N

N

Water Diffusion Proceeds via a Hydrogen-Bond Jump
Exchange Mechanism
Axel Gomez, Zeke A Piskulich, Ward Thompson, Damien Laage

» To cite this version:

Axel Gomez, Zeke A Piskulich, Ward Thompson, Damien Laage. Water Diffusion Proceeds via
a Hydrogen-Bond Jump Exchange Mechanism. Journal of Physical Chemistry Letters, 2022,
10.1021/acs.jpclett.2c00825 . hal-03679896

HAL Id: hal-03679896
https://hal.sorbonne-universite.fr /hal-03679896

Submitted on 27 May 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.sorbonne-universite.fr/hal-03679896
https://hal.archives-ouvertes.fr

Water Diffusion Proceeds via a

Hydrogen-Bond Jump Exchange Mechanism

Axel Gomez,T Zeke A. Piskulich, #Y Ward H. -I'hompson,*'i and Damien Laage*'T

tPASTEUR, Department of Chemistry, Ecole normale supérieure, PSL University,
Sorbonne Université, CNRS, 75005 Paris, France
I Department of Chemistry, University of Kansas, Lawrence, Kansas 66045, USA

§ Present address: Department of Chemistry, Boston University, Boston, MA 02215 USA

E-mail: wthompson@ku.edu; damien.laage@ens.psl.eu


wthompson@ku.edu
damien.laage@ens.psl.eu

Abstract

The self-diffusion of water molecules plays a key part in a broad range of essential
processes in biochemistry, medical imaging, material science and engineering. However,
its molecular mechanism and the role played by the water hydrogen-bond network rear-
rangements are not known. Here we combine molecular dynamics simulations and ana-
lytic modeling to determine the molecular mechanism of water diffusion. We establish a
quantitative connection between the water diffusion coefficient and hydrogen-bond jump
exchanges, and identify the features that determine the underlying energetic barrier.
We thus provide a unified framework to understand the coupling between translational,
rotational, and hydrogen-bond dynamics in liquid water. It explains why these differ-
ent dynamics do not necessarily exhibit identical temperature dependences although
they all result from the same hydrogen-bond exchange events. The consequences for
the understanding of water diffusion in supercooled conditions and for water trans-
port in complex aqueous systems, including ionic, biological, and confined solutions are

discussed.
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Characterizing and manipulating the diffusion of water is a major challenge for a broad
range of processes and systems, including, e.g., fuell cell membranes,* cryopreservation of
biomolecules,? protection against corrosion,® and biomedical imaging of brain stroke and
cancer.* However, a molecular picture of the mechanism that governs how water molecules
move through the liquid and of the energetic barrier that determines the diffusion coefficient
has remained elusive. A distinctive feature of water is the extended hydrogen-bond (H-bond)
network that permeates the liquid.™¢ Since each water molecule is connected to its nearest
neighbors by H-bonds, any displacement beyond the molecular cage is expected to require a
rearrangement of the H-bond network. However, while H-bond exchanges have been shown to
be responsible for water reorientation, ™ such a connection has been missing for translational
dynamics, despite the great importance that identifying the molecular translational diffusion
mechanism would have for an improved understanding of water transport properties.

Water diffusion has often been described with random walk and jump diffusion models
involving elementary hops.?* However, these models have only been used as effective de-
scriptions, and the molecular mechanism of these elementary hops and their connection with
H-bond rearrangements have not been characterized. In addition, the molecular parameters
obtained from these effective models were often not consistent with other dynamical stud-
ies: for example, the inferred delays between successive hops® ¥ did not match any known
timescale for the H-bond network dynamics. In the absence of a characterization of the ele-
mentary events that would justify a jump diffusion description, it has also been suggested2
that a continuous model would be preferable.

Here we establish an explicit connection between H-bond network rearrangements and
molecular translational diffusion in liquid water. We use molecular dynamics (MD) simu-
lations to characterize the mechanism that governs the translational displacements induced
by H-bond exchanges, and show how an extended jump diffusion model provides an excel-
lent description of water diffusion dynamics. We identify the molecular contributions to the

diffusion energetic barrier, and explain why translational and rotational water dynamics,



although they proceed from the same H-bond exchanges, exhibit slightly different temper-
ature dependences. We finally discuss the consequences for water dynamics in complex
environments.

