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Ab initio Molecular Dynamics (AIMD) simulations of over 4.5 ns were performed in the temperature range of T=260 K-350 K
with van der Waals corrections to investigate the relationship between local water density and tetrahedral order in bulk water
and in the presence of a hydrophobe, tetramethylurea (TMU). We demonstrate that in bulk water, defects consisting of 5- and
higher coordinated water are a major contributor to dynamics. Close to a hydrophobe, 3-coordinated defects take over. The
co-existence of these defects gives rise to very different local densities. We propose that the slowing down of rotational motion
close to a hydrophobe is induced by an interplay between density and order with the slowing down decreasing in the following
order: (i) low-density ordered-water, (ii) normal-density ordered-water, (iii) high-density ordered-water and (iv) disordered-
water. The proportions of these water environments vary with temperature. These local environments also support the idea of
water’s polymorphism, i.e., the existence of the high- and low-density states in supercooled water.

1 Introduction

The textbook model of structure of liquid water is a tetrahe-
dral hydrogen bonded network with slight distortions. Re-
cent experiments and ab initio simulation have challenged this
view: Order, bonding and asymmetry appear to be much more
complex. One of the major issues is the density-structure cor-
relation. For example, Clark et al.1 found unimodal density
distribution, and English and Tse2 found density correlations
only for distances less than about 7 Å, i.e., the diameter of
the first hydration shell. Sedlmeier et al.3 used three classi-
cal water models (TIP5P, TIP4P/2005, and SPC/E) to analyze
correlations between density and the tetrahedral order param-
eter and came to the conclusion that only weak correlation
between them exists. On the other hand, ab initio simulations
by Kühne and Khaliullin have challenged the traditional view
of hydrogen bonding by proposing that the strengths of hy-
drogen bonds are influenced by even thermal fluctuations thus
leading to significant asymmetries in bonding strengths and a
sizable fraction of broken hydrogen bonds yet at the same time
tetrahedrality remains dominant4–6.

In liquid water, molecules form a dynamic quasi-tetrahedral
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structure and hence, ordering (disordering) must involve the
stabilization (destabilization) of this structure. Pair correla-
tion functions g(r), routinely obtained from x-ray and neu-
tron spectroscopy, are sometimes used to discard the notion of
more ordered solvation shell water in hydrophobic hydration.
However, such measurements average over space and cannot
resolve any detectable difference between bulk and solvation
shell7,8. We use AIMD simulations to show that by investi-
gating the dynamics of the tetrahedral structure and the corre-
sponding changes in the local density and ordering of water, a
new picture emerges.

The method employed here has been demonstrated to pro-
duce very good structural and dynamic properties of water and
solvation water of TMU9,10; in our recent work we showed
how local water density variations initiate large-angle rota-
tional motions10 that play a major role in the creation of the
energetic asymmetry reported in hydrogen bonding4. This
asymmetry in HB strength lasts about 200-700 fs and shows
a characteristic oscillation whose frequency of 180±10 fs
agrees well with femtosecond-infrared (fs-IR) echo peak shift
spectroscopy11 value of 175 fs.

2 Methods

We performed AIMD simulations within the Born-
Oppenheimer approximation using the CPMD code12 in
the NVT ensemble. We used the Becke-Lee-Yang-Parr
(BLYP) functional13,14 with van der Waals (vdW) interac-
tions included via the DFT-D3 parameterization of Grimme15.
As for pseudopotentials, Kleinman-Bylander16 was used for
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hydrogen and Troullier-Martins17 for the other atoms (O,
N and C). Independent studies have shown this parame-
terization to perform well9,18. It has also been shown that
vdW corrections are needed to improve the structural and
dynamical properties of water19–21; without them, AIMD
tends to yield overstructured water19,22. Temperature was
varied from 260 to 350 K and maintained by a Nosé-Hoover
chain thermostat23. The bulk water system had 54 molecules,
and the solute-water system consisted of one TMU and 50
H2O. All systems were maintained at an overall density of∼1
g/cm3. Control simulations of ≈40 ps each were performed at
270 K and 300 K for densities of 0.918 g/cm3 and 1.16 g/cm3

