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1. INTRODUCTION

Water in confining environments has received increasing
attention because of its relevance for a broad range of situations
of importance in nature as well as in technology. In biology, water
is found within ion channels and protein cavities.1-4 In geology,
confinement occurs, for example, in mineral inclusions and
between sheets of clay.5 In chemistry, confined water can be
found, for example, within fuel-cell membranes6 and within
reverse micelles.7-11 In engineering science, the recent develop-
ment of nanotechnologies poses the problem of water behavior
when confined at this scale, for example, in synthetic nanopores,12

carbon nanotubes,13 Vycor glasses,14 and zeolites.15 Confinement
leads to dramatic changes in the structure, dynamics, and
thermodynamics of water compared to the bulk.2,16-19

Very concentrated aqueous solutions can also act as a confin-
ing environment for water through a crowding effect.20 One
important example is the cell cytoplasm,2 where a significant
fraction of the space is occupied by macromolecules whose
concentration can range up to 400 g 3 L

-1.2,21 The behavior of
water in the cytoplasm is still much debated, especially in cells of
extreme halophilic archaeon. While quasi-elastic neutron scatter-
ing (QENS) experiments22 find a dramatic 250-fold slowdown of
the water dynamics in these cells, NMR reports23 a more
moderate, 15-fold slowdown. A possible but still speculative
explanation may be the occurrence of a decoupling between the
translational dynamics measured by QENS and the reorienta-
tional dynamics measured by NMR, induced by the high solute
concentration and the confinement of water.

A recent series of experiments,24-28 mainly based on ultrafast
infrared spectroscopy techniques, measured the dynamics of
water in concentrated solutions of amphiphiles to investigate

hydrophobic hydration dynamics. These results were interpreted
assuming that hydrophobic groups “immobilize” several water
molecules, or at least induce a very large slowdown of their
dynamics, and that this slowdown factor is concentration-
independent.24-28 However, other studies, both theoretical29

and experimental,30-32 suggest that the water slowdown is very
sensitive to the concentration, for example for aqueous solutions
of amphiphiles29,32 and of peptides,31 and that the water molecules
are only very moderately retarded in dilute solutions.29,32-34 In
addition, the ultrafast infrared studies employed solutions of
amphiphiles beyond the aggregation threshold but did not
address the potential effect of solute clustering on the water
dynamics.24-28

We combine here molecular dynamics simulations and analytic
modeling to study water dynamics in solutions of amphiphiles of
increasing concentration, focusing on the high concentration
regime. To analyze the impact of aggregation on the dynamics
of water, we have selected two amphiphiles with very different
behaviors, tetramethylurea (TMU), which is experimentally
known35-37 to readily aggregate at very low concentrations,
and trimethylamine N-oxide (TMAO), which remains unaggre-
gated up to very high concentrations38 (Figure 1).

The outline of the remainder of this article is as follows: In
section 2, we detail our molecular dynamics simulation methodol-
ogy. In section 3 we first analyze the microscopic structure of the
TMAO and TMU binary solutions, focusing on the different
propensities of the two solutes to aggregate in water as
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ABSTRACT: Water translational and reorientational dynamics in concen-
trated solutions of amphiphiles are investigated throughmolecular dynamics
simulations and analytic modeling. We evidence the critical importance of
the solute concentration in determining the magnitude of the slowdown in
water dynamics compared to the bulk situation. The comparison of
concentrated aqueous solutions of tetramethylurea, which tends to aggre-
gate, and of trimethylamine N-oxide, which does not, shows the dramatic
impact of solute clustering on the water dynamics. No significant decoupling
of the reorientation and translation dynamics of water is observed, even at
very high solute concentrations. The respective roles of energetic and
topological disorders in determining the translational subdiffusive water
dynamics in these confining environments are discussed. The water reorientational dynamics is shown to be quantitatively described
by an extended jumpmodel which combines two factors determined by the local structure: the transition-state excluded volume and
the transition-state hydrogen-bond strength.
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concentration increases. In section 4, we then investigate the water
translational and reorientational dynamics in these solutions of
increasing concentration and show that water dynamics slows
down dramatically with increasing solute concentration, and that
the effect is more pronounced for TMAO than for TMU. We
specifically address the issue of the rotation-translation coupling.
We then use a recently developed description of the role of the
local environment on the hydrogen(H)-bond dynamics to relate
the solution structure to the water dynamical properties in section
5. We end in section 6 with some concluding remarks.

