
J. Chem. Phys. 154, 094708 (2021); https://doi.org/10.1063/5.0039693 154, 094708

© 2021 Author(s).

Supercooled liquid-like dynamics in water
near a fully hydrated titania surface:
Decoupling of rotational and translational
diffusion
Cite as: J. Chem. Phys. 154, 094708 (2021); https://doi.org/10.1063/5.0039693
Submitted: 05 December 2020 . Accepted: 01 February 2021 . Published Online: 02 March 2021

 Lorenzo Agosta, Mikhail Dzugutov, and  Kersti Hermansson

COLLECTIONS

Paper published as part of the special topic on Special Collection in Honor of Women in Chemical Physics and

Physical Chemistry

ARTICLES YOU MAY BE INTERESTED IN

Classical molecular dynamics
The Journal of Chemical Physics 154, 100401 (2021); https://doi.org/10.1063/5.0045455

When do short-range atomistic machine-learning models fall short?
The Journal of Chemical Physics 154, 034111 (2021); https://doi.org/10.1063/5.0031215

Relations between thermodynamics, structures, and dynamics for modified water models
in their supercooled regimes
The Journal of Chemical Physics 154, 054502 (2021); https://doi.org/10.1063/5.0037080

https://images.scitation.org/redirect.spark?MID=176720&plid=1401534&setID=378408&channelID=0&CID=496958&banID=520310234&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=ed5dd4029e63a2f75704dfd96619305ac85f9c8d&location=
https://doi.org/10.1063/5.0039693
https://doi.org/10.1063/5.0039693
http://orcid.org/0000-0002-9778-5275
https://aip.scitation.org/author/Agosta%2C+Lorenzo
https://aip.scitation.org/author/Dzugutov%2C+Mikhail
http://orcid.org/0000-0003-2352-0458
https://aip.scitation.org/author/Hermansson%2C+Kersti
/topic/special-collections/wcp2020?SeriesKey=jcp
/topic/special-collections/wcp2020?SeriesKey=jcp
https://doi.org/10.1063/5.0039693
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0039693
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0039693&domain=aip.scitation.org&date_stamp=2021-03-02
https://aip.scitation.org/doi/10.1063/5.0045455
https://doi.org/10.1063/5.0045455
https://aip.scitation.org/doi/10.1063/5.0031215
https://doi.org/10.1063/5.0031215
https://aip.scitation.org/doi/10.1063/5.0037080
https://aip.scitation.org/doi/10.1063/5.0037080
https://doi.org/10.1063/5.0037080


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

Supercooled liquid-like dynamics in water near
a fully hydrated titania surface: Decoupling
of rotational and translational diffusion

Cite as: J. Chem. Phys. 154, 094708 (2021); doi: 10.1063/5.0039693
Submitted: 5 December 2020 • Accepted: 1 February 2021 •
Published Online: 2 March 2021

Lorenzo Agosta, Mikhail Dzugutov, and Kersti Hermanssona)

AFFILIATIONS

Department of Chemistry-Ångström, Uppsala University, S-75121 Uppsala, Sweden

Note: This paper is part of the JCP Special Collection in Honor of Women in Chemical Physics and Physical Chemistry.
a)Author to whom correspondence should be addressed: kersti@kemi.uu.se

ABSTRACT
We report an ab initio molecular dynamics (MD) simulation investigating the effect of a fully hydrated surface of TiO2 on the water dynam-
ics. It is found that the universal relation between the rotational and translational diffusion characteristics of bulk water is broken in the
water layers near the surface with the rotational diffusion demonstrating progressive retardation relative to the translational diffusion when
approaching the surface. This kind of rotation–translation decoupling has so far only been observed in the supercooled liquids approach-
ing glass transition, and its observation in water at a normal liquid temperature is of conceptual interest. This finding is also of interest for
the application-significant studies of the water interaction with fully hydrated nanoparticles. We note that this is the first observation of
rotation–translation decoupling in an ab initio MD simulation of water.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0039693., s

I. INTRODUCTION

This study represents two extensive and traditionally unrelated
research fields: water–solid interfaces and the dynamical anomalies
commonly observed in supercooled liquids. We investigate water
dynamics at a fully hydrated titanium oxide (TiO2, titania) surface.
Metal oxide–water interfaces have been investigated with a large
number of experimental and computational techniques in the lit-
erature in order to address, for example, their catalytic power and
adsorption properties.1,2 Clean metal oxide surfaces expose under-
coordinated metal atoms where water molecules adsorb in order to
re-establish the natural coordination of the solid bulk phase.2,3 The
adsorbed water molecules then affect the structure and dynamics of
the overlying water, resulting in complex and densely packed layered
structures.4 In this way, an adsorbed water film regulates, for exam-
ple, the adsorption of biological adsorbants5–8 with application to
nanotoxicology9 and nanomedicine.10 Recent simulations of water
films on titania11,12 showed that the water self-diffusion gradually
decreased toward the surface, while it was found to reach the bulk

water value at about 1 nm–2 nm from the surface (depending on the
titania phase and facet). This is consistent with results presented in a
review on water self-diffusion in confined water by Tsimpanogiannis
et al.,4 where examples of constrained interfacial water with reduced
mobility extending up to several nanometers from the oxide surfaces
were discussed.

