation between
the six proton transfer steps at each imaginary time slice. Yet, a closer examination reveals that
the values of Ei(k) for the B; branch (red open circles) are consistently ~ 0.1 A higher than those
corresponding to the By branch (blue open squares), reflecting the global polarization along the

0,-0, axis, induced by the pair of Wi molecules.

3.2 Charge separation via collective proton transfer

The previous analysis can be extended to the examination of [H3O]* — [OH]~ charge separation
processes in a straightforward fashion by simply restricting the reactive moiety to the B; branch
while the bath will include the rest of the cluster constituents. Since many of the considerations
already reported remain valid for the present case, for the sake of concision, we will only comment
on those exhibiting meaningful differences.

In Fig. 9 we present results for classical (solid lines) and PIMD (open circles) free energy

profiles. To facilitate the descriptions of the classic curves, it will be useful to discriminate dif-
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Figure 9: Free energy profiles associated with charge separation in [HyO]; (right-hand y-axis) and
[HyO]s (left-hand y-axis). Classical results: solid lines; PIMD results: open circles. The dashed
lines represent approximated boundaries separating three different regimes (see text).

ferent regimes. The already mentioned parabolic behavior at low values of ¢ is characterized
by the compressions of O;-O;, distances. The product states are associated with minima lying
~ 10 — 12 kcal mol~! above the reactive states and located at & ~ 0.7 A. The third intermediate
regime corresponds to solvation-induced, ~ 2 kcal mol ™! barriers (measured from the correspond-
ing product sides) which, in principle, would be sufficiently high compared to typical thermal
energies to prevent spontaneous recombinations of the ionic species at microscopic characteris-
tic timescales. Note that, the resulting zwitterionic configurations of the Wy;, cluster are akin to
those usually referred to as “solvent-shared-ion-pairs” in solution where the two ions are separated
by a single layer of three solvent molecules; similarly, configurations corresponding to the W,
cluster could be assimilated to “solvent-separated-ion-pairs”, characterized by adjacent individual
solvation shells, each one comprising three water molecules.

The explicit incorporation of nuclear quantum effects in the simulations promotes interesting
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modifications in the free energy profiles: most notable ones are those registered in the latter inter-
mediate stage, where the former stabilizing barriers get replaced by quasi-linear regimes joining
reactant and product states. In addition, one also observes ~ 1 kcal mol~! increments in the

product-reactive free energy differences.

Figure 10: Time evolutions of asymmetric stretching coordinates (top panel) and O;-O;;; dis-
tances (bottom panel) along ten statistically independent charge recombination processes in the
Wsip cluster. Relaxations along the reactive branches are shown with red lines; results for the two
other branches are shown with black lines.

The first observation is particularly relevant since it indicates that the more rigorous quantum
treatment would cause charge separation to be more unstable, opening possibilities for fast re-
combination channels. Given the characteristics of the HB connectivity of the Ws;, and the Wg;,
isomers, such recombinations could be funneled either retracing the original B; branch activation
paths or, alternatively, along the other two branches, with equal probabilities. Note that, should
these event occur, the net result of the charge separation-recombination-tandem process would be
equivalent to the isomerization reaction previously described, operated now along a different reac-
tion path involving short-lived, charge-separated, intermediate states lying at higher free energies.

In addition, note that the tunneling mechanism consisting in the gradual transfer of beads between
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adjacent basins of attraction of asymmetric double-well potentials would also account for the linear

characteristics of the profiles at the intermediate regimes, which could be interpreted as the result

of population-weighted averages of the two energy minima of the potentials.

Concerning the ~ 1 kcal mol™! increments of the quantum free energy differences between

reactant and product states, we remark that these differences can be obtained via an alternative

procedure involving classical and quantum computations of free energies for reactant and products.

Following Ref. [31], these differences can be conveniently computed by implementing a scaled

coordinate (SC) procedure, namely:
1
AAG® = / AN ASE(N)
0

where

N P (k)
A = 53N (@ D,

(k)
i=1 k=1 arz(

(15)

(16)

In the previous equation (- - - ), . represents a statistical average for a tagged a-isomer, collected

along trajectories controlled by the scaled Hamiltonian:

N P (k)y2 2
(p;,") Miw k k1)) 2
HC(N) = EE[QM + 2p<r§>—r§+>) +

+V({EM))

where

P = Al (1A e

(2 K3

For the pentamers, the latter computational scheme yields

AAGT™ — AAZT™ = 1.0 £ 0.2 keal mol !