to test the possible density dependence of the observations
and to validate the definition of local water density employed
in this work. The systems were first equilibrated by using a
conjugate-gradient ground state optimization of the positions.
A time-step of 5 atomic units (∼0.121 fs) was used. The
simulations consisted of 50 ps of equilibration, followed by
production runs of each of about 100 ps for T>270 K and
>300 ps for lower temperatures. Other details are provided
in Ref.24. As an independent controls, NVT simulations
were performed using 105 molecule systems as well with 54
molecules in the NVE ensemble. They were equilibrated for
100 ps and run for an additional 40 ps yielding results that are
in full agreement. The total simulation time was over 4.5 ns.

In addition to the ab initio simulations, atomistic MD sim-
ulations were performed to validate equilibration and the
density distribution, and to compare with previous results
as will be discussed in Sec. 3.3. The systems had 10,000
TIP4P/200525 water molecules simulated over 100 ns at 300 K
and 1 bar (NpT ensemble). The v-rescale thermostat26 and
Parrinello-Rahman barostat27 were used. The particle-mesh
Ewald (PME) method28 was used to properly account for
electrostatic interactions29. A cutoff of 1.0 nm was used for
Lennard-Jones (smoothly shifted) and the real space part of
the Coulomb interactions. Equilibration and the general proto-
col followed our previous atomistic MD simulations, see e.g.,
Ref.30. The simulations were performed with Gromacs soft-
ware31. Please notice that only Fig. 4 shows data from atom-
istic MD. All the rest of the figures show ab initio data.

3 Results

3.1 Basic structural properties

We first summarize the basic structural properties that will be
used in further analysis: The traditional structural definition
for hydrogen bonds (HBs) was used based on the O-O distance
(<3.5 Å) and the angle ∠HOO (<30◦). The coordination
number (nc) is obtained by integrating the O-O pair correlation
function up to the first minimum of the pair correlation func-
tion (3.5 Å). The average number of HBs per water molecule

increased monotonically as the temperature decreased from
a value of 3.2 at 350 K until the melting temperature below
which it stabilized to about 3.7. At 300 K the average num-
ber of HBs per water molecule was 3.5. This is in excellent
accord with the TIP4P/2005 model32 result of 3.5 HBs/water
for bulk water32. This number corresponds to HB distribution
per water molecule as follows: 2% of water molecules have
one HB, 11% have 2 HBs, 32% have 3 HBs, 50% have 4 HBs,
and 5% have 5 HBs.

In bulk water at 300 K, the average coordination number
was 〈nc〉= 4.57±0.10. This is in excellent agreement with the
ST2 value of 4.633. The distribution was found to be as fol-
lows: 2-coordinated water molecules constitute less than 2 %;
3-coordinated 8 %, 4-coordinated 43 %, and 5-coordinated
and above, 47 %. The high fraction of 5-coordinated wa-
ter molecules in bulk water is consistent with simulations
using the ST2 water model33,34. The pair correlation func-
tions reveal average O−O nearest neighbor and next-nearest
neighbor distances of 2.79±0.02 Å and 4.45±0.03 Å, respec-
tively. These are in excellent agreement with x-ray diffrac-
tion, 2.83 Å35, and neutron diffraction, 2.75 Å35,36. Both ex-
periments gave the next nearest neighbor distance of ≈4.5 Å.
Other AIMD studies37,38 yield numbers in the ranges 2.73-
2.88 Å and 4.31-4.61 Å, respectively. The position of the
second peak did not change with temperature, but its height
decreased with increasing temperature.