Confined water has also been suggested as a possible model
for the well-known anomalies of supercooled liquid water includ-
ing the super-Arrhenius slowing down of the diffusion and relax-
ation dynamics upon cooling.13,14 This was discussed for porous
materials and microemulsions in Ref. 15. Enhanced slowing down
of water on cooling has also been reported for metal oxide water
interfaces. Thus, it was found16 from quasi-elastic neutron scatter-
ing (QENS) and molecular dynamics (MD) simulations that the
hydration water dynamics at TiO2 nano-surfaces exhibits a super-
Arrhenius behavior characteristic of supercooled water. This sug-
gests that the dynamical slowing down of water at the TiO2 sur-
face might also be accompanied by other characteristic anomalies
observed in the bulk supercooled liquid state. In this paper, we
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explore this possibility by investigating a typical dynamical anomaly
observed in supercooled water: the decoupling between rotational
and translational diffusion where the latter is enhanced with respect
to the former.

It is particularly challenging to investigate such an analogy
between surface-induced dynamical perturbations and the super-
cooled liquid state using experimental techniques because of their
inability to probe the solid–liquid interface in terms of single-
molecule motions. Here we will use molecular dynamics (MD) sim-
ulations as they can provide unique insights into the molecular
mechanisms of translational and rotational water dynamics at the
interface.

One of the most puzzling anomalies of supercooled water is
the decoupling between the translational and rotational diffusion
defined as the deviation from the universal relation between these
two kinds of diffusion.17–21 This universality follows from the hydro-
dynamic arguments describing the diffusion of a macroscopic par-
ticle in a solvent, and it is expressed by the Stokes–Einstein and the
Stokes–Einstein–Debye relations, namely,

Dtr =
kBT

6πηR
, Drot =

kBT
8πηR3 , (1)

where Dtr is the translational diffusion coefficient, Drot is the rota-
tional diffusion coefficient, η is the ambient liquid viscosity, and
R is the sphere radius. These relations imply that Dtr/Drot = 3R2/2
is a constant independent of the temperature and viscosity. Sur-
prisingly, this purely hydrodynamic model happens to universally
hold when describing the molecular diffusion in the normal liq-
uid state. However, this law was found to be violated in the super-
cooled liquids approaching liquid–glass transition where the rota-
tional diffusion slows down more drastically than the translational
diffusion.18,22,23

The nature and the origin of this anomaly still elude compre-
hensive understanding despite the intensive research efforts includ-
ing both real experiments and computer simulations.

In this article, we report an ab initio molecular dynamics sim-
ulation study investigating the relationship between rotational and
translation diffusion in water at a fully hydrated surface of TiO2.

It is found that the universal relation between Drot and Dtr that
is predicted by the Stokes–Einstein and Stokes–Einstein–Debye rela-
tions, and is the characteristics of the normal bulk water diffusion,
is broken in the water layers close to the TiO2 surface. In particu-
lar, we find that the translational diffusion demonstrates progressive
enhancement relative to the rotational diffusion when approaching
the surface. The water molecules in the layers close to the surface
translate further for every rotation than in the bulk water. This effect
is confined to the first three water layers from the surface, while the
dynamics in the fourth layer is indistinguishable from that in the
bulk water. The analysis of the diffusion using space–time correla-
tion functions demonstrates that the decoupling is a result of jumps
induced in the lateral translational diffusion by the proximity of the
TiO2 surface.

The conceptual significance of this finding is that it is the
first demonstration that the enhancement of the translational dif-
fusion relative to the rotational diffusion characteristic of super-
cooled water can be observed at normal liquid temperature when

induced by the proximity of the fully hydrated adsorbing surface.
These conditions provide new insight into the mechanism of the
decoupling anomaly. We note that translation–rotation decoupling
was observed in water under confinement24,25 and at a protein sur-
face.26 In both cases, it was characterized by the enhancement of the
rotational diffusion relative to the translational diffusion, in contrast
to the present result where we observe the opposite effect charac-
teristic of supercooled water. We also note that this study is the
first ab initio simulation of water demonstrating supercooled water
anomalies.

II. SYSTEM AND AIMD METHOD
We have analyzed the dynamic behavior of water at a TiO2

anatase (101) slab under full hydration, exploiting MD trajecto-
ries available from earlier studies.11,27 Simulation data for liquid
bulk water were analyzed for reference. We explain the significant
details of the model here for completeness and convenience of the
reader.

A pristine surface was built from the repetition of 4 × 3 × 3
unit cells of anatase TiO2. The simulated periodic box (10.37 × 11.42
× 40.0 Å3) was filled with water molecules reproducing the den-
sity of liquid water under ambient conditions (cf. Fig. 1). The
simulation was performed in the context of Born–Oppenheimer
ab initio MD (AIMD) as implemented in CP2K software.28 Den-
sity functional theory (DFT) with the Becke-Lee-Yang-Parr (BLYP)
functional29,30 in combination with D3 dispersion correction of
Grimme31 was used in order to reproduce the liquid properties

FIG. 1. Fully hydrated TiO2 anatase (101) surface. Blue, orange, and white colors
represent titanium, oxygen, and hydrogen atoms, respectively. Water layers L2,
L3, and L4 along the perpendicular direction to the surface are highlighted in red,
green, and blue. Water molecules belonging to L1 are strongly bonded to the five
coordinated Ti[5] atoms. They are essentially immobile and are thus considered as
part of the surface in this study (see the text).
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of water.32 Norm-conserving pseudopotentials of Goedecker, Teter,
and Hutter33,34 and a double-ζ Gaussian basis set with polarization
functions (DZVP)35 were used in order to describe the core and
valence electrons, respectively. The simulation was run in an NVT
ensemble for 50 ps integrating the equations of motion with a time
step of 0.5 fs. The temperature was kept at 310 K by the Bussi ther-
mostat with a time constant of 0.1 ps.36 As referred to above, we also
simulated bulk water using a system of 128 water molecules confined
to a periodic cubic box with the same settings.37

The simulated water slab exhibits a transverse density profile
that reveals the formation of four domains of layered water parallel
to the TiO2 surface.11,12 We define each layer as the space domain
confined between two minima in the density profile in the dimen-
sion perpendicular to the surface. The layers are denoted as Li, where
L1 is closest to the surface (Fig. 1) and contains the water molecules
that chemically adsorb to five-coordinated Ti atoms (Ti[5]). They
are strongly bound to the surface and do not diffuse; thus, they are
considered as part of the surface itself in our analyses of water diffu-
sional dynamics. The second layer (L2) consists of water molecules
that adsorb on the bridging oxygen sites (Obr) and the first layer of
water molecules by strong hydrogen bond,12,38,39 and the third layer
(L3) is composed of water molecules H-bonded to the second layer.
Finally, the fourth layer (L4) shows a homogeneous density profile
characteristic of bulk water, apparently losing the correlation with
the TiO2 surface.