To elucidate the impact of H-bond rearrangements on water translational dynamics, our
starting point lies in the characterization of elementary H-bond exchange events that govern
every change in the H-bond network connectivity. An H-bond exchange occurs when a water
OH group switches H-bond acceptors,™ and its mechanism has been shown via simulations
to proceed through large-amplitude angular jumps, which cause the H-bond donating OH
group to reorient™ (Fig. ) Jump H-bond exchanges have been found in a wide range
of aqueous systems,® and have been characterized by nonlinear vibrational spectroscopy
experiments in aqueous salt solutions.'#14 Because their mechanism involves the elongation
and contraction of the H-bonds being broken and formed,™ they are expected to induce
translational displacements of the water partners, and prior simulations®®!% showed that
molecules that experience these jumps tend to diffuse faster. However, the precise impact
of these jumps on the H-bond donor and acceptors’ translational dynamics has thus far not
been determined.

Prior works have established that classical MD simulations are a particularly incisive
tool to investigate water H-bond exchanges.™® Our present study employs classical MD sim-
ulations on liquid water at 298.15 K and the equilibrium density found at 1 atm (see SI
for details). In the following, we present results obtained with the TIP4P /2005 potential,
which provides a very good description of water dynamics and of its temperature depen-
dence.'™8 Complementary results obtained with the SPC/E force field'? are also reported
and show that our model is robust vis-a-vis the choice of water potential.

To determine the translational displacements associated with H-bond exchanges in our
molecular dynamics trajectory, we consider all the events where a water OH group (noted
O*H* in the following) switches from an initial acceptor O; to form a new H-bond with a

different acceptor Oy. Strict geometric H-bond criteria (Roo < 3.1 A and Onoo <15°) are
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Figure 1: Hydrogen-bond jump exchange mechanism and translational displacement. a)
Schematic representation of H-bond exchange mechanism, with average displacement vector
orientations for each molecule (yellow). b) Time evolution of the average O*O; (blue) and
O*Oy (green) distances. c¢) Velocity time-correlation functions for the O* (orange), O; (blue)
and Oy (green) oxygen atoms. d) Jump amplitude probability densities 47p*p(p) for the O
(orange), O; (blue) and Oy (green) oxygen atoms, and skew normal fits (dashes) (see Table
S2 for fit parameters).

employed to focus on exchanges between stable H-bonds. For each exchange, the transition
state crossing is defined to be the instant ¢, when the O*H* group crosses the bisector
plane between the initial and final acceptors with the largest angular velocity. Trajectories
before and after ¢, are collected as long as neither the O*H* group nor any of the parent
water molecule’s other H-bonds experience another stable exchange; this ensures that the
impact of a single exchange is considered. Averages are then calculated over the collection
of exchange events.

Figure [Ip shows that the breaking of the initial H-bond with O; and the formation
of the new bond with Oy lead to the elongation and contraction of the O*O; and O*Oy
distances, respectively. H-bond exchanges thus induce translational displacements of the

water molecules involved and we now determine their respective amplitudes in the laboratory



frame. In contrast to OH reorientation which occurs between stable orientations defined
by the initial and final H-bond acceptor positions,™ there is no stable position for the
water oxygen that can be easily defined, e.g., based on the surrounding hydration shell
configuration. We therefore calculate the oxygen velocity time-correlation function C,,(t) =
(05 (to) - VS (to + 1)) and use the time when it reaches its first minimum before or after t,
as an approximate determination of the delay required for the oxygen to reach its stable
position. Figure [l presents C,, for the H-bond donor oxygen O*, and the initial O; and
final Oy H-bond acceptors, and shows that a stable position is reached for a delay At ~100 fs
after the exchange transition state is crossed. We therefore determine the translational jump
displacement of each oxygen atom as the vector connecting the positions before and after
the H-bond exchange 7 = 74 (ty + At) — 7 (tg — At).

For the three water oxygen atoms involved in the H-bond exchange, jump amplitude prob-
ability density distributions 47p?p(p) are reported in Fig. . They are all well described by
skew normal distributions, with a peak at ~0.6-0.7 A and a tail extending to larger ampli-
tudes. Time reversibility requires that the O; and Oy distributions be strictly identical. In ad-
dition, our results find only minor differences between the O*O; and O*O; donor-acceptor dis-
tributions, with the former exhibiting a slightly broader tail. The resulting average squared
amplitudes are thus fairly similar (p2.)=0.67540.003 A% and (p5, ,)=0.722£0.002 A2 (Al
reported uncertainties correspond to the Student’s t-distribution 95% confidence interval.)
It is interesting to note that the sum of the donor and acceptor root-mean-squared jump am-
plitudes \/(p3.) + 4/ (p%@f} ~1.7 A is almost equal to the distance between the first (~2.8 A)
and second (~ 4.5 A) shell peak positions in the oxygen—oxygen radial distribution function.
The average jump vectors for each water partner are schematically shown in Figure [l and
given in Table S1. Their orientations are not isotropically distributed in the local molecular
frame: the average O* displacement lies in the O*O;0 plane and is parallel to the O;0 axis.
The O; and O; partners move away from and toward O*, respectively. The displacements of

the three partners are thus evocative of a reaction coordinate at the transition state that is



an antisymmetric vibrational mode, even if the trimer cannot be considered as an isolated
system because of the surrounding liquid.

