
Connection of large amplitude angular jump
motions with temporal heterogeneity in
aqueous solutions†

Debasish Das Mahanta * and Rajib Kumar Mitra*

It has now been established that large angular jumps do take place when a rotating water molecule

exchanges its hydrogen bond (H-bond) identity. This motion differs from the small angular diffusional

steps occurring within short time intervals which define the ‘Debye diffusion model’ of water dynamics.

We intend to investigate whether these two processes do eventually complement each other. In this

present investigation the orientational dynamics of water in its mixture with a small hydrophobic

molecule 1,2-dimethoxy ethane (DME) is studied microscopically using the all-atom classical molecular

dynamics (MD) simulation technique. We found that the reorientational motions of water molecules are

governed by continuous making and breaking of intermolecular H-bonds with their partners.

We characterise these H-bond reorientation motions with the description of the ‘‘large amplitude

angular jump model’’ and explore the coupling between the rotational and translational motions.

By following the trajectories of each molecule in the solutions we describe the orientational dynamics of

liquid water with a ‘continuous time random walk’ (CTRW) approach. Finally, we explore the diffusivity

distribution through the jump properties of the water molecules, which successfully leads to the

inherent transient heterogeneity of the solutions. We observe that the heterogeneity increases with

increasing DME content in the mixtures. Our study correlates the coupling between rotational and

translational motions of water molecules in the mixtures.

Introduction

Water plays an important role in many chemical and biological
processes.1,2 Most of the unique properties of water are related
to the strong but disordered random three-dimensional
H-bonded networks that interconnect between themselves.
Density and thermal fluctuations in the H-bond network act
as driving forces to reorient the water molecules. Microscopic
understanding and characterisation of such fluctuations are of
fundamental importance in solvation sciences. The physical
properties (e.g. density, viscosity, diffusivity etc.) of water in the
vicinity of co-solutes or macromolecular fragments are quite
different than those in its pure state.3–5 An intrinsic micro-
scopic feature that characterizes liquids is the fact that mole-
cules constituting them can temporarily be caged (dynamically
inactive) by their immediate neighbours. These molecules,
however, can escape and get transported when thermal density

fluctuations eventually break such temporary cages. These
molecules consequently can jump to the next cage (dynamically
active). A chain of such events constitutes the overall dynamics.
This sequence of ‘‘wait’’ and ‘‘jump’’ continues to repeat,6,7

allowing the molecules to be transported over a macroscopic
distance, especially in Lennard-Jones (LJ) fluids. It is interesting
to note here that the cage provided by the neighbours of the
central water molecule is also a part of the dynamical cage
formed by that central water molecule. This defines the coop-
erativity of liquid water. A description of this ‘‘caging’’ effect is
the foundation of the mode coupling description, which is
a fundamental approach for understanding the relaxation
phenomenon in liquids.8

A lot of effort has been put forward to quantify individually
the structural and the temporal heterogeneity in water.9–12

Spatial heterogeneity, which manifests an uneven distribution
in space, has been identified by simulating various parameters
such as cluster size, lifetime distributions, the spatial distribu-
tion function, tetrahedral structures, local diffusivity patterns
etc.13–15 On the other hand, temporal heterogeneity can be
understood in terms of the heterogeneous distributions of
some bulk physical parameter(s) of a system (e.g. the shear
viscosity (Z), diffusion coefficient (D) and structural relaxation
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rate (t)) with time. Experimental determination of these bulk
parameters often involves an averaged contribution from an
ensemble of molecules and the contribution of individual
molecular motion is blurred in the averaging process. On the
contrary, simulation studies could provide researchers with
a platform to monitor such microscopic single-molecular
motions and it is interesting to investigate whether the indivi-
dual motions could add up to corroborate the overall bulk
properties of the system. One elegant way to address this issue
could be paved by molecular dynamics (MD) simulation tech-
niques. This allows one to monitor the microscopic detail of
individual molecules and thus can offer a unique insight to
use single-molecular events to measure statistical parameters
pertaining to rotational and translational events. From the
standpoint of the fact that the rotational dynamics in liquid
water is essentially a combination of diffusive processes and
large amplitude angular jumps which are driven by the fluctua-
tions in the H-bonding network,16 we intend to simulate the
macroscopic heterogeneity in mixed aqueous solvents using
individual jump events as the steps responsible.