3.2 Tetrahedral order

We characterize the tetrahedral order with the commonly used
order parameter39

Q = 1− 3
8

3

∑
i=1

4

∑
j=i+1

(
cosθik j +

1
3

)2

, (1)

for 4-coordinated water molecules, where θik j is the angle sub-
tended on the central oxygen by the oxygen atoms of water
molecules i and j which both belong to the nearest neighbour
shell of the central water molecule. A water molecule is in the
nearest neighbor shell of another one if the distance between
their oxygen atoms is less than the first minimum in the O-O
pair correlation function. Q = 0 for uncorrelated angles and
Q = 1 for perfect tetrahedral structures39,40.

We obtained 〈Q〉 = 0.70± 0.03 for bulk water at 300 K.
Other AIMD calculations using the OptB88, PBE0 and PBE
exchange and correlation energy functionals give values in the
range 0.70-0.8241. The higher numbers are an indication of
overstructuring and overestimation of tetrahedral order, and
a consequent underestimation of entropy41. Our result is in
a good agreement with the flexible and polarizable force-field
calculation of Galamba 40 and the TIP4P/2005 results of Over-
duin & Patey42, and demonstrates the importance of using van
der Waals corrections in AIMD simulations of water.
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Fig. 1 Top: Order parameter distribution, Eq. (1), at different temperatures for a) bulk water, b) solvation shell water around the CH3 group of
the TMU molecule, and c) all water molecules in the water+TMU system. The respective proportions of 3- (open squares), 4-(filled squares),
5-(circles) and 6 & higher (triangles) coordinated molecules are shown in the lower panels. All the distributions are normalized such that their
integrals yield 1.

The results of Overduin & Patey42 are particularly inter-
esting as they suggest that in bulk water different local struc-
tural arrangements give rise to 1) effective attractive interac-
tions within similar density environments, 2) repulsion be-
tween molecules in different environments, and 3) together
the two effects lead to concentration fluctuations. Overduin &
Patey analyzed Q and the structure factor, and explained the
anomalous scattering observed by Huang et al.43 by a cou-
pling of concentration and density fluctuations. Next, we pro-
vide the full microscopic origin of the above for bulk water
and in the presence of a hydrophobe (TMU) by analyzing the
coordination structure and local density.

Figures 1a-c show the distribution of Q at different temper-
atures. For bulk water (Fig. 1a), our data is in full agreement
with Overduin & Patey42 throughout the temperature range.
In general, the distribution is bimodal: There is a highly tetra-
hedral set of water molecules with Q ≈ 0.8 and a less or-
dered component at Q≈ 0.5, similar to prior studies40,42,44,45.
The proportion of water molecules in the high-Q component
increases monotonically as the temperature is lowered from
350 K to supercool temperatures. Figure 1b shows that the

solvation shell of TMU’s methyl group is different: The disor-
dered component at Q = 0.5 is strongly enhanced in compari-
son with bulk, i.e., the solvation shell has a local environment
that is distinct from bulk. In addition, the distribution is signif-
icantly broader within the solvation shell, indicating distorted
tetrahedrae. Figure 1c shows the distribution over all water
molecules. It is obvious that it cannot capture the differences
between the two individual components.

3.3 Defect states and density variations

The order parameter in Eq. (1) does not include 5- and 6-
coordinated water molecules by definition39. The importance
of defects, i.e., non-tetrahedrally coordinated molecules, for
the properties of the first solvation shell around an apolar
group vs. bulk water was proposed already in 1979 by Rossky
and Karplus46. Their importance has since been discussed
in the context of hydrogen bond bifurction and large-angle
molecular jumps47–49. We demonstrate that the presence or
absence of coordination defects is crucial in enabling water
to exist in local low and high density patches and that they
are essential for the structure and dynamics of water. Fig-

1–10 | 3

Page 4 of 11Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Fig. 2 a) O−O and O−H pair correlations for bulk water, b) C−O
pair correlation (CH3 group) for water+TMU system at 300 K. The
distribution of local water density at c) 350 K and d) 260 K for
solvation shell (full lines) and bulk water (dashed lines). In panels
(c) and (d) the lines are shifted vertically for clarity. The vertical line
in panel (a) shows the first neighbor shell in bulk. All the
distributions are normalized to unity. The distributions for the bulk
in (c) and (d) have been shifted along the y-axis for clarity.