2. SIMULATION METHODOLOGY

All molecular dynamics simulations presented within employ
the water SPC-E model39 and specific solute force fields for
TMAO40 and TMU.41 These solute force fields were shown to
provide a description of aqueous solutions consistent with
experimental data both at low and high solute concentrations.40,41

All simulation boxes contain a total of 500 molecules at the
experimental density.42-44 We simulated a series of solutions
with increasing solute molality, respectively, 0.1, 1, 2, 4, 6, and
8mol/kg (m). ForTMAO, thesemolalities correspond to concentra-
tions of 0.1, 1, 1.8, 3.1, and 5.1 mol/L, and for TMU the successive
concentrations are 0.1, 1, 1.7, 2.8, and 4.2mol/L. For every solute
concentration, the same procedure is followed with only a change
in the solution density and therefore in the simulation box
size. The system is first equilibrated in the canonical ensemble
at T = 298 K for 100 ps. The trajectory is then propagated in the
microcanonical ensemble for more than 1 ns, with a 1-fs time step
and periodic boundary conditions, treating the long-range elec-
trostatic interactions through Ewald summation. The resulting
average temperature is 298 ( 1 K.

3. MICROSCOPIC STRUCTURE OF CONCENTRATED
SOLUTIONS

While TMAO and TMU are structurally quite similar
(Figure 1), both exhibiting a hydrophilic oxygen head and a
hydrophobic moiety made respectively of three and four methyl
groups, they behave very differently in concentrated aqueous
solutions. On the one hand, TMU exhibits the usual behavior of
hydrophobic solutes in aqueous solution and starts forming
aggregates already at very low concentrations. Such clustering
has been firmly established through small-angle neutron scattering
(SANS),37 thermodynamic data,36 and NMR35 measurements for
concentrations as low as one TMU molecule for 100 water
molecules (i.e., =0.5 m).45 On the other hand, TMAO dissolves
in water without aggregating up to very high concentrations38,40

(e.g., oneTMAO for sevenwatermolecules, i.e.,=8m), due to the
strong electrostatic intermolecular interaction between the hydro-
philic heads (Nþ-O-), which counterbalances the attractive
hydrophobic interaction. TMU and TMAO also have opposite
effects on protein stability, TMUbeing a strong denaturing agent46

while TMAO is a folding chaperone.47

We now use our simulations to determine and contrast the
microscopic structures of the two solutions as the concentration

is increased. The solute aggregation can be characterized in
different, complementary ways, detailed below.

First, we focus on the overlap between solute hydration layers
when the concentration is increased. For the two solutes, Figure 2a
compares the distributions of the number of water molecules
within the solute hydration shell for very dilute (0.1 m) and very
concentrated (8 m) solutions. A water molecule is considered to
belong to a solute hydration layer when its minimum distance to
the solute atoms (excluding the hydrogens) is shorter than a
certain cutoff. This cutoff distance is determined for each heavy
atom as the location of the first minimum in the radial distribution
function between this atom and the water oxygens, and is typically
3.5 Å. Figure 2a shows strikingly different behaviors for TMAO
and TMU. While TMAO tends to preserve its entire hydration
shell even at high concentration, the hydration number of TMU is
drastically reduced with increasing concentration, and its distribu-
tion becomes significantly broader. While the TMU hydration
number in dilute solutions is larger than that of TMAO because of
the larger number of methyl groups, its decrease with increasing
concentration is so pronounced that it becomes smaller than that
of TMAO at high concentration (Figure 2a). Such strong con-
centration dependence of the TMU hydration number is due to
the aggregation of TMUmolecules, which protects methyl groups
from a contact with water. Our results are consistent with prior
studies38,48 based on simulations and near-infrared spectroscopy
which had also evidenced the stability of the TMAO hydration
layer with increasing concentration, in contrast to the pronounced
decrease observed for another hydrophobic solute, tert-butyl
alcohol, which behaves like TMU.

A complementary and original analysis of the solute distribu-
tion in the solution is provided by the relative aggregation surface

Figure 1. Chemical structures of (a) TMAO and (b) TMU.