III. CALCULATION OF DIFFUSION PROPERTIES
A. Lateral translational diffusion

We measure the lateral translational diffusion within a layer
Li in terms of the mean-square displacement (MSD) of a water
molecule ⟨Δr2⟩

i
within time t in the plane parallel to the layer.40 We

identify N i(t) trajectories of the molecules that remain in the layer
Li for time t (the trajectories were allowed to leave the layer within a
margin of 0.2 Å). We note that N i(t) may exceed the total number of
the molecules in the system since a molecule can repeatedly re-enter
the layer,

⟨Δr2(t)⟩Li =
1

Ni(t)

Ni(t)

∑
j=1
⟨(rij(t) − rij(0))2⟩. (2)

Then, the lateral diffusion coefficient within the layer can be
estimated from the asymptotically linear behavior of the MSD,

Dtr = lim
t→∞
⟨Δr(t)2⟩/4t. (3)

B. Rotational diffusion
In a similar way, the rotational mean-square displacement

(MSR) of the water molecules confined to the layer Li within the time
interval ti is defined as

⟨Δϕ(t)2⟩i = (1/Ni(t))
Ni(t)

∑
j=1

Δϕj(t)
2, (4)

where the rotation angle of a particle j within time t is calculated by
integrating the instantaneous angular velocity vector ωj(t),

Δϕ(t)j = ∫
t

0
ωj(τ)dτ. (5)

The rotational diffusion constant can be estimated from the
asymptotically linear time behavior of the MSR as

Drot = lim
t→∞
⟨Δϕ(t)2⟩/4t. (6)

Alternatively, the rate of the rotational diffusion can be esti-
mated as 1/τl where τl is the relaxation time of the rotational
correlation function,

Cl(t) =
1
N

N

∑
j=1
⟨Pl(uj(t)uj(0))⟩. (7)

Here, Pl is the Legendre polynomial of order l and uj is the nor-
malized vector bisecting the ĤOH angle of the jth water molecule,
defining its orientation. The Debye approximation assumes that the
reorientation of molecules proceeds in small steps. It predicts that
these correlation functions decay exponentially,

Cl(t) = exp[−l(l + 1)Drott], (8)

and the relaxation time is supposed to be related to the rotational dif-
fusion constant as τ−1

l = l(l + 1)Drot . Deviations from this rotational
diffusion mechanism were reported for water.21

C. Description of diffusion in terms of Van Hove
correlation functions

The Van Hove correlation function is defined as the probabil-
ity of finding a particle at position r at time t, given that there was
a particle at the origin at time t = 0. The diffusion dynamics in liq-
uids can be conveniently described in terms of the self-part of the
time-dependent Van Hove distribution function. For translational
diffusion, this function is defined as

Gs(r, t) = ⟨
1
N

N

∑
j=1

δ(∣rj(t) − rj(0)∣ − r)⟩, (9)

where ⟨⟩ indicates the ensemble averaging. In the case of two-
dimensional lateral translational diffusion within a layer, the prob-
ability of finding a molecule after time t at the distance r from its
initial position at time t = 0 is 2πrGs(r, t).

Its counterpart for rotation, the Van Hove distribution function
describing rotational diffusion, can be then defined as

Gs(ϕ, t) = ⟨ 1
N

N

∑
j=1

δ(∣ϕj(t) − ϕj(0)∣ − ϕ)⟩. (10)

Accordingly, the probability of having a molecule that per-
formed angular displacement ϕ after time t is 4πϕ2Gs(ϕ, t).
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At sufficiently long times, when the diffusion equation holds,
the distribution of displacements can be approximated by a Gaussian
form. For the two-dimensional translational diffusion, it is

GG(r, t) =
1

(4π⟨r2(t)⟩) exp[−r2/⟨r2(t)⟩]. (11)

In analogy, the distribution of angular displacement also con-
verges to a Gaussian form at long times,

GG(ϕ, t) = [ 3
2π⟨ϕ2(t)⟩]

3/2

exp[−3ϕ2/2⟨ϕ2(t)⟩]. (12)

The deviations of these Van Hove correlation functions from the
Gaussian approximations at the intermediate time-scale reveal the
diffusion mechanism.

IV. RESULTS AND DISCUSSION
A. Layer-resolved translational and rotational
diffusion

Figure 2 shows MSD and MSR [Eqs. (2) and (4)] as a function
of time for the water layers L2, L3, and L4 above the TiO2 surface
as well as for bulk water. The diffusion in L1 is blocked by adsorp-
tion and was not considered. The results clearly demonstrate that
both the lateral translational diffusion and the rotational diffusion
in L4 behave as bulk water in the long-time limit and that both
types of diffusion dynamics progressively slow down closer to the
surface.