ures 1d-f show the coordination structure for bulk water (d),
TMU’s solvation shell (e), and averaged over all water (f).
Comparison of Figs. 1d & e shows that throughout the tem-
perature range, bulk water has a substantial proportion of 5-
coordinated molecules – comparable to 4-coordinated above
300 K. Importantly, even the 6- and higher coordinated are
more abundant than the 3-coordinated ones. The TMU sol-
vation shell is very different: The fraction of 5- and higher co-
ordinated molecules is strongly reduced and accompanied by
a major increase (≈10%) in the population of 3-coordinated
molecules.

These defects give rise to substantial local density differ-
ences as will be discussed next. The strong reduction in the
proportion of 5- and higher coordinated water molecules in the
solvation shell of the TMU molecule is a consequence of the
excluded volume effect of the CH3 group. This effect there-
fore inhibits the approach of the interstitial fifth and sixth wa-
ter molecules that catalyze rapid dynamics in bulk water33.

3.4 Correlations between local order and density

To investigate the correlations between local order and local
water density, and their influence on water dynamics, local
water density is defined as the mass density within the first
hydration shell (defined by the first minimum in the O−O pair
correlation function) located at 3.5 Å), Fig. 2a. A weak corre-
lation between density and tetrahedral order has been reported
at that distance3. The corresponding diameter of 7 Å is around

the reported density-density correlation length in water2. At
this length scale, density fluctuations, measurable by scatter-
ing techniques are strong43,50.

We computed the local density as follows: A sphere of ra-
dius 3.5 Å (the first hydration shell) centered on the oxygen
atom of the water molecule of interest is considered. The to-
tal mass of all the atoms within this sphere is computed and
the local density is obtained by dividing this mass by the vol-
ume of this sphere. In addition, a sampling grid for density
is required. We used 0.01 g/cm3. To investigate the effect of
it, we varied the sampling grid between 0.01-0.15 g/cm3. The
main result of this analysis, shown in Figs. 2c,d, displays mul-
timodal density distribution. We will first assess the depen-
dence of the results on the sampling grid and the method of
sampling, and then return to discuss the distributions.

As a consistency test, integration over the density distribu-
tion gives the 1.02±0.07 g/cm3 which agrees with the over-
all imposed density of 1 g/cm3. In a previous study by Clark
et al.1 local density was defined by considering cubic boxes
instead of spheres. By using spheres, it is easy to focus on
the first hydration shell (radius of about 3.5 Å). Due to lower
symmetry, cubic boxes reach distances up to a

√
3/2, where a

is the linear size of the cube. For a cubic box of linear size
7 Å (the molecule of interest is at the centre), this means in-
cluding molecules that are as far as about 6.06 Å away, i.e., far
inside the second hydration shell. Thus, it is conceivable that
cubic boxes may miss the important fluctuating low- and high-
density environments that drive the rapid dynamics10 within
the first hydration shell of water.

Clark et al.1 used classical MD (TIP4P-Ew water51) and
a sampling grid of about 0.15 g/cm3 (calculated based on the
data given in the paper). The edge length was varied between
6 and 60 Å and unimodal distribution was found. We per-
formed the same analysis with both the ab initio and classi-
cal systems and found the same unimodal distribution. Fig-
ures 3 (ab initio) and 4 (classical MD) show the results with
different sampling grids with both spheres of diameter 7 Å
(1st hydration shell) and cubes of linear length 7 Å. When the
same parameters are used, the results are in excellent agree-
ment. When the sampling grid is made smaller, however,
multimodal distribution emerges. Furthermore, when cubic
boxes are used, the number of peaks is larger and, unlike in
the case of spheres, their number is not constant. This is due
to lesser symmetry and the consequent inclusion of regions
in the second hydration shell. The four major local density
modes (ρ < 0.9 gcm−3, ρ ∼ 1 gcm−3, ρ ∼ 1.16 gcm−3 and
ρ ∼ 1.31 gcm−3) found in the ab initio study are also present
in the atomistic TIP4P/2005 water.