Figure 2. (a) Probability distributions of the number of water mole-
cules within the hydration shells of TMAO and TMU at low (0.1 m) and
high (8 m) concentration. The decrease between the average values is
approximately 57% for TMU, versus approximately 27% for TMAO. (b)
Fraction of the solute surface in contact with another solute for
increasing concentration; the dotted lines are only guides for the eye.
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per solute molecule. This corresponds to the fraction of the
solute surface that is in contact with another solute. It is
computed by first performing a Voronoi tesselation of space:49,50

for each solute heavy atom and each solvent atom in the
simulation box, its Voronoi polyedra includes all the points
closer to this atom than to any other (this is analogous
to building Wigner-Seitz cells in a crystal). The surface of
the solute molecule is the sum over all the solute atoms of
the Voronoi polyedra facet areas, excluding the facets shared
between two atoms belonging to the same solute molecule.
Figure 2b reports the fraction of this solute surface which is in
contact with another solute. This fraction vanishes for infinitely
dilute solutions and increases with concentration due to the
aggregation of hydrophobic groups. Figure 2b shows that
aggregation appears very rapidly for TMU, while the moderate
increase observed for TMAO reflects the creation of a solute
network within the solution but not a phase separation. The large
aggregation observed for TMU, even at very low concentrations,
is thus totally consistent with prior experiments37 which had
observed a non-negligible solute clustering beyond 0.5 m, but
whose results have been ignored or misinterpreted in recent
studies of water dynamics.24,25,27,28

To directly connect our simulations to experiments which
have probed the aggregation propensity of these solutes, we have
also calculated theKirkwood-Buff integral51 betweenTMU solutes.
This integral is defined asGTMU-TMU =

R
0
¥(gTMU-TMU(r)- 1)-

4πr2 dr, where gTMU-TMU(r) is the TMU-TMU radial distribu-
tion function. It measures the excess or defiency of other solute
molecules in the space around a given solute. Molecules that tend
to cluster together lead to positive values of this integral. The
values of the Kirkwood-Buff integral between TMU solutes
computed from our simulations are clearly positive (e.g., at
1 m, GTMU-TMU = 400 cm3/mol) and are quantitatively con-
sistent with the experimental values37 (at 1 m, GTMU-TMU

= 410 cm3/mol), which evidence the presence of a nonideal
behavior due to aggregation.

These complementary studies therefore describe two very
different microscopic structures and distributions of solute
molecules for concentrated TMAO and TMU solutions, respec-
tively. While TMAOmolecules remain homogeneously distributed
and retain their hydration layer up to very high concentra-
tions, TMU molecules tend to segregate from water and form
clusters.

4. WATER TRANSLATIONAL AND REORIENTATIONAL
DYNAMICS

We now examine the impact of these two very different
microscopic structures on the dynamics of water confined
between these solute molecules. We successively focus on the
translational and reorientational dynamics of water, before study-
ing the coupling between these motions and its possible break-
down induced by a high solute concentration.
4.1. Translational Motion. Figure 3 shows the (translational)

mean square displacement (MSD) of water for increasing TMU
(Figure 3a) and TMAO (Figure 3b) concentrations, respectively.
As the solute concentration increases, the water translational
dynamics slows down with respect to the bulk. This slowdown is
quantified by calculating the translational time τT as the time
requested for a water molecule to cover a distance of 3 Å, a
characteristic molecular length scale for liquid water (approximately
the distance to the first shell), and defining the translational

retardation factor with respect to the bulk as FT = τT/τTbulk, where
the bulk time is τT

bulk = 5.2 ps. Figure 3c shows that the water
translational dynamics is always less retarded in TMU aqueous
solutions than in TMAO solutions, and this difference increases
with increasing concentration. In 8 m solutions, the retardation
factor is FT=2.3 for TMU, while it is more than twice greater, FT
= 5.8, for TMAO solutions. We note that very similar results for
the retardation factors can be obtained by computing the transla-
tional diffusion coefficient D, following Einstein’s formulation,
and performing a linear fit of the MSD at very long times. The
extracted diffusion coefficients compare well with experimental
data52,53 and previous simulations.40

A closer examination of the water MSD (Figure 3) shows that a
transient regime exists between the initial ballistic regime where
the translational motion is inertial and the onset of the long-time
translational diffusion regime where the MSD scales linearly with
time. In this intermediate regime, the MSD scales sublinearly with
time. This anomalous dynamics is best evidenced by plotting
ÆΔr(t)2æ/t along time on a log-log scale, as shown in Figure 4.
Assuming a power-law dependence of the MSD with time,
ÆΔr(t)2æ�tR, the slope of a linear fit on such a log-log
representation yields the R - 1 exponent. At long delays, when
the diffusion regime is attained, ÆΔr(t)2æ/t reaches a plateau value
which is 6D. Such subdiffusive dynamics are usually interpreted
as originating from crowding effects,54 here due to the presence