H-bond jump exchange dynamics are characterized by the jump time-correlation function
(tcf) 1 — (p;i(0)ps(t)) where p; (resp. py) is 1 when the O*H* group forms a stable H-bond
with O; (resp. Oy) and 0 otherwise.?” Absorbing boundary conditions in the product state
ensure that only a single H-bond exchange is considered. The jump tcf exhibits a single
exponential decay (see SI Appendix Fig. S1) which suggests that jumps are well described
by a Poisson process at ambient conditions. The H-bond jump time (inverse rate) is defined

ag20

S / Tt [ (pO)ps(t))] 0

and is calculated to be T5=3.6574+0.007 ps.'&

Each water molecule is involved in successive H-bond exchanges, either as an H-bond
donor via one of its two hydrogen atoms, or as an acceptor via its oxygen atom. To con-
nect these exchanges to the resulting diffusive motion, we use the continuous time random
walk (CTRW) model,?Y which generalizes the discrete random walk model to a continuous
distribution from which waiting times between successive hops are randomly drawn. For sim-
plicity, we consider that successive jumps on the same water molecule are independent, and
adopt the CTRW form adapted to a single Poisson process. The water diffusion coefficient
due to H-bond exchanges directly involving the molecule that diffuses is therefore the sum of
independent CTRW contributions from the two H-bond donating hydrogen atoms and the
two H-bond accepting sites on the oxygen atom (because we consider only stable H-bond

exchanges, transient under- and over-coordination events do not need to be considered),

S | Wb b+ ieh)

D =D on+Dacc:
as d 67'HB 6THB 37—HB

(2)

and at 298.15 K our simulations yield Dyp = (1.273 £ 0.004) x 1075 cm?-s™! (see Table S3).

However, water molecules are not necessarily immobile while they keep their H-bonds



with their nearest neighbors intact. For reorientation, it has been shown™ that an intact
H-bonded pair of water molecules can tumble in the liquid, thus reorienting the local frame
between successive H-bond jump exchanges and bringing a (minor) contribution to the overall
reorientation. In a similar fashion, we determine the translational diffusion coefficient for a
water molecule surrounded by the same four nearest neighbors. To circumvent the difficulty
caused by the very short lifetime of such an intact cluster, we apply soft restraints between
the central water molecule and each of its four neighbors (see SI Appendix), so that these
H-bonds can transiently break but no stable exchange can occur. These restraints — which
do not significantly perturb the local structure (see SI Appendix Fig. S2) — are key to
calculating the HoO(H20)4 complex mean square displacement (msd) at long delays. The
latter are essential to reach the diffusive regime visible in Fig. 2| and correctly determine
the diffusion coefficient (without such restraints, a prior study*® could only access the intact
cluster msd at shorter delays where the msd appears sub-diffusive). Figure 2| compares the
msd of a single water molecule and of a molecule which keeps its four nearest neighbors. A
molecule that does not undergo any H-bond exchange with one of its four neighbors diffuses
approximately four times more slowly than an average molecule (see Table S3). This frame
diffusion component that takes place between successive H-bond exchanges is thus small but
non-negligible, and since frame diffusion and H-bond exchanges are statistically independent
translational displacement sources, the overall diffusion coefficient results from the sum of
the respective diffusion coeflicients.

Frame diffusion presumably must arise from H-bond exchanges taking place at the inter-
face between the HoO(H0), complex and the rest of the liquid; a CTRW modeling of the
latter would be expected to involve the same 755 jump time but now affecting a larger num-
ber of H-bonds resulting in smaller amplitude displacements of the central water molecule.
The value of the HyO(H,0)4 msd at short times, before the diffusive regime is established,
can be used to estimate the amplitude of the fast molecular position fluctuations while the

hydration shell is intact. Figure [2] shows that this amplitude is ~ 0.7 A, which is thus of the



same order as the amplitude of translational jumps induced by H-bond exchanges (Fig. )
The overlap between fast local fluctuations and jump displacement amplitudes explains why
a visual inspection of the trajectory® does not easily reveal sudden discrete hops that are

typically expected in a jump diffusion process.
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Figure 2: Mean square displacement of a single molecule (orange) and of a molecule keeping
the same four H-bonded neighbors (blue), with their short-time behavior shown in the inset.

D2 and DP™ are determined from the slopes of linear regressions (dashes) on the 10-50

ps interval.