The coordination structure determines the density that wa-
ter would adopt when subjected to varying pressures and tem-
peratures. For example, the density increase that results from
the transformation of ice Ih to high density (HDA) and very
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Fig. 3 Normalized local density distribution for the ab initio
structure generated at 300 K obtained by considering spheres of
diameter 7 Å (a) and cubes of sides 7 Å (b). Two sampling grids of
sizes 0.15 and 0.01 gcm−3 are used. In both (a) and (b) the coarse
grid yields a unimodal distribution whereas the fine grid shows
multi-modes.

high density (VHDA) amorphous ice under high pressure has
been attributed to the appearance of interstitial peaks below
3.5 Å and the disappearance of the second neighbour shell at
∼4.5 Å in the O-O pair correlation function52,53. An earlier
MD study showed that the structure of HD water can be un-
derstood in terms of interstitial second-shell molecules54.

Although in this study the volume of the system was main-
tained constant (constant global density), an understanding
of how local density distribution responds to temperature
changes is important. A study55 over a wide range of tem-
peratures (0-150◦ C) found bulk water density varying from
0.9168 g/cm3 to 0.9999 g/cm3. Another study56 on the tem-
perature dependence of the density of bulk water at super-
cooled temperatures (-34◦ C to 0◦ C) showed that the global
density varies from 0.9775 g/cm3 to 0.9999 g/cm3. Although
such studies are interesting, they do not provide insights into
the underlying structural arrangement of water. In supercooled
temperatures, and depending on the pressure, water adopts ei-
ther low-density or high-density states or a mixed state where
both low density and high density coexist57.

An increasing volume of both experimental and compu-
tational work demonstrates that in supercooled temperatures
two very distinct water environments do exist: The low den-
sity (ρ <0.95 g/cm3) and high density (ρ >1.1 g/cm3) wa-
ter. Under high pressures, the high density phase has at
least two other density phases – the high density amorphous
(HDA) (ρ =1.17 g/cm3) and the very high density amorphous
(VHDA) phase (ρ =1.31 g/cm3)58–60. The low-density, high-
density and very-high-density water phases have been linked
to 4-, 5- and 6-coordinated water molecules, respectively60,61.
The results presented here (see Figs. 2c,d) provide the micro-

Fig. 4 Normalized local density distribution for the over 10,000
TIP4P/2005 water molecules generated at 300 K. Spheres of
diameter 7 Å (upper) and cubes of sides 7 Å (lower) are used to
generate the density distributions. Coarse grid yields unimodal
distribution whereas the fine grid shows multi-mode. The
distributions using the sphere-based sampling have been shifted
along the y-axis for clarity.

scopic origin of these various density modes. These high den-
sity phases are a consequence of the presence of varying num-
bers of interstitial water molecules within a radius of 3.5 Å
from the molecule of interest. It is plausible that some of the
anomalous properties of water at ambient conditions may be
attributed to the existence of these different local density en-
vironments in temperature-dependent proportions.

For the system with the TMU present, the arrangement of
water molecules around the TMU methyl groups can be de-
scribed by the C-O pair correlation, where C is a carbon atom
of the CH3 group and O denotes water’s oxygen atom. Fig-
ure 2(b) shows that the first solvation shell extends from about
2.8 Å to ≈5 Å, with a total of 15±1 water molecules occupy-
ing the first solvation shell of each of the methyl groups of the
TMU molecule.

Figures 2c & d show four density environments: A low den-
sity (LD) (≤0.9 g/cm3), normal density (ND) (∼1.00 g/cm3),
high density (HD) (ρ ∼1.16 g/cm3) and very high density
(VHD) (ρ ∼1.31 g/cm3). The non-vanishing width of each
peak is related to the mobility of the peripheral hydrogen
atoms moving in and out of the sampling sphere. The low
density is in accord with ∼0.88 g/cm3 found by Kesselring et
al. in their extensive MD study using ST2 water62 and neutron
spectroscopy63.