5ip
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whereas, for the octamers,

AAG ™ — AAG ™ = 1.3+ 0.2 keal mol " . (20)
Note that the latter two values compare reasonably well with the free energy differences between
the classical and quantum curves at the product states that appear in Fig. 9.

On the other hand, the values of A3“(\ = 1) represent twice the virial estimates of the quantum
kinetic energy * of the clusters (KE3™), in excess of the classical 1.5 NkgT expression. Simulation

results for KEI* do not differ substantially from the previous free energy differences, namely:

KE# — KEZ) = 1.3+ 0.2 keal mol ™" ; 21)
and
KEg — KEg, = 1.4 4+ 0.2 kcal mol ™" . (22)

The latter results would indicate the following: (i) first, a large cancellations between the rest of
the contributions, i.e. potential energy and the entropy and (ii) In passing, we remark that, as
expected, the increments in the quantum kinetic energies in the product states were also manifest
in the ARy ~ 0.05 — 0.1 A shrinkages of the correlation lengths of all isomorphic H-polymers
(see Eq.(13)) revealing more marked spatial localizations of the light nuclei in clusters exhibiting
charge separation.

We finally would like to comment on results from a ditferent kind of simulation runs that bring
support to our previous descriptions from a complementary dynamical perspective. Dynamical
schemes based on path-integral implementation normally require some degree of approximation.
As such, trajectories generated by the Hamiltonian of Eq. (2) correpond to the Ring-Polymer-
Molecular-Dynamics (RPMD) approach developed by Manolopoulos and collaborators. **

We started by considering a set of statistically independent configurations of the Wy;, clus-

ter collected along a PIMD canonical trajectory, in which the O-H distances in the [H3O]™ group
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were maintained close to 1 A by additional harmonic forces. These configurations were used as
initial conditions of a second set of fully unconstrained, microcanonical trajectories, with initial
atomic velocities distributed according to Boltzmann statistics. In all cases, charge recombination
episodes took place, typically, within the time spans of ~ 10 ps. In the two panels of Fig. 10 we
present results for the time evolutions of the individual §;s and do,0,,, distances along these runs.
To facilitate the comparison, the trajectories appear time ordered, so that all &;s for the reactive
branches vanish at ¢ = 0. At a first glance one can observe practically perfect correlation not only
between the three different &;s along the recombination branches (represented by red lines in the
top panel) but also in the other two non-reactive branches, where the individual values of ; suffer
contractions from ~ —0.75 A down to ~ —1 A as the recombinations evolve. Similar level of cor-
relations were detected in the changes of the O;-O;; distances shown in the lower panel. A more
interesting behavior, though, can be seen from the comparison of the sets of red lines in the two
panels, where the evolutions of the collective proton transfers go hand in hand with the contrac-
tions in the corresponding O;-O;4; distances. This feature, in turn, would identify collective O-O
compressions as a common correlated mechanism for direct (dissociation) and reverse (recombi-
nation) episodes, although the magnitude of the free energy costs of such fluctuations in the former
processes are considerably larger than those observed along the latter ones. We remark that similar
conclusions were reported in previous ab initio molecular dynamics studies analyzing recombi-
nation mechanisms in bulk water*> and are also consistent with well documented modulation of
proton tunneling in ice by the distance between donor/acceptor pairs.**3 Finally, We would like
to stress that, although it is well known that the dynamical predictions from RPMD experiments

might be subjected to some limitations,**3

we still believe that the these observations support
the importance of the role of collective proton transfer paths as relevant reaction coordinates in

aqueous clusters.
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4 Conclusions

The computer simulation results presented in this paper provide new insights about combined
effects from solvation and nuclear quantum fluctuations on the mechanisms that drive collective
proton transfers in small water clusters.

In particular, we focused attention on two, in principle, independent reactive paths described
by collective variables involving equally weighted sums of a set of tagged asymmetric stretching
coordinates. First, we examined collective proton transfers along cyclic structures in the Ws,
isomer of the water pentamer and in the Wg, isomer of the water octamer, that lead to exchanges of
donor/acceptor roles in HBs between neighboring water molecules. Second, we analyzed collective
transfers along chain-like arrangements of water molecules that, starting from the neutral W5, and
Wy, structures give rise to the Wi, and to the Wg;,, conformers, both exhibiting stable [H30]*-
[OH]™ charge separation.