Our simulations are performed in finite-size boxes which are periodically replicated, and
an additional hydrodynamic correction due to the periodic boundary conditions (pbc)4223

should be included for comparisons with experimental values,

kpTC

Dcorr =
67nL

(3)

where T' is the system temperature, 1 the shear viscosity, L the cubic simulation box side
and ¢ ~2.837297. The shear viscosity was determined from the time integral of the pressure

tensor time-correlation function, calculated from a separate set of simulations performed on



the same system (see SI Appendix).
We can now express the overall diffusion coefficient as the sum of the diffusion coefficients
coming from i) H-bond exchanges involving the central water molecule, 4i) the local frame

diffusion due to H-bond exchanges further away, and 4ii) the pbc correction:

o frame

Dmodel = Dﬁlbcde] + Dcorr = (DHB + DPbC ) —+ Dcorr (4>

The resulting Dyode = (2.232 £ 0.006) x 10 °cm? - s7! value is in excellent agreement with
the experimental value Dyygr = 2.299 x 10~ °cm? - s7! measured?#2% by NMR at 298.15 K.
Even more importantly to assess the validity of our translational jump model, the agreement
is also excellent between our model prediction and the value directly determined from the
simulated mean-square displacement of a single water molecule and corrected for pbe, Dyp =
Dﬁfch + Deorr = (2.374£0.01) x 107° c¢m? - s7'. In addition, this very good agreement
between model and simulations is obtained for both TIP4P /2005 and SPC/E force fields,
as graphically summarized in Fig. and detailed in Table S3. These results show that
our jump model provides a quantitative description of water translational diffusion, and
reveal that H-bond jump exchanges bring the major contribution to the overall translational
diffusion. Because H-bond jumps go through a 5-coordinate transition-state, our results thus
explain why prior simulations?® had observed that overcoordinated water molecules tend to
diffuse faster, but our model also stresses that such configurations are unstable.

The picture that emerges from this extended jump model for water translational dynamics
is that diffusion primarily derives from H-bond exchanges involving the water molecule either
as an H-bond donor or as an acceptor, with a minor but non-negligible contribution due to
the local frame diffusion between successive H-bond exchanges.

We now briefly contrast this picture with prior jump descriptions of water translational

1001111627

diffusion. Prior studies considered that water structural dynamics could be sepa-

rated into a fast rattling motion within a local basin, for example formed by the surrounding
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1,27 and slower inter-basin jumps. However, our results in

water molecules in the cage mode
Fig. [2 show that water molecules continue to diffuse even when their four H-bond neighbors
are unchanged, so that a separation into different mechanisms based on the displacement
amplitude is not adequate. The approaches used in these prior studies have faced several
limitations. For example, structural clustering based on a 0.7 A minimum distance between
local basins®® ignored small-amplitude jumps (shown to be important in Fig. ) and con-
sequently led to an overestimated ~3 ps jump time at 297.1 K,*® which is surprisingly long
since it is close to the H-bond exchange time for a single OH group, while the ~ 4 H-bond
partners of a given molecule would be expected to lead to four times more frequent jumps for
the central oxygen. A cage-jump model was independently proposed,*! where translational
jumps occur only once all 4 H-bonds of a molecule break; this is in contrast to our results
which show that a water molecule undergoes a translational jump as soon as any one of
its 4 H-bonds is exchanged. Consequently this assumption leads to long (~10 ps) resting
periods between successive translational jumps, not seen in molecular dynamics trajecto-
ries. A key advantage of our present study is that we identify the elementary jumps directly
from H-bonds exchanges, and thus avoid the limitations due to coarse-graining and arbitrary
thresholds used in these prior works.

Experimentally, jump models have been used to analyze water QENS spectra, 24028731
and translational jump time values close to the values obtained here have been shown to
be consistent with experimental linewidths.?? However, QENS spectra probe displacements
of water H atoms?® and, while the latter share the same diffusion coefficient as water O
atoms, their motions result from the combination of larger-amplitude jumps when the H
atom exchanges H-bond acceptors and smaller-amplitude jumps when the parent O atom
experiences an H-bond exchange which does not involve this H. A specific translational jump
model for water H atoms combining these two types of exchanges would thus provide a way
to model QENS spectra without having to use the traditional but questionable translation-

rotation decoupling approximation.3®
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We now examine the temperature dependence predicted by our jump model for the

diffusion coefficient and consider the activation energy,

EP = kpT? 5
o 51" 5 (5)

Our motivation is twofold. First, this will assess whether our model can successfully describe
water diffusion over a broad range of temperatures. Second, since the activation energy for a

d8233 a5 the difference in average internal energy between

chemical reaction can be interprete
the reacting species and the reactants, we will use the molecular insight given by EP to
identify the origin of the underlying energetic barrier to diffusion.