Our additional control simulations (see Methods for details)
at lower (ρ=0.918 g/cm3) and higher (ρ=1.16 g/cm3) global
densities also exhibit these same density environments. The
LD water environment is mostly characterized by defect-free
water molecules in tetrahedral coordination in agreement with
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Fig. 5 (a) Normalized distributions of ∆r5 = r5− r4 (the difference
between the distances of the 4th and 5th water nearest neighbours
from the central molecule) for bulk water at temperatures of 260,
280, 300, and 370 K. It shows that at low temperatures, the fifth
nearest neighbour water molecule sits in a well-defined second shell
- high translational order. (b) Distribution of the distance of the 5th
nearest water from the central molecule (labels same as in (a)), (c) a
typical arrangement of the 5 water molecules around the central
molecule. The circle denotes a sphere of radius 3.5 Å.

theoretical analysis64 and empirical potential structure refine-
ment (EPSR) simulations63. In contrast, the HD and VHD wa-
ter are characterized by bifurcated hydrogen bonds whereby a
proton tends to be shared by two oxygen atoms. As Fig. 1d
shows, on average, normal density bulk water has more or less
equal proportions of 5- and 4-coordinated water molecules.
For a 5-coordinated molecule, the first four molecules form a
distorted tetrahedral structure and the fifth water molecule oc-
cupies an interstitial position. At ambient density and temper-
ature this picture of water structure qualitatively supports the
idea of Nilsson and Pettersson that ”at ambient temperatures,
most water molecules favor closer packing than tetrahedral,
with strongly distorted hydrogen bonds”65. As Fig. 1d also
shows, the high density and very high density regimes have
water molecules that are 6- and 7-coordinated. As pointed
out earlier, the HD, VHD values of 1.16 and 1.31 g/cm3 are
very close to the corresponding densities of the high density
amorphous (HDA) and very high density amorphous (VHDA)
water of 1.17 g/cm3 and 1.31 g/cm3, respectively58–60.

In order to compare with other classifications, we used the
two state one (LD and HD) by Cuthbertson and Poole66, and
Russo and Tanaka67 based on translational order. In this for-
mulation, water molecules having four nearest neigbours are
considered. The fifth neighbour is the determined and trans-
lational order is defined using the difference between the dis-
tances of the fourth and the fifth neighbour, ∆r5 = r5−r4. The
distributions of ∆r5 and r5 are shown in Fig. 5 (a) and (b), re-
spectively. A typical arrangement of the five water molecules

Fig. 6 Contour plot of the tetrahedral order parameter as a function
of the local density at 260, 280 and 300 K for bulk water (top),
within the first solvation shell around the CH3 groups (middle) and
in direct contact with the CH3 groups, i.e. radius 4 Å around the
CH3 group of the TMU (bottom). Intensity map is shown on the
right.

around the central water molecule is shown in Fig. 5(c). Fig-
ure 5a shows that while at high temperatures the distribu-
tion of ∆r5 decreases monotonically as ∆r5 becomes larger,
plateauing around ∆r5 ∼0.7 Å appears at low temperatures.
This shows the tendency towards higher translational order at
low temperatures. Also, the distribution of r5 shows that
the distribution curves for different temperatures coincide at
r5 =3.5 Å, thus supporting the use of this distance in defin-
ing water local density. In accordance with Cuthbertson and
Poole66 and Russo and Tanaka67, every water molecule with
r5 <3.5 Å will be considered as HD water else it will be LD
water. The LD fractions computed using translational order
gave 28±4 % at 300 K and 41±5 % at 270 K.