It is also worth mentioning here that investigation of inherent
heterogeneity through ensemble averaging or bulk approaches
could lead to obscuring some important details. Typically, amor-
phous liquids, which are extensively studied computationally, are
very generic in nature and involve heterogeneities in translational
and rotational dynamics. However, in reality they are not as simple
as LJ fluids. Typical H-bonded liquids in their pure states and in
binary mixtures involve a strong coupling between translational
and rotational degrees of freedom.17,18 Prior to addressing the
issue of coupling, it is important to understand and characterise
the microscopic details of the reorientational dynamics of each
molecule, which in a liquid is manifested by the periods during
which the trajectory is temporarily localised (dynamical inactivity)
and the periods during which the particle jumps (dynamical
activity) quickly (much faster than the average density relaxation
time) from one localised cage to the next ones.16,19 Relaxation thus
proceeds via two dynamic events in which mobile and immobile
molecules form separate spatial domains. Such an approach has
previously been used as an alternative view for describing the
problem of glass transition in which dynamics plays a central role
over thermodynamics.20 Such studies, however, have not been
extended towards binary aqueous mixtures.

In the present investigation we intend to study the statistics of
H-bond partner exchange rotational jump events in an aqueous
binary mixture of 1,2 dimethoxyethane (DME) at 300 K in the
entire concentration range. DME is a member of the poly-
oxyethylene (POE) family and its choice as a co-solvent is
justified by its unlimited solubility in water. Owing to its
hydrophobicity and the presence of the organic moiety, DME
can introduce heterogeneity in a mixture. The DME–water
mixture has previously been subjected to various experimental
investigations including NMR relaxation, FTIR, Raman spectro-
scopy, volumetric and thermodynamic measurements as well
as several simulation studies.21–33 It has been revealed that
many macroscopic thermodynamic parameters of this binary
mixture, e.g., viscosity and partial molar volume, including some

microscopic parameters like the diffusion coefficient, pass
through an inflation point in the composition profile, which
clearly identifies the very presence of a micro-heterogeneous
environment in the mixtures. Despite all these studies clear
identification of temporal heterogeneity and the exact molecular
picture of water reorientation around this comparably less polar
solvent molecule is yet to be established. Our group has system-
atically investigated the hydration and solvation properties of this
mixture by using both experimental (THz time domain spectro-
scopy (TTDS), time resolved fluorescence, transient absorption
spectroscopy and infrared measurements) and MD simulation
techniques.10,14,34 Our studies have revealed that water molecules
in aqueous solutions of DME can exist in the following three
stable configurations: (i) participating in water clusters enclosed
in cavities formed by the DME molecules, (ii) as monomers
bridging ether oxygen atoms of two DME molecules and
(iii) doubly bound to another DME. The dynamical timescales
obtained from TTDS experiments show a non-monotonic depen-
dence with the concentration of water. While TTDS probes the
collective H-bond dynamics of water, MD simulation is grossly a
single-molecular approach. However, we conclude that these
single-molecular events eventually govern the collective dynamics
in water.14 In this study we monitor and characterise all types of
individual jump events performed by individual water molecules.
We describe the single particle rotational dynamics through the
‘‘continuous time random walk’’ (CTRW) formalism20,35–37 and
explore the temporal heterogeneity coupled in the rotational
and translational dynamics. Our analysis is able to identify the
translational dynamics occurring during the reorientational jump
events (when the H-bond breaks and forms with a different
acceptor) and the waiting periods between two successive orienta-
tional jumps (when the H-bonds remain intact). This analysis
is performed to identify whether these small jump events are
pivotal to determining the ensemble diffusive motion of water.
Our analysis confirms that these large angular jumps do manifest
the overall diffusive motion of these micro heterogeneous
mixtures.

Simulation protocols

Aqueous binary mixtures of DME and water molecules are
prepared in a canonical ensemble (constant N, V, and T).
We use the extended simple point charge (SPC/E) water model.38