Figure 3 shows C1(t) and C2(t) [Eq. (8)] for the layers and
for the bulk water, respectively. These correlation functions exhibit
the same tendency that was observed for the MSR results in Fig. 2:
the rotational dynamics slows down when approaching the TiO2
surface.

Both rotational correlation functions shown in Fig. 3 demon-
strate an apparently mono-exponential decay consistent with Eq. (8).
The equation predicts that τ1/τ2 = 3, and verifying this prediction
represents a stringent test for the Debye model. Smaller values for
this ratio in water have been observed in earlier studies,21,41–43 and it
was interpreted as evidence of the presence of large-amplitude angu-
lar jumps in the reorientational dynamics of water molecules.44–46

This ratio can be estimated from the asymptotically exponential
behavior of the rotational correlation functions as lnC2(t)/lnC1(t).
All the curves plotted in Fig. 3(c) for the layers and bulk water con-
verge in the long-time limit into one and the same value, namely,
τ1/τ2 ≈ 2 (see also Table I). This numerical result is in a good
agreement with the earlier simulations of normal liquid water using
classical42,46 or ab initio43 models.

In summary, we have established so far that (i) the water
dynamics demonstrates slowing down as induced by the proxim-
ity of the TiO2 surface and that this is true both for the lateral
translation and the rotational motion; (ii) in the fourth layer, which
corresponds to the distance of about 8 Å from the surface, both lat-
eral translational and rotational dynamics become indistinguishable
from those in bulk water in the long-time limit; (iii) the rotational

FIG. 2. (a) MSD and (b) MSR for the layers and the bulk water. The short-time
plateaus at (b) manifest libration dynamics.23 The different libration amplitudes
in the layers and the bulk water can be related to the difference in the periodic
boundaries.37

diffusion proceeds by jumps, but the dynamics of the reorienta-
tional jumps does not depend on the layer. Next we investigate the
layer-dependence of another dynamical feature observed in super-
cooled water, namely, rotation–translation decoupling. This phe-
nomenon and its conceptual implications will be discussed in the
next sub-section.

B. Rotation–translation decoupling
Rotation–translation decoupling is one of the established

anomaly characteristics of supercooled bulk water, as mentioned
in the Introduction. This phenomenon is commonly discussed in
terms of the ratio Drot/Dtr [the diffusion constants were defined in
Eqs. (6) and (3)]. However, it has been concluded in the literature46

that the concept of the rotational diffusion constant defined from
the Einstein formulation [Eq. (4)] is inadequate for the description
of the reorientational dynamics in supercooled liquids because of
the presence of large angular jumps. Moreover, the ratio Drot/Dtr
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FIG. 3. The reorientation correlators (a) C1 and (b) C2 in different layers and in
bulk water. (c) ln(C2)/ln(C1) converging asymptotically to τ1/τ2 ≈ 2.

has been found to be inconsistent with (τlDtr)−1 in reported studies
of rotation–translation decoupling in supercooled bulk water sim-
ulated using classical models.17 A qualitatively similar result was
observed in the simulation of ortho-terphenyl molecular liquid.22

TABLE I. Relaxation times and their respective ratios. The values are estimated from
Figs. 3(a) and 3(b) within a fitting error of ±5%.

τ1 (ps) τ2 (ps) τ1/τ2

L2 88.5 45.5 1.94
L3 25.3 12.1 2.1
L4 11.1 5.7 1.9
Bulk 11.3 5.4 2.1

Therefore, we avoid here using Drot/Dtr as a measure of rotation–
translation decoupling. Instead, we directly compare rotational dif-
fusion with translational diffusion by plotting MSR and Cl for each
layer as well as for bulk water as a function of MSD.47,48

Inspection of Fig. 4 shows that the universal relation between
the translational and rotational diffusion characteristics of normal
bulk water is broken by the proximity of the TiO2 surface. The
translational diffusion is seen to become progressively enhanced rel-
ative to the rotational diffusion for layers closer to the surface. This
effect is demonstrated by both MSR and Cl for the layers L2 and
L3, whereas the long-time behavior of layer L4 is indistinguishable
from that of bulk water. Thus, the molecules within L2 translate fur-
ther for each rotation than the molecules in the bulk water (and in
L4). This is equivalent to demonstrating that the dynamical slow-
ing down in the layers close to the TiO2 surface is accompanied
by rotation–translation decoupling. L3 exhibits less pronounced
decoupling.

It is also significant that the same decoupling effect is observed
using different probes of the rotational diffusion (Drot/Dtr and τl).
This is in contrast to earlier (classical) simulations of supercooled
liquids where some probe-dependence was observed.17,22 Finally, we
remark that the opposite effect, the enhancement of rotational dif-
fusion with respect to translational diffusion, was observed in water
under hard confinement.24,25

C. Analysis of the mechanism of the diffusion
anomalies

It is well established that the rotational dynamics of bulk water
is governed by large jumps,46 which is also qualitatively confirmed
in our system for all the layers by Fig. 3(c). At the same time, the
contribution from the long-distance jumps to the translational dif-
fusion in water has been found to increase under supercooling.49 In
the same paper, it was demonstrated that it is exactly the long-jump
component of the translational diffusion that is responsible for the
Stokes–Einstein breaking in supercooled water.