3.5 Correlation between local density & tetrahedral or-
der

We now investigate the correlation between local density and
tetrahedral order. Figure 6 shows contour plots of the distri-
bution of the population of water molecules as a function of
the tetrahedral order and local density. In bulk water, while
low density water molecules are mostly characterized by high
tetrahedral order, water molecules with lower tetrahedral or-
dering become important as the local density increases. Con-
cerning the TMU solution, a gradual evolution from high tetra-
hedral to less tetrahedral ordered water is seen upon approach-
ing the methyl group. The distribution peaks at three distinct
densities (low, normal and high) in the bulk. However, some
of the peaks split in the solvation shell and in immediate con-
tact with the hydrophobe. Based on Fig. 6, we can classify
water environments as:
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1. low-density/high-order (LD-HO)

2. normal-density/low-order (ND-LO)

3. normal-density/highly-ordered (ND-HO)

4. high-density/low-order (HD-LO)

5. high-density/high-order (HD-HO).

As the next section will show, rotational dynamics of the LO
states are indistinguisable from each other. Figure 6 shows
anticorrelation between local tetrahedral order and local den-
sity. This is consistent with the anticorrelation between en-
tropy and volume as temperature decreases. This effect is also
often invoked to explain the anomalous behaviour of the ther-
mal expansion coefficient of liquid water at supercooled tem-
peratures68.

3.6 Water dynamics

To examine how local density and order affect the dynamics
of water, we calculated the orientational correlation of water
molecules using

C1(t) = 〈cosθ(t)〉0
and

C2(t) =
1
2
〈(

3cos2
θ(t)−1

)〉
0 ,

where θ is the angle an OH bond vector sweeps in time t and
〈. . .〉0 represents averaging over water molecules and time.
C1 was computed for water molecules with the five differ-
ent density-order characteristics as given above. These were
evaluated for the portions of the trajectory where the water
molecule remains in the same density-order state. Correlation
times in the different states are given in Table 1.

Although similar approach of using the NVT ensemble to
study local density was deemed valid and used by English
and Tse2, additional simulations were performed at 270 K and
300 K for a lower density of 0.918 g/cm3 and a higher density
of 1.16 g/cm3 to test if the observed density states are present
irrespective of the global density or pressure imposed on the
system, and to validate the definition of local water density
employed in this work. The same density-order water envi-
ronments were present, albeit the proportions were dependent
on the global density: For ρ = 0.918 g/cm3 the LD-HO dom-
inates (56% of water molecules) while at 1.16 g/cm3 HD-LO
dominates (54% of water molecules). At 1 g/cm3, 32% and
25% of the water molecules were in LD-HO and HD-HO en-
vironments, respectively.

Figure 7 shows the effect of the density-order correlation
on the rotational dynamics of water at T = 280 K for water
molecules solvating the TMU molecule. Qualitatively similar
results were found for bulk water, but a quantitative difference
was observed in correlation times: At 280 K the longest cor-
relation time for LD-HO solvation water was 16 ps while for

Fig. 7 Density-order effects on rotational dynamics of solvation
water. The lines are guides to the eye. The following subsets of
water molecules are considered: ND-LO (filled squares), HD-LO
(open squares), LD-HO (open circles), ND-HO (filled spheres) and
HD-HO (triangles). Notice the slower dynamics of LD-HO water.
The inset shows ND-LO and LD-HO at 300 K.

bulk water it was 9 ps (exponential fitting). When the tem-
perature was lowered to 270 K, these times increased to 40
and 15 ps, for solvation and bulk water, respectively (Fig. 8).
In all water environments, the rotational motion is character-
ized by rapid, small amplitude, initial motion, followed by
an intermediate sub-10 ps motion and a slow long time decay
(>10 ps). All water molecules in the LD-HO environments
experience the slowest rotational motion, followed by ND-
HO water and then HD-HO water. The LO water molecules
(irrespective of density) emerge as the fastest rotating water
molecules. Density and order thus affect rotational dynamics
in opposite ways: Increasing order slows down water dynam-
ics, increasing density accelerates it. This effect, which is very
strong at the intermediate temperature of 280 K, can still be
seen at ambient temperature as the inset in Fig. 7 shows. Sim-
ulations at lower (0.918 g/cm3) and higher (1.16 g/cm3) densi-
ties at 270 K and 300 K also showed this behaviour.

