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1 Departamento de Qúımica, INQUISUR, Universidad Nacional del Sur (UNS)-CONICET, Avenida Alem 1253,
8000 Bah́ıa Blanca, Argentina

2 Pritzker School of Molecular Engineering, University of Chicago, Chicago, IL 60637, USA

Received 15 December 2020 / Accepted 15 March 2021 / Published online 30 March 2021
© The Author(s), under exclusive licence to EDP Sciences, SIF and Springer-Verlag GmbH Germany,
part of Springer Nature 2021

Abstract An energy-based structural indicator for water, V4, has been recently introduced by our group.
In turn, in this work we aim at: (1) demonstrating that V4 is indeed able to correctly classify water
molecules between locally structured tetrahedral (T) and locally distorted (D) ones, circumventing the
usual problem of certain previous indicators of overestimating the distorted state; (2) correlating V4 with
dynamic propensity, a measure of the molecular mobility tendency, in order to seek for the existence of
a connection between structure and dynamics within the supercooled regime. More specifically, in the
first part of this work we will show that V4 accurately discriminates between merely thermally deformed
local molecular arrangements and truly distorted molecules (defects). This fact will be made evident not
only from radial distribution function results but also from the dynamic propensity distributions of the
different kinds of molecules. In turn, we shall devote the second part of this work to finding correlations
between T and D molecules with low- and high-dynamic-propensity molecules, respectively, thus revealing
the existence of a link between local structure and dynamics, while also making evident the dominant role
of the D molecules (defects) in the structural relaxation. Moreover, the availability of a proper molecular
classification technique will enable us to study the timescale of such influence of structure on dynamics
by defining a modified dynamic propensity measure and by applying it to the structured and unstructured
water molecular states.

1 Introduction

When we cool a liquid below its melting point fast
enough to avoid crystallization, the relaxation quickly
slows down as the system enters the so-called super-
cooled regime [1–15]. If we continue cooling down,
the relaxation behavior gets progressively more sub-
diffusive until, eventually, the system falls out of equi-
librium and we are left with a glass [1–15]. But aston-
ishingly, this dramatic dynamical slowing down, or
glassy dynamics, is accompanied by almost no notice-
able structural change [1–15]. In fact, the determina-
tion of the existence a clear causal link between struc-
ture and dynamics has remained quite elusive despite
certain interesting recent advances by computer sim-
ulations and, particularly, by the introduction of the
concept of dynamic propensity (the tendency of the
molecules to significantly move away from their posi-
tion at a given initial configuration) [16–27]. Dynamic
propensity represents a powerful indirect measure that
indeed signals the existence of regions of the sample
with different structural constraints but tells us noth-
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ing on the nature of such local constraints. It is thus
relevant to try to find correlations between dynamic
propensity and direct structural indicators, a fact that
is complicated for glassforming systems where the local
molecular environments are not easy to classify.

Being water a structured liquid, it becomes natural
to explore the possible existence of such a structure-
dynamics connection for its supercooled state. Besides,
water represents a system of great intrinsic interest
where the emergence of a sub-diffusive behavior (not
only below but also above the melting point in certain
contexts like nanoconfinement or interfaces) becomes
central for many scientific and technological fields
[1,24,28–51]. Indeed, the dynamic propensity approach
has been preliminary applied to supercooled water with
partial success [24–27]. However, to ultimately unravel
the existence of a causal link between structure and
dynamics for water, the employment of an appropriate
structural indicator to correlate with dynamic propen-
sity is still demanded. Several structural indices have
been indeed introduced in the past [24,33–37,37,52–
62]. Such indicators have been built on the basis of par-
ticular structural aspects of the local molecular order
present in water (like the degree of tetrahedrality of the
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first coordination shell or the degree of translational
order up to the second shell). Thus, these approaches
have been able to detect molecules with well-developed
local order and molecules belonging to a locally dis-
torted or unstructured state. However, in our group we
have recently built an energy-based new index, called
V4 [63], that avoids introducing any structural precon-
ception. Moreover, our results suggested that the pop-
ulation of the distorted state might have been mostly
overestimated by certain previous indicators, since cer-
tain molecules with a local first shell that is deformed
by thermal fluctuations are, instead, found to belong
to well-structured configurations if such masking effect
is properly subtracted [63]. Under this scenario, the
present work is thus devoted to investigate structural
details of the V4-classification and, more importantly,
to study the correlations between V4 and the dynamic
propensity measure in order to elucidate the existence
of clear connections between structure and dynamics in
supercooled water.