The activation energy is traditionally obtained from a numerical temperature derivative
calculated via an Arrhenius plot constructed from measurements (or simulations) at mul-
tiple temperatures. In contrast, here we use the recently-introduced fluctuation theory for
dynamics method®*3% that directly determines E, from the analytic temperature derivative
calculated from a single simulation. This presents several advantages: it requires only simu-
lations at a single temperature, it avoids ambiguities due to the choice of temperature range
for non-Arrhenius processes analyzed with the traditional approach, and it reveals which
interactions contribute to the activation energy.

The activation energy predicted by our jump model is obtained by combining eqs 4| and

Bl The activation energy of the pbe-corrected diffusion coefficient is

pbc

D pbe pbe
EDmodel — DHB EDHB + frame Eanrame + DCOTT EDcorr _ EaDmodcl 6
a b a b a
poc poc
Dmodel D model model

The diffusion EPmedet is a weighted average of the H-bond exchange, frame diffusion, and
pbc correction activation energies. Using eq. [2) EP#8 can be further decomposed into terms

due to the H-bond jump time and jump amplitude temperature dependence,

2

DHB _ I/THB <p2> . I/THB <p?)*> <p2O*> <pol,f> <p%)1,f>
EXHE = E° + EY =E; + = Lo O 4 F (7)
(Po+) + (0D, ,) (Po+) + (0D, ,)

12
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Figure 3: a) Diffusion coefficients from the model eq. 4} from our simulated mean-square
displacement and from experiments,2425 together with the contributions determined from
the jump model, obtained from our TIP4P /2005 and SPC/E simulations (see Table S3).
b) Activation energies for the model diffusion coefficient EPmodel eq. |§| (showing the weight
of each contribution in the sum), for the simulated diffusion coefficient EPMP and from
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The respective contributions to the jump model diffusion coefficient activation energy are
reported in Fig. [3p-¢ and Table S3 for both TIP4P /2005 and SPC/E water force fields (see
SI for calculations of activation energies in eqs. [6H7]). A first important result is that, for both
water models, the jump model diffusion activation energy is in excellent agreement with the

simulated value (Fig. [3b) which shows that the model provides an accurate description of the
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diffusion coefficient over a range of temperatures around ambient conditions and provides
further support to the jump model validity.

These results thus suggest that the jump model can be used to gain a molecular insight
into the molecular origin of the energetic barrier to diffusion. First, eq. [6] and the values
in Fig. —c and Table S3 show that the dominant contribution to EPmedet comes from the
H-bond exchange EP#E term because these exchanges provide the fastest diffusion pathway,
while the pbc correction term is almost negligible because of the very similar values of EPeorr
and Ef ﬁgdez. Second, while EPmedet is very close to the activation energy of the H-bond jump
exchange diffusion term EP#5 EDmodct is notably greater than the H-bond jump exchange
rate Ea/ ™" (see Table S3) because of the additional EY” term in eq. |7 coming from the
increase in translational jump amplitude with increasing temperature.

In addition, the model offers an interpretation to the difference between diffusion and
reciprocal viscosity activation energies.® The latter contrasts with the expectation from the
Stokes-Einstein equation and has been abundantly discussed, especially in the supercooled
liquid (see, e.g., refs [36H38]). While the hydrodynamic approximation involved in the Stokes-
Einstein equation is questionable for the diffusion of a solute particle that has the same
size as the solvent particles, one can expect H-bond jump exchanges to play an important
role for both diffusion and viscosity. Eyring and coworkers®? proposed a simplified picture
describing viscosity as an activated process involving displacements between equilibrium
positions in the liquid, and simulations suggested®*#” that H-bond jump exchanges could be
these elementary events. Our model suggests that while the same H-bond jump exchanges
are involved in diffusion and shear viscosity, any difference in activation energies between D
and 1/n arises from the different temperature dependences of the impact that each jump has
on the molecular position and on the stress tensor.

The present results also provide new insight into the coupling between rotational and
translational dynamics in water, of particular interest in the supercooled regime.*4% The

role of H-bond jumps for translation elucidated here can be compared with the extended
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angular jump model for reorientation.”® While this rotation-translation coupling is often

4344 ur model avoids the

viewed through the lens of the Debye-Stokes-Einstein equation,
hydrodynamic approximation, which is not appropriate for a small solute, and the assump-
tion of rotational diffusion for water reorientation, which was shown to be invalid.™ H-bond
jump exchanges are central to both rotational and translational dynamics (including at su-
percooled temperatures®), and the jump models indicate that the slight difference between
the reorientation time 75 and translational diffusion D activation energies arises from the
larger temperature dependence of the translational jump amplitude compared to that of the
rotational amplitude.*” This suggests an alternative explanation for why D x 7, increasingly
deviates from its ambient temperature value upon supercooling,*84? based on differences
in the temperature dependences of the translational and rotational jump amplitudes. In

20" such a mechanism would thus require neither a decoupling

contrast to prior suggestions,
between rotational and translational motion nor a change in diffusion mechanism.