Figure 3. MSD for water molecules in (a) TMU and (b) TMAO
aqueous solutions. The horizontal dashed line indicates the character-
istic molecular distance used to define the translational time. (c)
Characteristic translational time τT required for a water molecule to
diffuse over a 3 Å distance in TMAO andTMU solutions, as a function of
concentration, and its slowdown factor compared to the bulk value.
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of many solute molecules, which locally hinder the water transla-
tional motions. Figure 4a shows that for TMAO solutions, the
R exponent differs increasingly from 1with increasing solute con-
centration (R = 0.71 at 1 m vs R = 0.46 at 8 m), and the onset of
the diffusive regimebecomes further delayed, reflecting the increased
confinement due to the solute molecules. For TMU solutions
(Figure 4.b), the sublinear character is less pronounced than for
TMAO (at 8 m, R = 0.61), thus suggesting a reduced confine-
ment effect compared to TMAO. The microscopic origin of such
anomalous dynamics will be discussed in detail in section 5.4.
4.2. Reorientational Motion.We now turn to the reorienta-

tional dynamics of water, and its dependence both on the solute
nature and on the solute concentration.
We focus on the reorientation dynamics of the water OH

bonds, which can be monitored through the time correlation
function c(t) = ÆP2[uOH(0)uOH(t)]æ, where P2 is the second-
order Legendre polynomial and uOH(t) is the orientation of the
water OH bond at time t.
In contrast to the bulk water case at room temperature where

the decay of this orientation time correlation function is mono-
exponential past the initial librational regime (i.e., beyond
approximately 200 fs),55 in concentrated solutions of amphi-
philes these decays exhibit a pronounced nonexponential beha-
vior (Figure 5a). In order to characterize these relaxations, we
therefore first rescale c(t) to remove the librational drop and
perform a time-integration of the decay to obtain the Æτ2æ
relaxation time. In the bulk case, this time-integrated relaxation
time coincides with the long-time decay τ2

bulk = 2.5 ps.55 The
rotational retardation factor FR is then defined as FR = Æτ2æ/τ2bulk
(We note that very similar results for FR can be obtained by using
a stretched exponential fit of c(t)).
The values of Æτ2æ and FR averaged over all water molecules are

shown in Figure 5b for TMAO and TMU solutions of increasing
concentration. Consistent with previous work,29 the reorientation

time Æτ2æ increases dramatically with increasing solute concentra-
tion. The slowdown factors calculated for TMU solutions are
quantitatively consistent with NMR measurements56 over the
entire concentration range. We note that the reorientational
dynamics is systematically more retarded in TMAO solutions
than in TMU solutions, similarly to what was observed for the
translational dynamics in section 4.1.
4.3. Rotation-Translation Coupling. We now focus on the

coupling between translational and rotational water dynamics.
For bulk liquid water, such coupling can be expected from the
experimentally observed parallel evolution with temperature of
dynamical quantities pertaining to translation (e.g., translational
diffusion constant) and to the reorientation (e.g., reorientation
time).57 Such coupling is usually discussed within the Debye-
Stokes-Einstein model, which relates translational and reorien-
tational dynamics. However, for water reorientation, the Debye
diffusion model is not valid,55,58 and a large-amplitude jump
reorientation mechanism has recently been suggested.55,58 With-
in this new model, rotation and translation motions are still
intimately coupled because reorientation results from exchanges
of H-bond acceptors, which involve translational motions for the
departure of the old partner and the arrival of the new one.
However, in some situations, the rotation-translation coupling
has been suggested to breakdown, for example, at low tempera-
ture in supercooled water,59 in the vicinity of sugars,60 and in
concentrated polymer aqueous solutions (e.g., poly(ethylene
oxide)).61 Such a decoupling is usually ascribed to the presence
of dynamical heterogeneities.59

Figure 5. (a) Orientation time-correlation function c(t) for 8 mTMAO
and TMU aqueous solutions, together with the bulk reference. (b)
Reorientation relaxation time Æτ2æ and associated slowdown factor
compared to the bulk for water molecules in TMAO and TMU solutions
of increasing concentration.