2 Methods

2.1 Water model and simulation details

We conducted molecular dynamics (MD) simulations of
the SPC/E [64] water model by using the GROMACS
package version 5.0.2 [65]. Bonds were constrained with
the LINCS algorithm and long-range electrostatics eval-
uated with the PME method. The time step used was 2
fs. A modified Berendsen thermostat and a Parrinello–
Rahman barostat at 1 bar as reference pressure were
used. We built cubic boxes of appropriate sizes with
periodic boundary conditions and a cutoff of 1nm for
the short-range forces. The SPC/E system consisted
of 1050 water molecules. This size is appropriate for
the dynamic propensity approach where a large num-
ber of different realization within the isoconfigurational
ensemble are demanded (we used 100 isoconfigurational
runs for T = 210K and 1000 runs for T = 240K;
in both cases we also averaged over many different
replicas to gain statistics). After equilibration for times
much larger than the structural relaxation (the α relax-
ation time) for each temperature, production data runs
were produced. We also employed the inherent struc-
tures scheme to suppress the masking effect of ther-
mal vibrations that difficult structural classification at
the real trajectory. This approach [66] partitions the
potential energy surface (PES) of the system into dis-
joint basins, the set of configuration space points that
belong to the same local minimum (inherent structure,
IS) when subject to a minimization process. Thus, from
any given instantaneous structure of the MD trajectory
(at the real dynamics) we applied a steepest-descent
algorithm until convergence (largest scalar force on any
atom being lower than 10 kJ/mol nm within a maxi-
mum number of steps of 100,000).

2.2 The V4(i) structural indicator for water

The V4 index [63] involves the calculation of all pair-
wise interactions Vij , j �= i for each water molecule i
and ordering them in intensity, from the lowest to the
largest value. Then, V4(i) is defined as the forth Vij . A
molecule with a well-structured, tetrahedrally arranged
first coordination shell will present a V4(i) value close
to that for a linear hydrogen bond (HB) energy, while
a molecule with a distortion in its tetrahedral arrange-
ment will yield a higher V4(i) value. This index presents
clear bimodal distributions both at the real and the
inherent dynamics [63], being the latter scheme the cor-
rect one for structural classification purposes [63]. This
fact enables us to classify water molecules as locally
structured or unstructured beyond the estimation of
the fraction of the two states, a possibility that is out
of reach for most of the older indicators [63]. Later on,
we shall additionally provide further arguments to show
that the energetically based V4 index also corrects the
tendency to overestimate the fraction of unstructured
molecules in which certain structurally based indicators
tend to incur [63].

2.3 The dynamic propensity measure

The isoconfigurational ensemble (IC) [16] is defined as
a set of equal length molecular dynamics trajectories
or runs (on the order of the α relaxation time) start-
ing from the same initial configuration (same molecular
positions) but with momenta randomly chosen from a
Boltzmann distribution corresponding to the system’s
temperature. Within the glassy relaxation regime, each
IC run presents dynamical heterogeneities (certain
regions of the system move much faster than others) but
mobility is not reproducible: the more mobile molecules
differ from one run of the IC to another one [16]. The
dynamic propensity of the molecules for a time inter-
val of length t is calculated as [16]: DP =< Δr2i >IC

(where < ... >IC involves averaging over all the runs
of the IC and Δr2i = (ri(t = t) − ri(t = 0))2 repre-
sents the squared displacement of molecule i for the
interval starting from the initial configuration and end-
ing at time t). However, during this work we shall also
calculate propensity values by averaging over different
subintervals within this timescale. At low temperatures,
that is, within the supercooled regime, this process pro-
duces an heterogeneous distribution of dynamic propen-
sities with the highest propensity molecules tending to
spatially arrange in rather compact clusters within the
sample [16–23]. This result points to the fact that the
initial structure indeed determines the dynamical ten-
dency of the molecules to move away from the start-
ing configuration [16–23]. Such influence of structure
on dynamics for times commensurate with the α relax-
ation time comes from the confinement of the system
within the local metabasin of the potential energy sur-
face, PES, (a metabasin is a set of mutually similar
structures separated from other metabasins by large
barriers) until a collective movement, called a d-cluster,
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Fig. 1 Distributions of the V4 index calculated both at a
the inherent dynamics (inherent structures, IS) and b real
dynamics (RD), for SPC/E water and a series of tempera-
tures (from temperatures above the melting point to tem-
peratures within the supercooled regime; arrows indicate the
direction of increasing temperature)