We will show that the origin of the observed rotation–
translation decoupling of the water diffusion can conveniently
be investigated by analyzing the diffusion mechanism of water
molecules in each layer. The mechanism of the diffusion process
in liquids is commonly analyzed in the literature in terms of the
deviations of the actual Van Hove correlation functions of the liq-
uid from Gaussian approximations at the intermediate time-scale.
Here, for our water/titania system, we investigate whether, and
how, such deviations are affected by the proximity of the water
molecules to the TiO2 surface by analyzing the non-Gaussianity of

J. Chem. Phys. 154, 094708 (2021); doi: 10.1063/5.0039693 154, 094708-5

© Author(s) 2021

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 4. (a) MSR, (b) C1, and (c) C2 presented as a function of MSD.

the diffusion dynamics layer-by-layer. Referring to Eqs. (9)–(12),
the deviation of Gs(ϕ, t) from GG(ϕ, t) and that of Gs(r, t) from
GG(r, t) can be quantified in terms of non-Gaussian parameters.
These are α2(t) = ⟨r4(t)⟩/2⟨r2(t)⟩ − 1 for the 2D translational

diffusion50 and α2(t) = ⟨ϕ4(t)⟩/2⟨ϕ2(t)⟩ + ⟨ϕ2(t)⟩/6 − 1 for the
rotational diffusion.51

Let us start by examining the mechanism for the rotational dif-
fusion in different layers. Figure 5 shows Gs(ϕ, t) for L2, L3, and L4
and for bulk water as functions of ϕ for the times corresponding
to the MSR value of 0.75 rad2 and the corresponding GG(ϕ, t). All
Gs(ϕ, t) curves agree reasonably with each other while significantly
deviating from the Gaussian. The respective non-Gaussian param-
eters shown in Fig. 5(b) also display no significant layer depen-
dence. The observation that the non-Gaussianity in the rotational
diffusion is not measurably affected by the proximity to the sur-
face indicates that it cannot be regarded as a plausible reason for the
rotation–translation decoupling.

The systematic deviation ofGs(ϕ, t) from the Gaussian form can
be described as follows. The excess contribution (actual-Gaussian)
is mainly observed in two regions: in the main peak, which is
slightly shifted to smaller angles, and as the large tail featured beyond
ϕ ≈ 1 rad, which demonstrates that the Gaussian approximation
underestimates the actual extent of molecular rotation. A larger
share of molecules rotate beyond the indicated angle value than what
can be expected from the Fickian small-step diffusion model repre-
sented by GG(ϕ, t). The described deviations of Gs(ϕ, t) from the
Gaussian approximation can be accounted for by the large angu-
lar jumps, which were earlier reported in bulk water.41,44,45 It was
also found that the molecules spend some time performing small-
amplitude librations within time-limited cages of neighbors before
proceeding with angular jumps of about 1 rad. The librations are
observed as the excess contribution to the main peak in Gs(ϕ, t) in
Fig. 5(a).

Further evidence supporting the angular jump model of rota-
tional diffusion is the existence of a sharp peak at about t ≈ 10−1 ps
in the non-Gaussian parameters, which can be seen in Fig. 5(b). This
feature has been interpreted17 as an indication that the molecules
perform short-time small-amplitude librations23 while being tem-
porarily confined within cages formed by their neighbors. The peak
is less pronounced for the bulk water in consistence with the smaller
deviation of the first peak of its Gs(ϕ, t) from the Gaussian in
Fig. 5(a). This corresponds to the smaller libration amplitude in bulk
water as compared with the layers, as discussed above in Sec. IV A
[see the caption of Fig. 2(b)].

We conclude that the modest variance of the deviation of
the rotational diffusion from Gaussian behavior for different water
layers infers that this deviation cannot be the cause of the layer-
dependent rotation–translation decoupling.

Next, we move on to discussing the translational diffusion in
a similar fashion. Figure 6 shows Gs(r, t) in the layers and in the
bulk water calculated for ⟨r2(t)⟩ = 3 Å2 compared with the corre-
sponding Gaussian approximation. It demonstrates that the devi-
ation of the distribution from the Gaussian form in a water layer
strongly depends on the layer’s distance from the adsorbing sur-
face. The distribution curves for layers L3 and L4 are close to the
one for bulk water, and they all agree reasonably with the Gaus-
sian one whereas the distribution for L2 is significantly different. Its
main peak is considerably higher and more narrow and features a
significant shift to the larger r, which indicates that many molecules
advanced well beyond the distance suggested by the Gaussian distri-
bution. The narrow width of the L2 peak indicates that a large share
of the molecules in this layer diffuse by jumps to the distance of the
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FIG. 5. (a) The Van Hove self-correlation functions for rotational diffusion for dif-
ferent layers and bulk water compared with the Gaussian approximation. The
results correspond to the MSR value 0.75 rad2, specifically for t ≈ 1 ps, 2 ps,
20 ps, and 2.5 ps in the layers L2, L3, and L4 and bulk water, respectively. (b)
The non-Gaussian parameters for rotational diffusion in the layers and in bulk
water.

peak maximum. This can be regarded as evidence that the proxim-
ity to the TiO2 surface qualitatively changes the mechanism of the
translational diffusion in the layer, inducing a considerable degree of
large-amplitude jumps. The connection between the onset of jump-
ing diffusion in L2 and rotation–translation breaking is illustrated in
Fig. 7, which compares the displacements of individual molecules in
L2 and L4 plotted as a function of the MSR for these layers. It is clear
that the preferential jumping distance in layer L2 is consistent with
the peak position in Fig. 6(a). The jump event in L2 translates the
molecules well beyond the translation distance in the layer L4 for the
same value of rotation.

We can rationalize this effect using the following arguments.
The entropy reduction in water induced either by supercooling or
by proximity to an adsorbing surface reduces the number of avail-
able degrees of freedom per molecule. Therefore, the local structural
relaxations that are coupled with the diffusion become more collec-
tive. The number of molecules participating in an elementary local
structural rearrangement event driving the translational diffusion
increases.52 This impedes the ability of an individual molecule to

FIG. 6. (a) The Van Hove self-correlation functions for translational diffusion for
different layers and bulk water compared with the Gaussian approximation. The
results correspond to the MSD value 3 Å2, specifically for t ≈ 6 ps, 10 ps, and 22 ps
in the layers L2, L3, and L4 and bulk water, respectively. (b) The non-Gaussian
parameters for translational diffusion in the layers and in bulk water.

independently change its orientation while performing a diffusive
step as a part of the rearrangement.