The force field and other technical details are described in the ESI†
and in ref. 14, 23, 24 and 27. The whole system consists of
B1000 molecules (with different Xw, Table S2 in the ESI†) in a
4 nm cubical box. Xw is defined as the mole fraction of water in the
mixtures (number of water molecules/total number of molecules
(water + DME) in the solutions). Periodic boundary conditions are
employed in all three directions. Simulations are carried out at
constant temperature (300 K). The initial configurations are pre-
pared using the Packmol software package39 and then the systems
are equilibrated in the NPT ensemble (pressure fixed at 1 atm) for
500 ps. After a further equilibration of 1 ns a production run is
carried out in the NVT ensemble for 5 ns. MD simulations are
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performed by using the GROMACS40 (version 4.6.5) software
package with the constant temperature and pressure methods.
All the bonds are constrained using the LINCS algorithm41 and the
equations of motion are integrated using a time step of 1 fs
employing the velocity Verlet algorithm.42 The long range electro-
static interactions are calculated using the particle-mesh Ewald
method with a real space cut-off of 0.9 nm, a Fourier mesh spacing
of 0.12 nm, and a fourth-order interpolation. The Lennard-Jones
interactions are computed using a cut-off of 1.4 nm. Snapshots are
saved every 5 fs for further data analysis.

To quantify the H-bond partner exchange events we tagged
each water molecule at each time step and identified its H-bond
partner. There are several definitions of H-bonds based on
geometric criteria, on energy considerations and on orbital
occupancy.43 Here we choose a widely accepted geometric
definition based on distance and angle criteria:44 cut off con-
ditions are (i) distance between the donor and the acceptor
(Rcutoff B 3.2 Å) and (ii) angle between the vector joining
water–water or water–DME molecules (ycutoff E 301). We devel-
oped in-house code to label the H-bond exchange events, the
initial and the final H-bond partners, and the starting and the
concluding times of the H-bond switching events. We assigned
two flag variables: flagH1 (i, time) and flagH2 (i, time) for the i-th
water molecule at each simulation time step (Scheme 1). At any
time t, if the i-th water molecule donates an H-bond to the
O atom of the j-th water molecule via one of the H atoms (say H1)
we assign the value of flagH1 (i, time) equal to j ( j r Nwatmols).
If it donates an H-bond to the 1st O-atom or the 2nd O-atom of
the k-th (k r NDME) DME molecule then flagH1 (i, time)
becomes (Nwatmols + k) or (Nwatmols + NDME + k) respectively.
If the central water molecule does not connect to any other
water or DME molecule, then the flag value remains zero. After
breaking of the H-bond, if the central water molecule again
reconnects to the same molecule via an H-bond (librational
motion), we did not consider such an event as a successful
jump. The same algorithm is followed for both the H atoms of
each water molecule. Thus, in each step the flag variables
signify the H-bonding state of the two H-atoms of any particular
water molecule. The dynamics of these flag variables are key to

compute further detail of the large amplitude angular jumps.
Any water molecule can undergo a jump from its initial H-bond
partner (water or DME) to a final partner (water or DME). These
jumps are labelled separately as homo-molecular (water to
water (ww), DME to DME (dd)) and hetero-molecular (water to
DME (wd), DME to water (dw)) jump events. In Scheme 1 (left
panel) we provide a pictorial representation of these different
types of H-bond exchange events. We defined the microscopic
jump time (tjump) as the difference between the ending and the
starting times of a reorientational jump (tjump = tend � tstart).
Similarly, the waiting time (twait) is the time duration of the end
time of the i-th jump and the starting time of the (i + 1)-th jump
(Scheme 1). tstart is the last instance when a water molecule
makes an H-bond with its initial partner, while the end time
(tend) is the first instance when it is H-bonded to its final
partner. Similarly, the waiting time corresponding to any one
of the two OH vectors of any water molecule is the time period
in which that OH vector is connected to any water or DME
molecule. The average waiting time can be calculated from the
waiting time decay distributions at long time.

Results and discussion
(a) Structural properties of water

We present the site–site pair correlation (radial distribution
functions, RDF) for H-bonding (among the O-atoms of water
molecules (gOW–OW) and between water oxygen and DME oxygen
(gOW–ODM)) and for hydrophobic association (among DME
molecules (gODM–ODM)) to quantify the local ordering in the
mixtures. The RDF figures can be found in Fig. S1 (in the ESI†);
we also give representative water–water RDF figures at three
different Xw (Fig. 1). We do not find any considerable concen-
tration dependent change in the 1st peak position for all the
mixtures. The first maximum for gOW–OW appears at B2.8 Å,
which is in good agreement with previous studies using the
SPC/E water model,14,45 and it indicates predominant direct
water–water interactions in the first hydration shell.46 Following
the first minimum of the RDF peak we fix the geometrical