allows it to abandon the current metabasin [19,20]. In
this work, we use 1000 IC runs for T = 240K and 100
for T = 210K, also averaging over many independent
replicas for each temperature. The length of the runs
is on the order of the α relaxation time for each tem-
perature, a timescale when most of the IC runs have
been able to abandon the local metabasin [14,19,20].
Specifically, the α relaxation time, or τα, is estimated
as the time when the intermediate incoherent scatter-
ing function, measured at the wave vector of the first
peak in the structure factor, has decayed to 1/e and is
around 769 ps at T = 210 K and 35ps at T = 240K;
basically, at this timescale the molecules have moved
on average one intermolecular distance and the system
has been able to leave the plateau of the mean squared
displacement plot consistent with the caging regime.

3 Results and discussion

3.1 Molecular classification and structural details

Figure 1 displays the distributions of the indicator V4

for a series of temperatures and pressure of 1 bar, both
at the real and inherent dynamics. While neat bimodal-
ity behavior is evident in both schemes, the inherent
dynamics approach is the one that allows for a cor-
rect classification of molecular classes, as already shown
[63]. This fact holds not only from structural consid-
erations, as similarity of the radial distribution func-
tions to experimental results on high and low density
amorphous water, but also from the capability of allow-
ing a proper description of the anomalous behavior
of water’s heat capacity [63]. The peak on the left of
the inherent dynamics V4 distribution (lower or more
negative values) comprises molecules with four well-
tetrahedrally arranged high-quality linear HBs (such
molecules are thus called as T molecules), while the
peak on the right is populated by molecules where the
tetrahedral arrangement is distorted and (at least) one
HB has been loosen (the D molecules). Thus, the peak
on the left corresponds to structured molecules while
the peak on the right represents unstructured ones. For
classification purposes, we consider a threshold value
that lies in between the two peaks of the V4 distribu-
tion, V4 = −12 kcal/mol, but moderate changes in this
value do not alter significantly our results. We note
that we have observed the existence of fivefold coor-
dinated molecules [63], but differently from the case
of the 3-fold coordinated ones, these penta-coordinated
molecules are always very few and their fraction does
not change much with temperature. Additionally, these
molecules present a V4 value characteristic of the tetra-
hedral ones (good tetrahedral coordination with four
high-quality HBs) while still able to form a rather good
fifth interaction. Thus, the small number of fivefold
coordinated molecules will be included within the T
ones. D molecules, in turn, comprise threefold coor-
dinated molecules since they imply basically the neat
rupture of a HB and their fraction changes significantly
with temperature.

While from now on we shall classify water molecules
as T or D with V4 at the inherent dynamics, it is
nonetheless relevant to note that at the real dynamics
distribution of V4 there are many molecules from the
right peak (V4 > −12 kcal/mol) that would move to
the left peak (V4 < −12 kcal/mol) upon minimization
(when we change to the inherent dynamics scheme).
These T molecules (as the classification at the inher-
ent dynamics indicates), however, would look much
like a D molecule at the real dynamics. In fact, they
present thermally deformed arrangements at the real
dynamics, but the minimization process shows that
they indeed belong to a well-structured basin (T-basin).
For practical purposes, while indeed belonging to the
T-state in our classification, we shall also term them
as F molecules (since they could be thought as false
D molecules: They appear as D at the real dynamics
but when the thermal disorder is removed they become
T ones). Structural indicators based merely on struc-
tural preconceptions (at difference from the V4 index
that is based on energy considerations) would misclas-
sify most of these molecules as unstructured. For exam-
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Fig. 2 Radial distribution functions for the T, D and F
molecules at the real dynamics (RD) and inherent dynamics
(inherent structures, IS) for SPC/E water for T = 210 K and
T = 240 K

ple, the local structure index (LSI, an index that is
based on the translational order of the first and the sec-
ond coordination shells [24,34–37,37,52,53,60]) clearly
overestimates the population of the unstructured state
(we note that we will always refer to the LSI evalu-
ated at the inherent structures level where, at vari-
ance form the case at the real dynamics, it is able to
yield neat bimidal distributions). Indeed, this state is
the dominant one for LSI, even well within the super-
cooled regime [24,34–37,37,60], which is at odds from
the results we show in Fig. 1 where the T molecules
are the predominant ones. Such concern on the overes-
timation of unstructured molecules by certain merely
structure-based indicators is quite relevant if we intend
to find a link between structure and dynamics. We note
that there also exist other structural parameters like the
local order metric which measures the degree of order
as compared to a suitable reference system [67,68]. It
would be interesting to compare the results of this indi-
cator at the inherent dynamics scheme with V4 in future
work.