These results compel us to conclude that the decoupling
between lateral translational diffusion and rotational diffusion that
we observed in the water layers close to the TiO2 surface is a result
of the change in the translational diffusion mechanism. The change
is characterized by large jumps that are induced by the interaction of
the water molecules with the surface.

This is consistent with the conclusion by Dueby et al.49 that the
translational jump mechanism is responsible for the Stokes–Einstein
breaking in supercooled bulk water. The existence of a transla-
tional diffusion with different characteristic length-scales caused by
the jumps23,47 was suggested as a reason of the translation–rotation
decoupling in supercooled liquids.23

Thus, it can be concluded that the proximity of the TiO2 sur-
face has the same impact on the diffusion dynamics in water as
supercooling.
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FIG. 7. The displacement of individual water molecules. Two different trajectories
from layer L2 (red dashed and solid lines) and one trajectory from L4 (blue line)
presented as a function of MSR in the respective layers.

V. CONCLUDING REMARKS
In summary, we presented an ab initio MD simulation investi-

gating how water dynamics is affected at the interface with a TiO2
surface. We observed a strong enhancement of the translational dif-
fusion relative to rotational diffusion in water layers close to the
surface. This decoupling effect has so far only been observed in
supercooled water and its observation at normal liquid water tem-
perature, as presented here, is conceptually significant and provides
new insight into the molecular mechanism of this phenomenon.
The decoupling of rotational and translational diffusion that we dis-
covered is in contrast to the opposite decoupling effect observed
in water dynamics under confinement where the rotational diffu-
sion was found to be enhanced relative to the translational diffu-
sion.24–26,53 The analysis we presented makes it possible to conclude
that the decoupling can be accounted for by the presence of jumps
in the translational diffusion induced by the molecular interaction
with the surface. The translational and rotational bulk properties are
completely restored in the fourth water layer at the distance of ≈8 Å
from the surface.

SUPPLEMENTARY MATERIAL

See supplementary material plot of C1 and C2 as a function
of time highlighting the short time behavior of these correlation
functions.
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M. Erdős, and I. G. Economou, “Self-diffusion coefficient of bulk and confined
water: A critical review of classical molecular simulation studies,” Mol. Simul. 45,
425–453 (2019).
5L. Agosta, G. Zollo, C. Arcangeli, F. Buonocore, F. Gala, and M. Celino, “Water
driven adsorption of amino acids on the (101) anatase TiO2 surface: An Ab Initio
study,” Phys. Chem. Chem. Phys. 17, 1556–1561 (2015).
6J. Qian, X. Gao, and B. Pan, “Nanoconfinement-mediated water treatment: From
fundamental to application,” Environ. Sci. Technol. 54, 8509–8526 (2020).
7Y. Kopel and N. Giovambattista, “Comparative study of water-mediated interac-
tions between hydrophilic and hydrophobic nanoscale surfaces,” J. Phys. Chem. B
123, 10814–10824 (2019).
8L. Agosta, E. G. Brandt, and A. Lyubartsev, “Improved sampling in ab initio
free energy calculations of biomolecules at solid–liquid interfaces: Tight-binding
assessment of charged amino acids on tio2 anatase (101),” Computation 8, 12
(2020).
9I. Lynch, A. Ahluwalia, D. Boraschi, H. J. Byrne, B. Fadeel, P. Gehr, A. C. Gutleb,
M. Kendell, and M. G. Papadopoulas, “The bio-nano-interface in predicting
nanoparticle fate and behaviour in living organisms: Towards grouping and cat-
egorising nanomaterials and ensuring nanosafety by design,” BioNanoMaterials
14, 195–216 (2013).
10T. Rajh, N. M. Dimitrijevic, M. Bissonnette, T. Koritarov, and V. Konda, “Tita-
nium dioxide in the service of the biomedical revolution,” Chem. Rev. 114,
10177–10216 (2014).
11L. Agosta, E. G. Brandt, and A. P. Lyubartsev, “Diffusion and reaction pathways
of water near fully hydrated TiO2 surfaces from ab initio molecular dynamics,”
J. Chem. Phys. 147, 024704 (2017).
12M. F. Calegari Andrade, H.-Y. Ko, R. Car, and A. Selloni, “Structure, polar-
ization, and sum frequency generation spectrum of interfacial water on anatase
TiO2,” J. Phys. Chem. Lett. 9, 6716–6721 (2018).
13F. Klameth and M. Vogel, “Slow water dynamics near a glass transition or
a solid interface: A common rationale,” J. Phys. Chem. Lett. 6, 4385–4389
(2015).
14F. Mallamace, M. Broccio, C. Corsaro, A. Faraone, L. Liu, C.-Y. Mou, and
S.-H. Chen, “Dynamical properties of confined supercooled water: An NMR
study,” J. Phys.: Condens. Matter 18, S2285–S2297 (2006).
15S. Cerveny, F. Mallamace, J. Swenson, M. Vogel, and L. Xu, “Confined water as
model of supercooled water,” Chem. Rev. 116, 7608–7625 (2016).
16E. Mamontov, L. Vlcek, D. J. Wesolowski, P. T. Cummings, W. Wang, L. M.
Anovitz, J. Rosenqvist, C. M. Brown, and V. Garcia Sakai, “Dynamics and
structure of hydration water on rutile and cassiterite nanopowders studied by
quasielastic neutron scattering and molecular dynamics simulations,” J. Phys.
Chem. C 111, 4328–4341 (2007).
17M. G. Mazza, N. Giovambattista, F. W. Starr, and H. E. Stanley, “Relation
between rotational and translational dynamic heterogeneities in water,” Phys. Rev.
Lett. 96, 057803 (2006).
18F. Fujara, B. Geil, H. Sillescu, and G. Fleischer, “Translational and rotational
diffusion in supercooled orthoterphenyl close to the glass transition,” Z. Phys. B:
Condens. Matter 88, 195 (1992).