Scheme 1 The left panel describes different types of H-bond exchange events where the rotating water molecule exchanges its partner from (a) water
to water, (b) water to DME, (c) DME to water and (d) DME to DME. The right panel describes the analysis procedure used in this study (see the Simulation
protocol section for details).
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distance criteria to define an H-bond:47 two water molecules are
considered to be H-bonded if the radial distance between the
H-bond donor and the acceptor is less than that of the cut-off
distance (Rcut-off B 3.2 Å (for water–water) and 3.7 Å (for DME–
water)) (Fig. 1). We also include the criteria that the angle
between the donor–acceptor line and the OH bond of the mole-
cule forming the H-bond is less than ycut-off B 301 (Scheme S1,
ESI†). We notice a regular increase in the first peak height
as we decrease Xw (Fig. S1a, ESI†), which indicates a higher
structural ordering among water molecules at higher DME
(non-polar) content mixtures. This corroborates the notions
of hydrophobic hydration.48 This observation also supports our
previous finding of the existence of chain-like water clusters
even at a very low Xw in water–DME mixtures.14 Such local
structuring of water molecules has previously been observed in
aqueous solutions of methanol,49 acetonitrile,50 ethanol51 and
trifluroethanol.15 The second peak in the gOW–OW profile
appears at B5 Å and it bears the signature of the tetrahedral
ordering of water molecules. This peak also increases with
increasing DME concentration in the solutions.14,49 In gDME–DME

(Fig. S1b, ESI†) we observe a higher DME–DME cooperative
structure at high Xw, which indicates a preferential hydrophobic
association in the vicinity of polar water molecules. We also observe
a second peak in gDME–DME which is due to the second O-atom of
the same DME molecule. We found a significant concentration
dependency of the second peak height for the DME–DME and
water–DME RDFs, which indicates that the impact of a DME
molecule on the local H-bonded structure extends beyond the first
hydration layer. Such long-range impact of a DME molecule could
originate due to its multiple H-bonding sites.

We compute the time evolution of the coordination number at
the transition state (t = 0 in Scheme 2), defined as the average
number of H-bonds with another water associated with the central
rotating water molecule. We calculate the coordination number of
the central rotating water molecule performing a water to water and
DME to DME jump (Fig. S2, ESI†). At low Xw the number of
H-bonds is found to be B2, indicating that a rotating water
molecule finds only two neighbouring water molecules around it
to form H-bonds. However, with increasing Xw it increases up to
B3.2 (for Xw = 0.9). The value is expectedly low for the DME to
DME jump.

(b) Dynamical properties of water

The existence of water clusters manifests a micro-heterogeneous
environment in the mixtures, and consequently the translational
and rotational motions exhibit non-monotonic dynamics.10,14

Previously we found non-monotonicity in single and collective
water molecular dynamics14 as well as in the solvation dynamics
of water, which is sub-diffusive in nature10 in DME–water mix-
tures. In the present simulation study, we intend to quantify the
extent of microscopic heterogeneity in the translational and
rotational degrees of freedom. We follow the coordinates of each
water molecule at every instance and simulate the transitional
(TMSD) and the rotational (RMSD) mean square displacements of
the OH vector from the trajectories of water molecules according
to the following relations,

TMSD ¼ Dr2
� �

¼ ~r tð Þ �~r 0ð Þð Þ2
D E

(1)

RMSD ¼ Dj2
� �

¼ ~j tð Þ �~j 0ð Þð Þ2
D E

(2)

Fig. 1 Representative water–water radial distribution function (RDF) for the DME–water mixtures at three different Xw values.

Scheme 2 Schematic representation of the transition state of any H-bond partner exchange event.
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where -
r(t) and ~j tð Þ are the radial (translational) and the angular

(orientational) vectors respectively traversed by any OH vector at
time t. While calculating the rotational MSD, we first map every
single particle trajectory (XYZ coordinates) in the angular space
(ji(t)).