It is known that structured molecules tend to present
a clear gap between the first and the second coordina-
tion shell (that allows the first shell to develop a proper
tetrahedral coordination) and that, in turn, unstruc-
tured molecules imply certain collapse of the second
shell, with one or more molecules occupying intersti-
tial positions and hence perturbing the local order of
the first shell (Fig. 2). However, a recent work suggests
that the unstructured molecules might be less disor-
dered than expected and that they indeed show certain
structural preferences [69]. To make this whole picture
more precise, we now present the radial distribution

functions, RDFs, for the T and D molecules and also
for the F molecules (that we now consider as a sub-
set of the T molecules and which, as already indicated,
might be regarded as unstructured on the basis of their
thermally deformed local environments). Figure 2 dis-
plays such RDFs both at the real and minimized (IS)
configurations.

If we compare the RDFs of the T and D molecules
(at both schemes, real and inherent dynamics), we find
clear differences between them. While T molecules dis-
play a pronounced gap between the first and second
peaks (corresponding to the first and second coordina-
tion shells, respectively), the D molecules exhibit an
important population in such region, a clear indication
of the presence of interstitial molecules. However, not
all interstitial positions are equally probable but there
is a notable peak (or shoulder). In turn, the RDFs of the
F molecules at the real dynamics do in fact present cer-
tain population in the inter-peak region but evidently
no peak or shoulder is noticeable. Indeed, the RDFs at
the IS scheme show that the interstitial peak is even
more evident for the D molecules upon minimization,
while the inter-peak region is clearly depopulated for
the F molecules, making the curves almost identical
to that of the T molecules at such minimized scheme.
These results undoubtedly point to the fact that, if
we intend to search for connections between struc-
ture and dynamics within the supercooled regime, it is
mandatory to discriminate between merely thermally
deformed molecules and truly distorted ones (that is,
defects). Thus, in the following we shall use the V4 index
at the IS scheme to classify water molecules and in order
to search for correlations with dynamic propensity.

3.2 Correlations between local structure and
dynamic propensity measures

As already indicated, the dynamic propensity measure
determines the tendency of the water molecules to move
away from their positions at any given initial configu-
ration. In turn, we have also learnt that the V4 indi-
cator provides us with the ability to properly classify
the local structure of the water molecules. Thus, in this
section we will seek for correlations between both quan-
tities in order to elucidate the existence of a clear link
between structure and dynamics for water in the glassy
regime. Thus, starting from a given initial configuration
we classify the molecules as T, D and F at such initial
configuration (time t = 0) and calculate their dynamic
propensity distributions for the time interval that goes
from t = 0 to the time of the structural or α relaxation
time, t = τα. (We recall that F molecules are in fact
a subset of the T molecules; they are well-structured
molecules that would be misclassified as unstructured
on the basis of merely structural considerations).

Figure 3 shows the results. It is evident that the
propensity distribution of the T molecules is centered
at lower values as compared to that for the D molecules.
Thus, the well-structured molecules indeed display, on
average, a markedly lower mobility tendency than the
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Fig. 3 Propensity distribution for the time interval (t =
0, t = τα) for the T, D and F molecules (SPC/E water
for T = 210 K, left, and T = 240 K, right). We measure
dynamic propensity in units of Å2. The curves are not nor-
malized in order to evidence the relative abundances. The
sum of the three curves gives the full normalized propensity
distribution

Fig. 4 V4 distribution for the molecules with the 10%
highest and 10% lowest propensity for SPC/E water for
T = 210 K (left) and T = 240 K (right). The distributions
for all the water molecules are also included for comparison

unstructured ones. In turn, we note that the propen-
sity distribution for the F molecules is very similar
to the one for the T ones, again confirming the fact
that the F molecules are just thermally excited T
molecules. This reinforces the relevance of not over-
estimating the unstructured state by including merely
thermally deformed molecules. If a portion of the T-
state would be misclassified, as the existence of the F
molecules reveals, the signs of the correlation between
structure and dynamics would be spoiled or even com-
pletely blurred. Thus, from now on, we shall just focus
on T and D molecules, that is, molecules classified with
the V4 distribution at the inherent dynamics.