Additional simulations at the very low overall density of
0.75 g/cm3 (less than 3 HBs per water molecule are formed)
show that the findings elaborated in this work are valid only
if the average number of hydrogen bonds per water molecule
is above 3. By integrating Fig. 2b up to the distance 3.4 Å
shows that there are only about two water molecules and hence
they are in the low density environment. Integration up to 4 Å
shows that there are about six water molecules; contact water
is in a low density environment while the rest of the molecules
inside the solvation shell have higher local density. We also
found that this set of methyl contact water molecules main-
tains a tetrahedral coordination structure. The implication of
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Table 1 Correlation times based on C1(t). For SPC water, values (bulk average) in the range 7-10 ps have been reported (300 K), see e.g.
Ref.69. Temperatures are given in Kelvin and times in picoseconds. Margin of error is about 10% for the high and 15% for the low
temperatures.

HD-LO ND-LO HD-HO ND-HO LD-HO average
T bulk solvation bulk solvation bulk solvation bulk solvation bulk solvation bulk solvation
270 10.7 12.3 11.0 19.1 13.4 20.5 15.1 23.7 16.4 38.5 16.1 32.1
280 5.6 10.7 7.1 10.8 7.5 11.3 8.4 13.7 9.2 16.1 11.7 15.8
300 4.8 5.3 5.5 5.5 5.7 7.1 6.6 7.0 7.3 7.1 7.7 7.8

Fig. 8 Comparison of the LD-HO water rotational dynamics of bulk
water and solvation water at 280 and 270 K. The lines through the
points are best fits as linear combination of three exponentials. The
slow down in the solvation shell water as compared to the bulk is
stronger at 270 K than at 280 K.

these findings is that only a few water molecules, i.e. those
closest to the CH3 group in the low density environment, ex-
perience slowed down rotational dynamics whereas the rest of
molecules within the the first solvation shell rotate fast. This
observation provides direct evidence that only a small frac-
tion of solvation water molecules (4±1 OH groups per CH3
group) experiences a strong rotational slowing down. This is
in excellent agreement with the conclusions of Bakker et al.
based on fs-IR spectroscopy70 and dielectric relaxation spec-
troscopy71. Their analysis indicated that only about 20% of
water molecules around a hydrophobe are immobilized. In
general, direct experimental observation is difficult and aver-
aging over all water molecules in the first solvation shell may
not reveal these quasi-immobile water molecules since only a
subset of the solvation shell water molecules occupy this low
density environment as Figs. 1d-e & 6 indicate.

4 Discussion

Based on our AIMD results, we propose that the rotational
slowing down of water reported in fs-IR experiments70 is re-
lated to the complex density-order relationship in solutions
containing small hydrophobic molecules. The presence of the
apolar group hinders the approach of the fifth and sixth water
molecules needed for fast rotational dynamics. We find that at
all temperatures explored in this work, a water molecule may
be in one of five local environments: low-density high-order,
normal-density high-order, high-density high-order, normal-
density low-order and high-density low-order. Depending on
the density-order state of the local environment of each water
molecule, rotational slowing down occurs in the following or-
der: LD-HO>ND-HO>HD-HO>LO. We have demonstrated
that the anticorrelation between order and local density ex-
plains water’s rotational slowing down in the solvation shell of
apolar groups. We found that as the local density increases,
the water molecules tend to rotate faster. A recent study
of bulk water at supercooled temperatures using the classical
ST2 model showed that an increase in the average structure
gives rise to longer correlation times72. Here, we have identi-
fied the local molecular level relations between structure and
dynamics allowing for recognition of the different contribu-
tions to the correlation functions. Our results are in perfect
agreement with inelastic ultraviolet (IUV) spectroscopy mea-
surements73, and predictions based on SPC/E calculations39

and ST2 water33. The excluded volume effect of the apolar
group hinders overcoordinated water from forming at the wa-
ter hydrophobic interface while keeping the water molecules
tetrahedrally coordinated.
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