17 We then tag each water molecule and calculate the
angular path (|dji(t0)|) spanned by any of its OH vectors at a
particular time interval.

ji tð Þ ¼
ðt
0

dji

�!ðt 0Þ��� ���dt 0 (3)

where

dji

�!ðt 0Þ ¼ cos�1 uOHi t 0ð Þ � uOHi t 0 þ dt 0ð Þ
� �

(4)

and -
ui is the unit vector along the OH covalent bond of any water

molecule. Fig. 2a and b describe the TMSD and the RMSD profiles
for the studied DME–water mixtures. We observe three different
regimes in the TMSD profile: an initial ballistic regime where
hDr2i B t2 (assigned as B), followed by a plateau or cage regime
(assigned as T) (molecules trapped in a cage formed by their
neighbours). At long time it reaches a diffusive regime (assigned
as D) where hDr2iB t. Interestingly in the RMSD profile we found
an additional sharper curvature at an intermediate time which
arises due to the librational motion (assigned as L) of water
molecules.17 Using linear fitting in the diffusive regime of the
TMSD and RMSD profiles we calculate the translational (DT) and
rotational (Df) diffusion constants. We plot DT and Df as a
function of Xw in the corresponding insets. We found both the
diffusion constants to decrease sharply in the high Xw region,
indicating the onset of large H-bonded water cluster formation.
We observe that the Xw dependency of DT and Df is comparable,
which leads us to infer that these two motions are coupled.
To describe this coupling in a quantitative way, we further model
the translational dynamics microscopically in terms of angular
displacements, based on which we perform further analysis
(see later).

(c) Coupling of rotational and translational motions

In an earlier study we have reported conclusive evidence of jump–
wait motions of water molecules in DME–water mixtures,14 which

corresponds to a deviation from the Debye like diffusive water
dynamics.19,52 In the present study we attempt to characterise
such non-diffusive nature of water dynamics in the light of large
amplitude sudden angular jump rotational motions.16,19

We propose that these jump–wait events can be considered to
be the microscopic fundamental steps responsible for the overall
macroscopic collective motion of water. To establish the occur-
rence of the jump motions we measure the cosine of the angle
made by the water OH vector with the z-axis of the simulation box
at each time step (Scheme 3 and Fig. 3). We observe that the time
evolution of the cos y value changes in presumably small steps;
however, there indeed occur sudden large fluctuations also
(as large as B901), which unambiguously confirms that water
molecules do execute irregular large amplitude angular
jumps.19,53,54 Such a signature of large jumps is evident in all
the studied solutions; two representative examples for high and
low Xw (=0.06 and 0.9) are shown in Fig. 3.

For further details about the microscopic features of these
jumps we follow the trajectory of each water molecule and
using the geometrical definition of an H-bond we compute the
H-bond partner exchange events using the protocol described
in the ‘Simulation protocol’ section. In Fig. 4 we capture the
relative abundance of these jump events in the mixtures.
We consider ‘DME to water’ and ‘water to DME’ jump popula-
tions as hetero-molecular jump events and sum up their con-
tributions. We observe that in the low Xw region the DME–DME

Fig. 2 (a) Translational Mean Square Displacement (TMSD) profile (hr2(t)i),
with three different dynamical regimes: ballistic (B), trapped (T) and
diffusive (D). Inset: Translation diffusion coefficient (DT) of water as a
function of Xw. (b) Rotational Mean Square Displacement (RMSD) profile
(hj2(t)i), with ballistic (B), librational (L), trapped (T) and diffusive (D)
regimes in water–DME mixtures at different Xw. Inset: Rotational diffusion
constant (DR) of water as a function of Xw. In both the figures the arrows
indicate increasing water concentration.

Scheme 3 The angle (y) made by a water OH vector with the z axis of the
simulation box.

Fig. 3 Time evolution of the cosine of the angle of the OH vector with the
Z-axis of the simulation box of any randomly chosen water molecule for
Xw = 0.06 and 0.90. The extent of the change of the cos y value confirms
the existence of large angle rotational jumps.
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jumps predominate. Considering the multiple H-bond accepting
sites in DME it can be argued that in the low Xw region water
molecules remain arrested in the DME cage. With increasing
Xw the water–water and the hetero-molecular H-bond exchange
events get favoured. At Xw B 0.85, the populations of all the
partner exchange events become comparable. This study shows
that the water–water jump events evolve at the expense of the
DME–DME jumps as Xw grows.