Concerning the first collective mode, the explicit incorporation of nuclear quantum fluctuations
transforms the symmetric, bistable profile of the classical free energy into a new one with two dis-
tinctive regimes. The first domain, at the inception of the collective transfer, exhibits quadratic
characteristics. This feature does not differ substantially from the classical result, as it is mostly
associated with gradual compressions of distances between much heavier oxygen atoms. As &
surpasses a threshold value close to ~ —0.6 A, the plot presents a sharp transition into a second,
plateau-like regime where the collective proton transfer is controlled by concerted nuclear tunnel-
ing of the light protons. Within the path-integral description, the absence of significant changes
observed along the latter regime can be interpreted in terms of the gradual migration of a larger
fraction of isomorphic beads between two symmetric basins of attraction at practically no energy
costs. As a net result, the magnitude of the resulting quantum free energy barrier is reduced by a
factor of ~ 4, compared to the one corresponding to the classical description.

The extent of concertedness is altered by the particular features of the coupling between the
active ring structures and the rest of the cluster constituents, which act as “solvation baths”, with

anisotropic spatial characteristics. For the particular case of the W5, pentamer, this coupling in-
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volves a single Wy molecule and promotes a mild global polarization of the 4-ring structure along
the direction joining the DDSA and the SDDA water molecules. As such, the different scenarios
throughout the reactive path present only minor modifications compared to the ones observed in
collective transfers in the absence of coupling such as, for example, in the planar tetramer case,
where full correlation prevails.?” Contrasting, in the octamer case, the degree of concertedness
is somewhat more disparate. In particular, the coupling with two Wy molecules leads to more
marked contractions of the O;-O;;; distances along the B; branch compared to those observed
along the B, branch. As a result, configurations corresponding to samplings restricted to the vicin-
ity of € ~ —0.6 A, may exhibit mixed characteristics, combining localized (non-tunneling) and
delocalized (tunneling) protons along different branches. On the other hand, the more uniform
distribution of O-O distances at the transition states reestablishes a higher degree of concertedness
between the individual (&;)s.

Concerning the second reaction path, the classical analysis of collective transfers along a sin-
gle branch reveals the presence of solvation induced, ~ 2-3 kcal mol~! free energy barriers, sta-
bilizing zwitterionic product states. However, such stabilization is severely deterred as nuclear
quantum fluctuations are introduced; under these conditions, the free energy barriers are replaced
by linear-like, intermediate profiles joining reactive and product states. In a similar way, within
a path-integral perspective, these tunneling effects can be easily identified with inter-basin bead
migrations, which are manifested in the free energy profile as a population-weighted average of
two energy minima of an effective asymmetric double well potential.

Interestingly, the absence of stabilizing barriers in the Ws;, and Wy;,, clusters opens possibilities
to fast recombinations which, given the symmetry characteristics of the HB bonding connectivities,
can be driven either along the original reactive branch, or along the other equivalent branches.
This establishes a connection between the two reactive channels examined here, as the charge
separated product of the second reactive path could be, in principle, also considered as a short-
lived intermediate state along the first one.

Before closing this article, we feel important to briefly comment on the possibility of achieving
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stable charge separation in a water octamer conformer with a different HB connectivity pattern. We
are referring to the Wy, cubic arrangement® in which the [H3;O]" and the [OH]~ ionic species
lie at the ends of one of the cube diagonals (see Fig. S1 in the Supplemental Information). In
fact, we verified that, at 7' ~ 50 K, this cluster presents solid-like characteristics, with minimal
distortions of its original HB connectivity along all the classical and PIMD trajectories that we
investigated. As such, one could speculate on dissociative pathways that, starting with the also
stable C,(4) isomer reported in Ref. [38], and via a collective transfer along three adjacent sides
of the cube, would lead to the Wy, conformer. Unfortunately, all our efforts to envisage possible
reactive paths involving not only collective, but also sequences of individual H-transfers proved
to be unsuccessful, since charge displacements along the perpendicular sides of the clusters ended
up promoting a complete loss of the original cubic HB-connectivity. Whether or not this repre-
sents a flaw of the performance of the OSS2 Hamiltonian is surely an issue that deserves further

investigations which, however, are well beyond the scope of the present paper.

Supporting Information

Additional technical details of the simulation procedure are provided in the Supporting Information

section.
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