Finally, our results also pave the way to an improved understanding of water transport
properties in aqueous solutions and at interfaces. Since our model reveals the connection
between the diffusion coefficient and the H-bond jump time and amplitude, the solute’s or
interface’s impact on the latter will be of great importance. The H-bond jump time has
been shown in prior studies® to sensitively depend on the water-solute or water-surface H-
bond interaction strength. Regarding the H-bond amplitude, it is expected to depend on
the relative masses of the water molecule and of its H-bond partner. This should provide a
framework to understand how water diffusion is affected in electrolytes, including, e.g., the
diffusion enhancement and reduction induced by different salts,”* but also in materials and
in biomolecular hydration shells where it should provide a connection between the H-bond
jump time heterogeneity®* and variations in the water diffusion coefficient.

In conclusion, we have described an H-bond jump model for translational dynamics of

water that quantitatively describes the water diffusion coefficient and its activation energy.

We have shown that translational diffusion of a water molecule is mainly due to jumps

15



which take place when this molecule exchanges H-bond partners, with a minor contribution
from diffusion of molecules that keep their H-bonds intact. Our model thus provides a
unified framework which establishes how H-bond network rearrangements are responsible for
both translational and rotational dynamics in liquid water. Our analysis of the activation
energies further reveals why translation and reorientation activation energies slightly differ,
leading to an apparent decoupling while they proceed from the same H-bond exchanges. The
molecular insight provided by the jump model for translation dynamics will be instrumental

to understand how water transport properties are impacted in more complex environments.
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Simulation methodology

We performed classical molecular dynamics simulations on systems of 343 water molecules,
described respectively with the SPC/E and TIP4P /2005 potentials and propagated with
LAMMPS." Each system is first equilibrated with a Nosé-Hoover thermostat at 298.15 K
and a 100 fs relaxation time, and a Nosé-Hoover barostat at 1 atm and a 1000 fs relaxation
time. The simulation box volume is then fixed at its average value (box side of 21.752204 A
for TTP4P /2005, and 21.725311 A for SPC/E) and a 10 ns NVT trajectory is propagated
with the velocity rescaling thermostat using a 100 fs relaxation time. A configuration is saved
every 2 ns, leading to 5 independent configurations, which are then used as starting points
for 5 independent 1 ns trajectories propagated in NVT with the same thermostat. These
trajectories employ a 1 fs timestep, periodic boundary conditions with a 10.5 A cutoff of
Lennard-Jones interactions, an Ewald sum description of long-range electrostatic interactions
with a 107* tolerance, and configurations are saved every 5 fs. Water molecules are kept
rigid with the RATTLE algorithm. For the viscosity calculation, the 5 independent starting
configurations are used to propagate 50 ns-long trajectories where only the pressure tensor is
saved. For the calculation of activation energies, a 200 ns-long NVT trajectory is propagated,
where configurations are saved every 1 ps. The resulting 200,000 independent configurations

are used as starting points for 50 ps trajectories propagated in NVE.

H-bond jumps

H-bond jump times are determined from the jump tcf (Fig. . Jump times and their associ-
ated activation energies for the TIP4P /2005 and SPC/E water models have been calculated
previously for the same system and in the same conditions, and we use the values reported
in ref. 2L

The H-bond jump amplitude probability densities in Fig. 1d are well described by skew
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normal distributions eq. |S1| whose parameters are reported in Table

drpPplp) = O\}%exp l—(”;‘ﬁof] [1+erf (Wﬂ . (S1)

Average displacements induced by a hydrogen-bond ex-
change

The local frame in which an H-bond jump occurs is defined for each jump at tq by the three
O atoms involved: O*, O; and Oy. O* is taken to be the origin of the local frame. The
first frame vector «; is defined along the (O;0*Oy) angle bisector. The second one wy is
orthogonal to @; and aligned with the vector connecting O; to O in the plane formed by
these three O atoms. The last vector u3 is orthogonal to both #; and iy and oriented to form
a direct reference frame {7y, iy, @Ws}. The three vectors are then normalized. The average
displacements of the atoms involved in the jump between to — 100 fs and ¢y + 100 fs are given
in Table From this Table, we see that all atoms move in the plane formed by the three
oxygen atoms and the displacements are reported graphically in Fig. 1a of the main text.