In turn, in Fig. 4 we show the V4 distributions (at
the IS level) for the molecules with highest and lowest
dynamic propensity values. Since the propensity distri-
bution is not bimodal, at variance form the V4 distribu-
tion, we choose as high-propensity molecules the ones
that present the 10% highest values, while we term as
low-propensity molecules the ones that are within the
10% lowest values. From Fig. 4, it is evident that the
low-propensity molecules are almost all well-structured
(the distribution virtually includes no D molecules),
while the high-propensity ones significantly enrich their
population in D molecules as compared to the global V4

distribution, that is, the one for all the water molecules.
This, in accord with the results of Fig. 3, also speaks
of the existence of a correlation between local structure
and dynamics, a link that emerges clearly only when
the water molecules are classified in a correct manner.

In general, the population of F molecules (molecules
that would be classified as D in the real dynamics, RD,
but that become T after minimizing, that is, at the
Inherent Structures, IS) is significant. That is, many
molecules change identity when applying the V4 index
at the RD or IS . However, we expect that the change
in identity for the molecules within the 10% highest
(or 10% lowest) propensity set would be less frequent.
At T = 210K, we have that globally 6% of the water
molecules are D and 94% are T molecules (at the IS).
For the 10% highest propensity set of molecules, we
are interested mainly in the D molecules (more mobile
should correlate with unstructured). For this subset, we
have that 17% of them are D at the IS (this makes sense
since the defects are scarce, see also Fig. 4). And all of
them are also D when we use the V4 index at the RD,
that is, they conserve identity by passing form IS to
RD. We also find that 94% of them are also classified
as unstructured by the LSI index at the IS (low LSI
values; for the LSI calculation procedure, please see [34,
35]). In turn, for the subset of molecules within the 10%
lowest propensity, we are interested in the structured
molecules (T, that should be less mobile). Interestingly,
99% of this subset is T at the IS (in agreement with
Fig. 4) and 88% of them still keep being T at the RD.
However, only 58% of them are classified as structured
by the LSI index at the IS (molecules with high LSI), a
fact that again speaks of the overestimation this index
makes of the unstructured state.

To further illustrate the link between local struc-
ture and dynamics, in Fig. 5 we correlate V4 with
the dynamic propensity measure for T = 210K and
T=240K. The contour plots present the full data (they
also contain the more restricted information which we
have used in Figs. 3 and 4) and thus provide us with
further interesting insights. First of all, it is evident
that the regions of the T (large spot in Fig. 5) and D
(small spot in Fig. 5) molecules are centered at different
dynamical propensity values, with the D ones located at
the right (higher dynamic propensity values). In turn,
there are no significant correlations between V4 values
and dynamic propensity within each of the two regions
of Fig. 5. Thus, the behavior is found to be rather dig-
ital: While the degree of structural order or potential
energy within a molecular class does not present a sig-
nificant influence on dynamic propensity, an evident
increase is indeed expected, on average, when chang-
ing from the T to the D class, that is, upon becoming
a defect. Another interesting observation is that the
molecules within the 10% lowest propensity set (values
below the first vertical line) are exclusively T molecules.
That is, this region made up of very slow or highly con-
strained molecules contains only low-V4 well-structured
molecules which form four good HBs and, thus, have
low local energy as compared to the D ones. A pre-
vious interesting work [25] had sought for correlations
between potential energy and dynamic propensity in
supercooled water. But given the poor results with the
instantaneous potential energy, an isoconfigurational-
ensemble averaged potential energy, that is, a poten-
tial energy propensity (a measure that does not rely
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Fig. 5 Contour plots of the correlation of V4 and dynamic
propensity for SPC/E water for T = 210 K (top) and
T = 240 K (bottom). In each case, the horizontal line indi-
cates the threshold to classify molecules as T and D, while
the vertical lines indicate the values that define the 10% low-
est propensity molecules, the mean propensity and the 10%
highest propensity molecules. In both cases, the large spot
at lowest V4 values (the region with the highest population)
is that of the structured, T molecules, while the small spot
contains the unstructured, or D ones