J. Chem. Phys. 154, 094708 (2021); doi: 10.1063/5.0039693 154, 094708-8

© Author(s) 2021

https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0039693
https://doi.org/10.1021/acs.chemrev.9b00693
https://doi.org/10.1021/acs.chemrev.9b00693
https://doi.org/10.1039/c6cs00864j
https://doi.org/10.1021/acs.chemrev.6b00045
https://doi.org/10.1080/08927022.2018.1511903
https://doi.org/10.1039/c4cp03056g
https://doi.org/10.1021/acs.est.0c01065
https://doi.org/10.1021/acs.jpcb.9b08725
https://doi.org/10.3390/computation8010012
https://doi.org/10.1515/bnm-2013-0011
https://doi.org/10.1021/cr500029g
https://doi.org/10.1063/1.4991381
https://doi.org/10.1021/acs.jpclett.8b03103
https://doi.org/10.1021/acs.jpclett.5b02010
https://doi.org/10.1088/0953-8984/18/36/s04
https://doi.org/10.1021/acs.chemrev.5b00609
https://doi.org/10.1021/jp067242r
https://doi.org/10.1021/jp067242r
https://doi.org/10.1103/physrevlett.96.057803
https://doi.org/10.1103/physrevlett.96.057803
https://doi.org/10.1007/bf01323572
https://doi.org/10.1007/bf01323572


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

19K. V. Edmond, M. T. Elsesser, G. L. Hunter, D. J. Pine, and E. R. Weeks, “Decou-
pling of rotational and translational diffusion in supercooled colloidal fluids,”
Proc. Natl. Acad. Sci. U. S. A. 109, 17891–17896 (2012).
20M. G. Mazza, N. Giovambattista, H. E. Stanley, and F. W. Starr, “Connection of
translational and rotational dynamical heterogeneities with the breakdown of the
Stokes-einstein and Stokes-Einstein-Debye relations in water,” Phys. Rev. E 76,
031203 (2007).
21T. Kawasaki and K. Kim, “Spurious violation of the Stokes–Einstein–Debye
relation in supercooled water,” Sci. Rep. 9, 8118 (2019).
22T. G. Lombardo, P. G. Debenedetti, and F. H. Stillinger, “Computational
probes of molecular motion in the Lewis–Wahnström model for ortho-terphenyl,”
J. Chem. Phys. 125, 174507 (2006).
23S.-H. Chong and W. Kob, “Coupling and decoupling between translational
and rotational dynamics in a supercooled molecular liquid,” Phys. Rev. Lett. 102,
025702 (2009).
24S. Romero-Vargas Castrillón, N. Giovambattista, I. A. Aksay, and P. G.
Debenedetti, “Effect of surface polarity on the structure and dynamics of water
in nanoscale confinement,” J. Phys. Chem. B 113, 1438–1446 (2009).
25S. Romero-Vargas Castrillón, N. Giovambattista, I. A. Aksay, and P. G.
Debenedetti, “Evolution from surface-influenced to bulk-like dynamics in
nanoscopically confined water,” J. Phys. Chem. B 113, 7973–7976 (2009).
26M. R. Harpham, B. M. Ladanyi, N. E. Levinger, and K. W. Herwig, “Water
motion in reverse micelles studied by quasielastic neutron scattering and molecu-
lar dynamics simulations,” J. Chem. Phys. 121, 7855–7868 (2004).
27L. Agosta, E. G. Brandt, and A. P. Lyubartsev (2017). “Diffusion and reaction
pathways of water near fully hydrated TiO2 surfaces from ab initio molecular
dynamics,” Zenodo. https://doi.org/10.5281/zenodo.894325
28J. Hutter, M. Iannuzzi, F. Schiffmann, and J. VandeVondele, “CP2K: Atomistic
simulations of condensed matter systems,” Wiley Interdiscip. Rev.: Comput. Mol.
Sci. 4, 15 (2014).
29A. D. Becke, “Density-functional exchange-energy approximation with correct
asymptotic behavior,” Phys. Rev. A 38, 3098–3100 (1988).
30C. Lee, W. Yang, and R. G. Parr, “Development of the Colle-Salvetti correlation-
energy formula into a functional of the electron density,” Phys. Rev. B 37, 785–789
(1988).
31S. Grimme, J. Antony, S. Ehrlich, and H. Krieg, “A consistent and accurate
ab initio parametrization of density functional Ýispersion correction (DFT-D) for
the 94 elements H-Pu,” J. Comput. Chem. 132, 154104–154119 (2010).
32I.-C. Lin, A. P. Seitsonen, I. Tavernelli, and U. Rothlisberger, “Structure and
dynamics of liquid water from ab initio molecular dynamics—comparison of
BLYP, PBE, and revPBE density functionals with and without van der Waals
corrections,” J. Chem. Theory Comput. 8, 3902–3910 (2012).
33S. Goedecker, M. Teter, and J. Hutter, “Separable dual-space Gaussian pseu-
dopotentials,” Phys. Rev. B 54, 1703–1710 (1996).
34M. Krack, “Pseudopotentials for H to Kr optimized for gradient-corrected
exchange-correlation functionals,” Theor. Chem. Acc. 114, 145–152 (2005).