We assign the flag values (as described in the ‘Simulation
protocol’ section) and compute the time evolution of the transi-
tion distances (defined as the distance from the central rotating
water molecule to the initial and the final H-bond partners). We
choose those jump events whose transition times differ by at
least 4 ps and also ensure that within that particular 4 ps
interval the chosen water molecule does not participate in any
other jump event apart from the chosen ones. We further
define the transition time (t = 0 in Scheme 3) as the time when
both the initial and the final H-bond partners are equidistant
from the central rotating water molecule and the OH vector of
the central water molecule lies exactly on the Oinitial–Ocentral–
Ofinal bisector plane. Transition distances are averaged over all
types of successful jumps with the total number of water
molecules present in the simulation box. We plot the transition

distance of the initial and the final partners within a�2 ps time
window around the transition state (at t = 0) for different
Xw (Fig. 5). The corresponding transition distances for water–
water, water–DME, DME–water and DME–DME individual
jump events are shown in Fig. S3–S6 (ESI†), respectively. Prior
to each jump, the initial H-bond partner resides in the first
solvation shell (connected via an H-bond) of the central water
molecule, while the final partner resides in the second solva-
tion shell (refer to Fig. S1, ESI†). Thermal and/or density
fluctuations bring the final H-bond partner closer to the central
water molecule. As the initial and the final partners get equi-
distant from the central water molecule (at t = 0), it performs a
sudden large amplitude angular jump breaking its initial and
forming its final H-bond.55,56 The existence of a definite
transition distance (Fig. 5) for the jump event indicates that
this rotational motion is indeed inherently coupled with the
translational motion. We found that the transition distances
are symmetric about the transition state for homo-molecular
jump events (e.g. water–water and DME–DME, Fig. S3 and S6,
ESI†), while they are asymmetric in hetero-molecular jump
events (Fig. S4 and S5, ESI†).

In Fig. 6 we have shown a representative transition angle,
which is defined as the angle between the OH vector of
the central rotating water molecule and the bisector of the
Oinitial–Ocentral–Ofinal plane (see Scheme 2), at t = 0 (transition
state) for three Xw values (0.06, 0.45 and 0.9). We found that the
transition angles are large in amplitude (of the order of 801) for
the mixtures, which hints at the non-diffusive nature of the
dynamics. Jump angles have previously been reported in pure
water to be 45119 and in pure molten acetamide to be 601,53 and
that of the acetamide to ion jump in acetamide–ion solutions
to be 901.54 For individual H-bond partner exchange jump
events (water–water, water–DME, DME–water and DME–DME)
the jump angle profiles are shown in Fig. S7 (ESI†). All these
profiles confirm the water molecules to perform large ampli-
tude angular jump events along with the small step diffusive
motions irrespective of the composition of the system.

In Fig. 7 we show water jump angle probability distributions
at different Xw. In pure water, the distribution is asymmetric,
having a sharp peak at 501; a comparatively broad shoulder is

Fig. 4 Relative abundance of different types of homo-molecular (WW
and DD) and hetero-molecular H-bond partner exchange events performed
by any water molecule in the DME–water mixtures as a function of Xw.

Fig. 5 Average transition distance (for all types of jumps) from the central rotating water molecule to the initial (blue lines) and the final (red lines)
H-bond partners at the instant of the H-bond partner exchange event (transition state) at various Xw in DME–water mixtures.
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obtained at B751 along with a long tail toward larger jump
angle.19 The probability of jump events with o301 is found to
be negligible.54 It can be noted here that the small angular
diffusional steps do not lead to a successful partner exchange
and hence we do not consider those as ‘jump events’. Moreover,
we restrict our time resolution to 5 fs in the present work since
our primary intention is to explore the large amplitude angular
jump motions. With an increase in the DME concentration the
sharp peak shifts slightly towards smaller jump angle while the
shoulder at higher angles becomes less prominent. To identify
the jump partners, we compute the jump angle distribution for
all the four different jump types individually (see Fig. S8, ESI†).
We notice that for homo-molecular jumps (water–water and
DME–DME), the jump angle distributions show a sharp peak at
B501 with a faint shoulder at B751 (for the water–water jump)
and at B851 (for the DME–DME jump). On the other hand,
for the hetero-molecular jumps (water–DME and DME–water)
we found only a single peak around 751. Whenever a water
molecule changes its partner type it has to rotate by a larger
angle as compare to that in the case of a homo-molecular jump.
For DME–DME jumps the first peak (B481) indicates that a
water molecule performs an intra-molecular jump (from one
of the O-atoms to another one of the same molecule), while
for inter-molecular exchanges it rotates by B851 to find a new
one. The average jump angle distributions are predominantly
governed by homo-molecular jumps; however, the prominent
existence of the shoulder (even at very high and low Xw)
does confirm that the H-bonding ability overwhelms the

hydrophobic hydration. This perhaps explains the unlimited
water miscibility of DME compared to dimethoxy propane and
dimethoxy ethane.