only on the initial structure but that is averaged over a
certain number of configurations during the relaxation
dynamics of the different IC runs) had to be employed
to characterize the potential energy of the molecules. In
such work, a correlation between low potential energy
molecules and low dynamic propensity was found (in
accord with our results), while no correlation could be
found at the other side of the energy spectrum (high-
potential-energy molecules did not correlate with high
dynamic propensity) [25]. However, Fig. 5 shows that
the D molecules (small spot in the contour plot) indeed
reside in the region of high dynamic propensity: above
the mean propensity value also enriching their con-
tribution to the region of the 10% highest propensity
molecules. This correlation between structural defects
and molecular mobility in water’s relaxation dynamics
is now evident thanks to the fact that we are furnished
with a structural indicator with an accurate classifica-
tion capability, the V4 index. Moreover, we recall that
we have had no need to resort to an isoconfigurational-
ensemble averaged quantity (that is, a propensity-based
quantity that explicitly includes dynamical information
in its definition) in order to quantify the local molecular
structure or the molecular potential energy. Instead, V4

is a direct structural measure which is indeed calculated
solely at the initial structural configuration.

In turn, in Fig. 6 and to better illustrate the results,
we provide three-dimensional plots for a typical config-
uration at T = 201K. We show the same view of the box

Fig. 6 Three-dimensional plot of the same typical config-
uration at T = 210 K (we show the same view of the sim-
ulation box in all cases; for simplicity, water molecules are
represented by spheres). a 3D plot with molecules classi-
fied according to their molecular kind: D in red, F in green
and T in blue; b propensity classes: All the molecules with
dynamic propensity higher than the mean value are shown
in red color (the ones with the 10% highest values colored in
dark red and the rest in light red), while the molecules with
propensity values lower than the mean are shown in blue
(dark blue for the ones with the 10% lower values and light
blue otherwise); c D molecules, colored in red if they have
a propensity value higher than the mean or gray otherwise;
d molecules within the 10 percent lowest propensity values
colored in blue if they are T or F molecules while depicted
in gray otherwise (in this case none of them is D so there
are no molecules in gray color)

but illustrating four instances: Fig. 6a shows the differ-
ent molecular kinds for all the molecules in the box;
Fig. 6b shows the different propensity classes; Fig. 6c
depicts the D molecules classified by their propensity;
and Fig. 6d shows the molecules within the 10% low-
est propensity values classified according to their struc-
tural class defined by V4. Direct inspection of Fig. 6
b) shows certain clustering tendency for the molecules
with high and low propensity, while Fig. 6c shows
that D molecules are clearly enriched in high propen-
sity values, and Fig. 6d shows the great dominance of
structured molecules for the ones with the 10% lowest
propensity (in this case none of them is D). All this is
consistent with the results shown in our previous fig-
ures.

Finally, while the former results imply that the local
structure does indeed exert an influence on the subse-
quent dynamics of the water molecules, it is also inter-
esting to determine the timescale of such influence.
In other words, we now wish to study how long the
memory of the initial structure persists on molecular
mobility. It is well established that the glassy relax-
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Fig. 7 Function m(t, t+θ) with θ = 10ps for a portion of a
typical run at T = 210 K, showing the fraction of molecules
that have moved more than 1Å in each time interval. We
also include the three-dimensional plot for the time when
a d-cluster occurs (t = 18, 490 ps) and for a time when
the system displays a typical relaxation behavior (in each
case we indicate in red the water molecules that have moved
more than 1Å in the corresponding 10ps time window)

ation regime for a supercooled liquid is governed by the
presence of dynamical heterogeneities: The existence of
regions of the sample that relax faster than the others,
a phenomenon that is maximum at a timescale that
lies within the α relaxation time [4,6,8–10,14]. Within
this scenario, our group has shown in the past that
the local relaxation proceeds by means of fast collec-
tive movements of particles arranged in relatively com-
pact clusters, called d-clusters, that drive the system
from one local metabasin of its potential energy land-
scape to a neighboring one [10–14,19,20]. In Fig. 7, we
show an example of a typical d-cluster for a portion
of one of the water trajectories at T=210 K. We show
the function m(t, t + θ), for θ = 10ps (the fraction of
molecules that have moved more than 1Å in consecutive
time intervals of 10 ps, a timescale close to 1% of the
α relaxation time at this temperature). While most of
the time this function presents low values (the system
does not exhibit significant mobility), the existence of
a clear peak is evident at t=18490 ps indicating that
the system is undergoing a significant mobility event,
a d-cluster. We also include the three-dimensional plot
of this d-cluster event (depicting the mobile molecules,
that is, the ones that moved more than 1Å in 10 ps) and
an example of a typical time window when no d-cluster
occurs (few molecules moved more than 1Å in 10 ps).