Table S1: Average displacement of the atoms directly involved in the H-bond ex-
change during the jump (Numbers between parentheses indicate uncertainties in the
trailing digit).

along ; (A) along iy (A) along i3 (A)
O 20.004(2) 0.415(2) 20.000(2)
0; 0.313(2) 10.276(2) 0.0000(8)
Oy -0.3090(9) -0.2752(9) 0.000(2)
H* -0.007(1) 0.936(1) 0.000(2)

Diffusion of the H,O(H,0), complex

To follow the long-time diffusion of a water molecule in absence of H-bond exchanges involv-
ing the H-bonds that it accepts or donates, we have employed the following set of restraints

in order to prevent H-bond exchanges around O* (but not transient breaks followed by the
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reformation of the same H-bond): i) a soft half-harmonic potential on the O*-O distances
to the four nearest neighbors, with a 5,000 kcal-mol~!-nm~2 force constant that applies only
beyond 3.33 A, ii) a soft half-harmonic potential on O*-O distances to all water molecules
which are not the four nearest neighbors, with a 5,000 kcal-mol~!-nm~2 force constant that
applies only below 3.33 A, and iii) a strict half harmonic potential on the four H-bond an-
gles involving O*, i.e. the two (HO*O) angles for the two H-bonds donated by O* and the
two (HOO*) angles for the two H-bonds accepted by O*, with a 400 kcal-mol~!-rad 2 force
constant that applies only beyond 30°. These restraints were implemented in the LAMMPS
simulations with the PLUMED library. 34 Figureshows that the oxygen radial distribution

function around O* is only marginally affected by these soft restraints.

Activation energy calculations

T we employ the fluctuation theory for dynamics method to deter-

Following prior studies,?®"
mine the activation energies from a single trajectory at 298.15 K.
For the diffusion coefficient obtained from the simulated msd, the activation energy has

been shown®% to be

prc

E. MD — lim <6H(O> |?(t) — ?(0)|2> _
' AP -7TOr) T (Ar()

(52)

where § H(0) = H(0)— (H) is the fluctuation in energy from its average value, and (Agr?(t))
is the mean square displacement where each square displacement is weighted by the energy
fluctuation.

The frame diffusion activation energy is calculated with eq. The intact HyO(H50),
cluster mean square displacement (Ar?(t)) and mean-square displacement weighted by the
energy fluctuations (Agr?(t)) are shown in Fig.[S3. Linear fits of (Ar2(2)) and (Apr?(t))
over the 10-50 ps interval are used to determine the long-time limit in eq.

The pbc correction activation energy is determined from the viscosity activation energy®
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(determined here from a numerical derivative, see below and Fig. S5), EPcrr = B/ 4 kpT.

The activation energy for the H-bond jump rate constant 1/755 is
Y0 =y [ at@HO)pi0)ps(1)) (33)
0

It has already been calculated by two of us and reported in ref. 2 for the SPC/E and
TIP4P /2005 water models, and here we use the values determined in these prior studies.

The activation energy associated with the jump amplitude temperature dependence is

(P2 5) 1 > Ip (po+.i.z)
B0 = [ bonay S ey (84

and the reciprocal temperature derivative of the jump amplitude probability density is

N
AT o 5 &l (g%*7i’f) = _]1[ ]gl 0H ;o [pé*,i,f - PO*,z‘,f} ; (S5)
where the sum runs over the N H-bond jump events collected during the simulation.

The computed activation energy values are reported in Table Our model shows that
the minor frame diffusion contribution, arising from water molecules which diffuse while
keeping their H-bonds intact, exhibits a larger activation energy E,? Frame than the H-bond
exchange term EP#5. For water reorientation, the activation energy for the frame tumbling
contribution had also been shown” to be larger (by ~ 0.2 kcal/mol) than that for jump
reorientation. Consequently, for both translation and reorientation dynamics in supercooled
water, the more collective frame diffusion should become less and less important when the
temperature decreases, and dynamics is expected to be increasingly due to H-bond exchanges
directly involving the molecule that diffuses or rotates.

In addition, good agreement between the model and simulations is found when de-

composing the activation energy into additive components. Following refs. [5H7, the in-

stantaneous fluctuation in system energy is expressed as a sum of contributions arising
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from the Lennard-Jones and Coulombic interaction energies as well as the kinetic energy:
0H = 6 KE+6V;4+6Veew. In accordance with prior works2% the results reported in Table
indicate that the diffusion activation energy is mostly determined by Coulombic interactions
but also show that the jump model provides an excellent description of the activation energy

decomposition.