(d) Temporal heterogeneity in the system

We calculate the time dependent orientational Van-Hove
function (VHF)17,57–59 according to the following relation,

G j; tð Þ ¼ 1

N

XN
i¼1

d ji tð Þ � ji 0ð Þj j � jð Þ
" #* +

(5)

The averaging is carried out over all possible configurations,
time origins and molecules in the system. The VHF result infers
the probability of finding any particular molecule with an
angular displacement of ‘‘j’’ during a time interval of ‘‘t’’.
The VHFs are calculated within 100 fs (mean jump time) and
for a longer 10 ps time frame (Fig. 8). For true uniform
temporal dynamics the profile is expected to be Gaussian in
nature.60 We try to fit the obtained VHF profiles with a
Gaussian; the individual distribution profiles could not be
fitted with a single Gaussian function, and instead we found
that the distribution profiles are initially Gaussian in nature
followed by exponential tails. Such strong non-Gaussian depen-
dency is a clear indication of the presence of dynamical
heterogeneities, more pronounced at smaller timescales.60–62

Such non-Gaussian mobility distributions are increasingly being
recognized recently in a variety of physical systems, e.g. Brownian
motion in super-cooled liquids and glassy systems.63,64 The DME–
water mixture thus exemplifies a dynamical process which is
Fickian in nature (the MSD varies linearly with time at long times,
see Fig. 2) but, however, retains its temporal heterogeneity
(as evidenced from VHF calculations). It needs to be mentioned

Fig. 6 Evolution of the average transition angle during the H-bond partner exchange event (transition state, t = 0) at different Xw in DME–water
mixtures.

Fig. 7 Average jump angle distributions (averaged over all types of jumps)
at various Xw in DME–water mixtures.

Fig. 8 The self-part of the van Hove distribution function for 100 fs and
10 ps time windows. The arrows indicate increasing water content.
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here that the non-Gaussian shape of the VHF can only suggest
that there exist different transient diffusivity distributions. It is
however difficult to infer whether two or more dynamical phases
coexist or not. We observe that the exponential tail gets elongated,
deviating more from the Gaussian nature, as the DME content is
increased in the mixture, which manifests increased dynamical
heterogeneity in the mixture.

In order to microscopically explore the temporal heteroge-
neity, we compute the single particle diffusivity distribution
through the relaxation dynamics of large amplitude angular
jump motion. We exploit the fact that the diffusivity distribu-
tion of each particle at any particular instance is proportional to
the number of successful jumps performed by the particle in
that time frame.20 We describe the single particle rotational
dynamics through the ‘‘continuous time random walk’’ (CTRW)
formalism20,35–37 and explore the temporal heterogeneity
coupled in the rotational and translational dynamics. The
CTRW description is based on the dynamical events where a
particular water molecule undergoes rapid exchange of H-bond
partners through rotational jumps. The jump–wait dynamics of
water is facilitated by partner exchange events through a
sudden random angular jump. Such random jumps are uncor-
related and are stochastic in nature. The intervening period
between two such subsequent rotational jumps is identified as
the ‘‘waiting time’’ where the local H-bond connectivity remains
intact. It implies that such motions of water molecules can be
identified with the random walk description.16,19,20,37 Instead
of the conventional calculation using the standard ensemble
average, we herein characterise the dynamics by monitoring
single particle transport events which are capable of exploring
the spatio-temporal correlations. We explicitly use the angular
jump events to construct the rotational CTRW. Previously
we have observed that the distributions of the waiting
time between two successive jumps follow an exponential
behaviour,14 which signifies that the underlying process is
Poissonian in nature.65 It directly follows that the average
number of rotational jumps hn(t)i is proportional to time

according to the following relation: nðtÞh i ¼ t

twh i

� 	
(see

eqn (S3), ESI†). We plot the average number of jumps hni per
molecule as a function of time (Fig. 9) and found that it
increases linearly with time. From the linear fit we calculate
the mean waiting time, htwi (see Table S3, ESI†). We found that
htwi increases with Xw (Fig. 9 (inset)), which signifies that as the
content of water increases in the mixture one water molecule
tends to remain connected to another water molecule through
an H-bond for a longer period of time. At very low Xw (high DME
content), tw is presumably low as the water molecule binds to
the non-polar partner DME. As the water network grows water
molecules can easily find another water molecule to remain
connected through an H-bond for a longer period of time and
consequently tw increases. The trend is not linear; it increases
sharply up to Xw = 0.25, beyond which it does not change
appreciably. This corroborates our earlier finding that even at
low Xw (B0.25) the water network grows in the DME continuum
with a stable H-bond structure.14