Additionally, we have shown for a model glass former
(binary Lennard–Jones mixture) that the occurrence of
a d-cluster decorrelates the dynamic propensity map,
that is, the initially high-propensity molecules cease to
be so upon the occurrence of a d-cluster event and are
then replaced by a new set of high-propensity particles
[19,21–23]. The description that emerges is that the ini-
tially high-propensity particles are less retained at their
original positions within the initial configuration and
thus display an enhanced tendency to move away from
them in all the different IC runs. These isolated uncon-
certed movements are not successful for some time until

these molecules are able to perform a coherent collective
movement, a d-cluster. However, each IC run develops
a somewhat different d-cluster, each run at a differ-
ent time within the α relaxation time. The d-cluster, in
turn, makes the system to abandon the local metabasin
where it had been confined so far, so that the particles
are finally able to relax their local environments. Thus,
the particles which exhibited a high dynamic propensity
value at the initial configuration are then replaced by a
new set of high-propensity particles for the trajectory
under consideration. However, this structural decorre-
lation process has not been amenable of a direct study
in model glass formers like the binary Lennard-Jones
mixture, since the way to define a well-structured or an
unstructured local environment for the particles is not
obvious for such systems. Provided the accurate struc-
tural classification capability of the V4 index, water rep-
resents a proper system where to tackle this problem by
determining the duration of the high-propensity char-
acter of unstructured molecules. To this end, we classify
water molecules as T and D exclusively at a given ini-
tial configuration (that is, t = 0, the common origin
of the different IC trajectories), and we now compute
propensity measures on different time intervals. Specif-
ically, we divide the whole time interval [t = 0, t = τα]
into ten equally spaced time intervals and we calculate:

DPt(i, j) =< Δr2i (j) >IC , where Δr2i (j) = (ri(t =
(j/10)τα)−ri(t = ((j −1)/10)τα))2, with j = 1, 2, ...10.

In other words, we calculate dynamic propensity val-
ues for the ten time intervals, each one of equal dura-
tion (1/10)τα: In each case, we measure the squared
displacements of the particles during the corresponding
time interval, and we average over all the trajectories of
the IC. However, we recall that, while propensity is cal-
culated within different time intervals, all the IC runs
start, as always, at t = 0, the same starting configura-
tion where molecules are classified as D or T. We then
proceed to average the propensity values (we average
over all the i molecules) in order to get the function
ADPt(j).

Figure 8 shows ADPt(j) as a function of j, by dis-
criminating the behavior for T and D molecules (we
average over T and D molecules separately). As the
index j increments, it means that the calculation of the
dynamic propensity is performed over a (always equal
duration) time interval that is progressively shifted
toward τα. We show the results at T = 210K since
the propensity distribution is broader (more heteroge-
neous) as temperature decreases, but similar results are
obtained for T = 240K. In accord with the results
of Fig. 3, the curves show that the dynamic propen-
sity values for the D molecules at the first time inter-
vals are higher than that for the T molecules. However,
as time increases (as we calculate propensity for time
intervals whose beginning moves toward τα), the aver-
age dynamic propensity of the D molecules decreases
toward that of the T molecules and the difference prac-
tically vanishes before τα. The T molecules, in turn,
display a practically constant value, making evident the
fact that they are not relevant in terms of the structural
relaxation events. On the contrary, the decreasing value
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Fig. 8 The function ADPt(j) calculated for the T and D
molecules (classified at the initial configuration) for SPC/E
water and T = 210 K as a function of time (an increase
in the value of the index j corresponds to a time interval
located at a later time, that is, the time interval of length
τα/10, is shifted in (j − 1)τα/10). Error bars are indicated
in the graph

of ADPt with j for the D molecules implies that these
molecules are indeed the main actors in terms of the
structural relaxation, that is, they are the molecules
that mainly take part in d-cluster events. Each IC tra-
jectory presents a d-cluster event at a different time
involving a subset of all the initial D molecules. Once
the d-cluster has occurred, the structural constraints
of the initial configuration are modified and, thus, the
high-propensity molecules cease to present an enhanced
mobility for the corresponding IC trajectory at such
time. As time increases toward τα, more and more IC
runs have produced a d-cluster and, thus, the value of
ADPt for the D molecules continues falling toward that
of the T molecules.