Viscosity

The shear viscosity is calculated from the Green-Kubo equation involving the pressure tensor

time-correlation function,

=g [ Pas Pttt (56)

where V' is the simulation box volume and the (P,3(0)P,s(t)) correlation is averaged over
the five correlations of the anisotropic stress tensor terms P,s® (Fig. @

Because of the very long simulations required to converge the viscosity activation energy
with the fluctuation theory method,® here we determine the activation energy from an Arrhe-
nius plot constructed from a series of six distinct simulations performed at 290, 295, 298.15,
300, 305 and 310 K using the same procedure as described above, with an initial NPT equi-
libration followed by a 10 ns NVT run from which 5 uncorrelated starting points are taken
to propagate 5 independent 50 ns NV'T trajectories. The resulting temperature dependence
is shown in Fig. @ for the TIP4P /2005 water model. The slope of the reciprocal viscosity
along the reciprocal temperature is shown to be constant over this temperature range, which
supports the validity of the activation energy determination from a finite difference around

the ambient temperature.
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Table S2:

density distributions.

po (A) o (A) o
O* || 0.402(3) | 0.481(3) | 2.16(3)
O; | 0.402(4) | 0.508(4) | 2.29(6)
Of || 0.402(4) | 0.507(2) | 2.30(4)

Parameters of the skew normal fits to the jump amplitude probability

Table S3: Diffusion coefficients determined from our model eq. 4 with their respec-
tive contributions, from the simulated msd, and from experiments, and associated
activation energies (Numbers between parentheses indicate uncertainties in the trail-

ing digit).

TIP4P /2005 | SPC/E
THE (DS) 3.657(7)2 | 3.160(3)2
(py.) (A?) 0.675(3) 0.721(2)
(03, ;) (A?) 0.722(2) 0.7464(9)
Dy (107° cm?/s) 1.273(4) 1.548(3)
DR . (107% em?/s) || 0.623(3) | 0.749(5)
Deorr (1075 cm?/s) 0.335(3) | 0.406(4)
Dinoder (1075 cm?/s) 2.232(6) 2.703(6)
Do (1075 cm?/s) 2.37(1)2 | 2.85(2)2
Dyur (1075 cm?/s) 2.2999:10
EA'™® (kcal /mol) 3.63(5)2 3.09(4)2
2
E0" (keal /mol) 0.5(2) 0.40(6)
2
B4 (keal fmol) 0.55(6) 0.51(4)
EP#5 (keal /mol) 4.15(7) 3.55(5)
pbe
ELTam (keal /mol) 1.4(2) 3.9(3)
Ea/" (keal /mol) 3.7(4) 3.2(3)
EDPecorr (keal /mol) 4.3(4) 3.8(4)
EDPmodct (keal /mol) 4.25(9) 3.68(9)
pbe
EXMP (keal /mol) 410(5)2 | 3.61(9)2
ED~mRr (keal /mol) 4.2-4.4910

Table S4: Decomposition of activation energies into kinetic energy, Lennard-Jones
interaction energy and Coulombic interaction energy terms (in kcal/mol) (Numbers
between parentheses indicate uncertainties in the trailing digit).

pbe

pbe

Eé/THB E(<1P2o*> E, i, f EDHB E, frame EDC"”‘ EDmodel E(?MD
B. || 3.635)% | 0.5(2) | 0.55(6) | 4.15(7) | 4.4(2) | 4.5(5)% | 4.25(9) | 4.10(5)2
KE || 1.04(4)2 | 0.33(4) | 0.36(3) | 1.39(5) | 1.2(1) | LO@A)® | 1.26(7) | 1.16(4)2
LT || -1.10(6) | -0.16(7) | -0.24(4) | -1.30(8) | -1.2(2) | -0.8(2)¥ | -1.20(3) | -1.24(5)2
Coul || 3.69(8)2 | 0.31(5) | 0.43(7) | 4.06(9) | 45(3) | 3.803)% | 41(1) | 4.18(6)2
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Figure S1: H-bond jump exchange time-correlation function 1 — (p;(0)ps(¢)) (orange) with
the exponential fit (dashes) used to determine the jump time 755 determined from our
TIP4P /2005 simulations.
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Figure S2: Oxygen radial distribution function around a water oxygen atom (orange) and
around the O* oxygen atom in the HoO*(H20), intact complex (blue), from our TIP4P /2005
simulations.
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Figure S3: Intact HoO(H,0)4 cluster mean square displacement (Ar?(t)) (orange) and mean-
square displacement weighted by the energy fluctuations (Ag7?(t)) (blue).
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Figure S4: Pressure tensor time-correlation function V/(kpT')(P,3(0)Pas(t)) calculated from
our TIP4P /2005 simulations at 298.15 K.
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Figure S5: Arrhenius plot of the reciprocal viscosity 1/n along the reciprocal temperature
B = 1/kgT for TIP4P /2005 simulations (black dots) with the fit used to determine the
activation energy (orange dashes).
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