To further explore the origin of temporal heterogeneity it is
important to compute the time evolution of the diffusivity
distribution. An indirect approach to understanding this distri-
bution is to obtain the probability of the number of orienta-
tional jump events occurring during a given time interval.
We compute the temporal probability distribution profile
P(nj,t) of any arbitrary water molecule undergoing ‘‘n’’ number
of jumps during a time interval of ‘‘t’’ (Fig. 10). This distribu-
tion correlates the single particle diffusivity distribution in
different time windows, which eventually can infer the hetero-
geneity in the rotational dynamics. A peak of the distribution at
nj/hnji = 1 signifies that all the molecules of the system have the
same diffusivity. On the other hand, nj/hnji = 0 infers that the
molecules are still to diffuse in a dynamically trapped region.
We found P(nj,t) to exhibit temporal bimodality. At longer time
(Z20 ps) only a single Gaussian-like peak persists at nj/hnjiB 1,
whereas at much shorter time (o5 ps) the peak appears at
nj/hnji B 0. At an intermediate time (5–20 ps), we, however,
observe a bimodal distribution (Fig. 10), which unambiguously
identifies temporal coexistence of two phases of high and low
diffusivity; those eventually mix and gives rise to a single
diffusivity at longer time. A similar phenomenon has previously
been observed in glass forming liquids and super-cooled
liquids;20,37,66,67 however, such reports are sparse in aqueous
binary mixtures. Interestingly, we notice that the Gaussian-
like distribution is broadened as the content of DME is
increased in the mixture; this broadening is comparable to
the effect of temperature on glass forming liquids.20 A detailed
observation indicates that at high Xw (0.9) the inhomogeneity
in the diffusivity distribution almost disappears, giving a
single Gaussian profile even at 10 ps. On the other hand, at
low Xw such a bimodal distribution sustains for a longer time
period. This confirms the inherent role of the hydrophobic
nature of DME to introduce the temporal heterogeneity in
the mixture in addition to the spatial and H-bond forming
heterogeneity.10,14,34 The microscopic origin of such temporal
heterogeneity is a coupling between translational and rota-
tional motions of water; the translational dynamics gets faster

Fig. 9 Time evolution of the average number of jumps (hni) performed by
a single water molecule in DME–water mixtures at different Xw. The
average waiting time (tw) as calculated from the linear fit of the hni vs.
time plot is shown in the inset as a function of Xw.
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during the orientational jump events while it becomes slower
at the periods of waiting.18

Conclusions

We compute the translational and rotational MSD profiles and
corresponding diffusion constants of water in water–DME
mixtures. These MSD profiles of water display finger-print
regions for different types of motions such as ballistic,
trapped, diffusive and librational. Diffusion coefficients calcu-
lated from these profiles indicate slowed translation and
rotation of water molecules in DME rich mixtures. We explore
the H-bond partner swapping dances of water molecules
through a ‘‘jump–wait’’ model. Following the classical trajec-
tories of individual water molecules at every instance, we
identify the H-bond rearrangement dynamics and found that
the water dynamics are governed by the large amplitude
angular jump events. Such angular jump rotations are the
fundamental steps towards the collective motions of water
that are often realized in experiments. We provide a complete
microscopic view of all possible types of partner exchange
jump events of water in the mixtures (classified as WW, WD,
DW and DD jumps). The mechanism of large rotational jumps
associated with the exchange of H-bond partners explicitly
couples the rotational and translational moves. We construct
the CTRW model associated with the rotational dynamics
to describe the single particle reorientational dynamics.
We explicitly use the properties of large amplitude angular
jump events to construct the rotational CTRW to study the
coupling between the rotational moves and the associated
translational hops. We also explore the diffusivity distribution
through the jump properties of water molecules, which
successfully leads to the inherent transient heterogeneity in
the mixtures. This study unveils the coupling between rota-
tional and translational motions of water molecules in the
mixtures. We observe that the transient heterogeneity gets
more prominent as the DME content is increased in the
mixture. We expect that this analysis protocol is by no means
unique for DME/water mixtures but can be applicable to any
aqueous solutions. Such a molecular level approach is not very
well reported in aqueous binary mixtures and our study could
lead to a new avenue towards this.
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