4 Conclusions

In the present work, we employed the V4 water struc-
tural indicator (a new energy-based index recently
introduced by our group) and correlated it with the
dynamic propensity of the water molecules (their ten-
dency to be mobile) within the supercooled regime.
First, we showed that a merely geometrically based
structural classification (as most previous structural
indicators, like the local structure index or LSI, employ)
may overestimate the population of the distorted state.
To this end, we classified molecules as tetrahedral (T)
and distorted (D) ones, but also identified a subclass
within the T ones, namely the F molecules. The F
molecules look much like D ones on geometrical terms,
but we showed them to represent merely thermally
deformed structures that nonetheless belong to a T
energy basin (when the thermal noise is removed by
means of an energy minimization). Thus, F molecules
should not be confused with truly distorted molecules
or defects, the D ones. This fact was made evident form

the analysis of the radial distribution functions of F
molecules, which showed a great similarity to the ones
for the T molecules and a clear difference form that of
the D ones. We also showed that the F molecules dis-
play a dynamic propensity distribution very similar to
that of the T ones, revealing that they are less prone
to mobility than the D molecules and further revealing
that they are indeed a subset of the T molecules. A
recent work provided very interesting evidences point-
ing to the crucial role of the network connection (and
percolation) of molecules of the same class [70]. Thus,
it would be interesting to pursue a similar analysis with
this new classification scheme. However, we must note
that D molecules tend to be a small fraction of the sys-
tem (more at low temperatures) and, while they show
certain clustering tendency [63], are mostly surrounded
by T molecules. Thus, while T and D molecules indi-
cate two different molecular arrangements, the LDA-
like state is expected to be virtually purely composed
of T molecules, while the HDA-like state consists of a
mixture of T and D molecules [63] (LDA refers to low
density amorphous ice and HDA to high density amor-
phous ice). Hence, a proper two-state picture of water
might not be simply based on single-molecule proper-
ties but, instead, on two different local multi-molecule
environments: one almost purely tetrahedral (only T)
and one distorted (T and D) [63]. We plan to perform
further work in this direction.

In turn, we showed that the T molecules exhibit
a dynamic propensity distribution peaked at a lower
value than that of the D molecules, thus making evi-
dent the existence of a firm link between structure
and dynamics for the glassy regime of water. We also
analyzed the V4 distributions of the sets of molecules
with highest and lowest propensity values to confirm
that they are clearly enriched in D and T molecules,
respectively. Finally, being furnished for the first time
with an accurate molecular classification tool (V4) we
were able to define a new dynamic propensity mea-
sure in order to study the timescale of the influence
of the local structure on the dynamics. In doing so,
we found that the initial variance of structural con-
straints decreases in time to fade out within the struc-
tural or α relaxation time. This enabled the follow-
ing molecular picture of the mutual interplay between
structure and dynamics in water’s glassy relaxation:
Any given configuration is characterized by the pres-
ence of initially high-propensity molecules. This set of
molecules contains both T (structured) and D (unstruc-
tured) molecules, but is clearly enriched in D as com-
pared to the global composition. In turn, the set of low-
est propensity molecules (which are rather immobile
for the timescale under consideration) contains only T
molecules (virtually no defects, D). The high-propensity
molecules are uncomfortable at their initial positions
and, thus, try to move away from them in the different
runs of the isoconfigurational ensemble, IC. However,
these individual movements do not succeed to locally
relax the system until a coherent concerted motion of
the different molecules occur, the so-called d-cluster.
Upon such expedient, the system is then able to aban-
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don the local metabasin of the potential energy land-
scape where it had been confined so far and the ini-
tial local structural constraints are thus recast. Since
the d-clusters for the distinct IC runs occur at different
times within the α relaxation time, it is only at such
timescale that the memory from the initial structure is
completely lost, as can be learnt form the decay of the
dynamic propensity of the defective D molecules at time
intervals close to τα. Then, a different set of molecules is
subject to looser local structural constraints that affect
their ulterior dynamical behavior, thus becoming the
new high-propensity molecules.

To summarize, in this work we showed that molec-
ular motion in supercooled water is indeed condi-
tioned by the local structure, with defects (distorted,
D molecules) playing a dominant role in the relaxation
dynamics. In turn, we revealed that the duration of such
influence of structure on dynamics is local in time, fad-
ing out at a timescale commensurate with the α relax-
ation time.
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