35J. VandeVondele and J. Hutter, “Gaussian basis sets for accurate calculations
on molecular systems in gas and condensed phases,” J. Chem. Phys. 127, 114105
(2007).
36G. Bussi, D. Donadio, and M. Parrinello, “Canonical sampling through velocity
rescaling,” J. Chem. Phys. 126, 014101 (2007).
37It is well known that for a sufficiently small system the dimensions of the
simulation box may affect the amplitude of the periodic dynamics.
38L. Agosta, F. Gala, and G. Zollo, “Water diffusion on TiO2 anatase surface,” AIP
Conf. Proc. 1667, 020006 (2015).
39L. Agosta, F. Gala, and G. Zollo, “Local environment dependance of the water
diffusion energy barrier onto the (101) anatase surface,” AIP Conf. Proc. 1749,
020001 (2016).
40P. Liu, E. Harder, and B. J. Berne, “On the calculation of diffusion coefficients
in confined fluids and interfaces with an application to the liquidvapor interface
of water,” J. Phys. Chem. B 108, 6595–6602 (2004).
41N. Galamba, “On the hydrogen-bond network and the non-Arrhenius transport
properties of water,” J. Phys.: Condens. Matter 29, 015101 (2016).
42F. Paesani, S. Iuchi, and G. A. Voth, “Quantum effects in liquid water from an
ab initio-based polarizable force field,” J. Chem. Phys. 127, 074506 (2007).
43B. S. Mallik and A. Chandra, “An ab initio molecular dynamics study of the
frequency dependence of rotational motion in liquid water,” J. Mol. Liq. 143,
31–34 (2008).
44D. Kivelson and S. A. Kivelson, “Models of rotational relaxation above the glass
transition,” J. Chem. Phys. 90, 4464–4469 (1989).
45R. M. Lynden-Bell and W. A. Steele, “A model for strongly hindered molecular
reorientation in liquids,” J. Phys. Chem. 88, 6514–6518 (1984).
46D. Laage and J. T. Hynes, “On the molecular mechanism of water reorientation,”
J. Phys. Chem. B 112, 14230–14242 (2008).
47M. Dzugutov, “Hopping diffusion as a mechanism of relaxation stretching in a
stable simple monatomic liquid,” Europhys. Lett. 26, 533–538 (1994).
48M. Dzugutov, S. I. Simdyankin, and F. H. M. Zetterling, “Decoupling of diffu-
sion from structural relaxation and spatial heterogeneity in a supercooled simple
liquid,” Phys. Rev. Lett. 89, 195701 (2002).
49S. Dueby, V. Dubey, and S. Daschakraborty, “Decoupling of translational diffu-
sion from the viscosity of supercooled water: Role of translational jump diffusion,”
J. Phys. Chem. B 123, 7178–7189 (2019).
50A. Rahman, “Correlations in the motion of atoms in liquid argon,” Phys. Rev.
136, A405–A411 (1964).
51R. Jain and K. L. Sebastian, “Diffusing diffusivity: Rotational diffusion in two
and three dimensions,” J. Chem. Phys. 146, 214102 (2017).
52M. Dzugutov, “Dynamical diagnostics of ergodicity breaking in supercooled
liquids,” J. Phys.: Condens. Matter 11, A253–A259 (1999).
53M. Weigler, E. Winter, B. Kresse, M. Brodrecht, G. Buntkowsky, and M. Vogel,
“Static field gradient nmr studies of water diffusion in mesoporous silica,” Phys.
Chem. Chem. Phys. 22, 13989–13998 (2020).

J. Chem. Phys. 154, 094708 (2021); doi: 10.1063/5.0039693 154, 094708-9

© Author(s) 2021

https://scitation.org/journal/jcp
https://doi.org/10.1073/pnas.1203328109
https://doi.org/10.1103/physreve.76.031203
https://doi.org/10.1038/s41598-019-44517-4
https://doi.org/10.1063/1.2371111
https://doi.org/10.1103/physrevlett.102.025702
https://doi.org/10.1021/jp809032n
https://doi.org/10.1021/jp9025392
https://doi.org/10.1063/1.1792592
https://doi.org/10.5281/zenodo.894325
https://doi.org/10.1002/wcms.1159
https://doi.org/10.1002/wcms.1159
https://doi.org/10.1103/physreva.38.3098
https://doi.org/10.1103/physrevb.37.785
https://doi.org/10.1063/1.3382344
https://doi.org/10.1021/ct3001848
https://doi.org/10.1103/physrevb.54.1703
https://doi.org/10.1007/s00214-005-0655-y
https://doi.org/10.1063/1.2770708
https://doi.org/10.1063/1.2408420
https://doi.org/10.1063/1.4922562
https://doi.org/10.1063/1.4922562
https://doi.org/10.1063/1.4954484
https://doi.org/10.1021/jp0375057
https://doi.org/10.1088/0953-8984/29/1/015101
https://doi.org/10.1063/1.2759484
https://doi.org/10.1016/j.molliq.2008.04.015
https://doi.org/10.1063/1.456632
https://doi.org/10.1021/j150670a013
https://doi.org/10.1021/jp805217u
https://doi.org/10.1209/0295-5075/26/7/010
https://doi.org/10.1103/physrevlett.89.195701
https://doi.org/10.1021/acs.jpcb.9b01719
https://doi.org/10.1103/physrev.136.a405
https://doi.org/10.1063/1.4984085
https://doi.org/10.1088/0953-8984/11/10a/022
https://doi.org/10.1039/d0cp01290d
https://doi.org/10.1039/d0cp01290d