Figure 4. Log-log representation of ÆΔr(t)2æ/t along time for (a)
TMAO and (b) TMU aqueous solutions. Linear fits of the transient
decay are used to extract the (R - 1) exponent. The horizontal
asymptote signals the onset of the diffusive regime.
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The possible presence of a decoupling between the transla-
tional and reorientational water motions in concentrated solu-
tions is of great importance for the understanding of water
dynamics in the cell cytoplasm. For the dynamics of water in
the cellular media of an extreme halophilic archaeon, QENS
experiments22 have measured translational dynamics 250 times
slower than in the bulk, while NMR23 has measured rotational
dynamics only 15 times slower than in the bulk. These conflicting
experimental results could possibly be reconciled if the transla-
tional and rotational dynamics of water became decoupled
because of the large solute concentration in the cytoplasm.
The translational and rotational retardation factors for water in

TMAO and TMU solutions are shown in Figure 6. The transla-
tional and rotational dynamics are surprisingly closely correlated
up to very high concentrations. We only observe a weak
decoupling at 8 m for TMAO and above 6 m for TMU. In both
cases, the rotational dynamics is more slowed down than the
translational dynamics (at 8 m, FR/FT = 1.14 for TMAO and 1.25
for TMU). While TMU and TMAO are obviously not repre-
sentative of all types of solutes that can be found in the cytoplasm,
we note that the range of concentrations we have studied covers
the typical cytoplasm conditions, and that the reorientational
slowdown factors found in the simulations have the same order of
magnitude as those found by NMR. Our results thus do not
support the hypothesis of a decoupling between translational and
reorientational motions to explain the discrepancy between the
NMR and QENS measurements.
Our results also show that while both TMAO and TMU retard

the translational and reorientational dynamics of water for
increasing solute concentrations, their respective effects on the
dynamics of water are very different, TMAO being a much more
potent retardant.

5. RELATIONSHIP BETWEEN LOCAL STRUCTURE AND
WATER DYNAMICS

In order to relate the water dynamics to the microscopic
structure of the aqueous solution, we will extend the ideas we
have recently developed to describe how the water H-bond
dynamics is affected by the local environment. For a water
molecule in solution, the breaking of a H-bond with an initial
partner and the forming of a H-bond with a new partner are
necessary both for reorientations leading to a new stable orienta-
tion and for translational displacements ending in a new stable
position. The study of H-bond dynamics will thus provide a
common ground to determine the influence of the local

environment. This will lead to a connection between the local
structure and the water dynamics which will be used to rationa-
lize why the different TMU and TMAO solute distributions
result in very different water dynamics.
5.1. Extended Jump Model. It was recently suggested that

beyond an initial <200 fs period where a water OH group librates
around its H-bond axis, theOH reorientation proceeds along two
independent pathways.55,58,62 The most important route is via
the exchange of H-bond acceptors, where once the environment
has reorganized to offer a new viable H-bond acceptor, the water
OHbond suddenly executes a large amplitude angular jump from
its former H-bond partner to this new acceptor.55,58,62 An
additional minor contribution to the reorientation is through
the diffusive tumbling of the intact H-bond axis between
successive jumps.55,58,62 This extended jump model has then
been successfully applied to a broad range of situations, includ-
ing, e.g., ionic solutions,63 aqueous solutions of amphiphilic
solutes including TMAO and TMU,29,64 solutions of amino-
acids,65 and the vicinity of an extended hydrophobic interface.66

In a previous work,29 some of us already showed that the
measured retardation of the reorientation time in TMAO and
TMU solutions is caused by a slowdown in both the H-bond
exchanges and the frame tumbling between successive jumps. The
slowdown in the H-bond exchange time was shown to originate
from an excluded-volume effect at the jump transition state, due
to the presence of solutes. The presence of hydrophobic groups
hinders the approach of some new water H-bond acceptors, thus
slowing down the exchange rate. This transition-state excluded
volume (TSEV) effect leads to the FV retardation factor, which is
determined from the fraction f of transition state locations for the
new partner, which are forbidden by the presence of solute
molecules, FV = 1/(1 - f).29 When the concentration of hydro-
phobic groups increases, the fraction f increases, and the slow-
down factor FV increases. For water molecules donating an
H-bond to a solute acceptor site, an additional effect originating
from the transition-state hydrogen bond (TSHB) strength was
also shown to be important, especially for very strong H-bond
acceptor groups,64,65 and the overall slowdown in the H-bond
exchange dynamics was expressed as the product of the two
factors F = FVFHB.
5.2. Local Environment and Slowdown Factor Distribu-

tion. The TSEV effect has already been shown to quantitatively
predict the reorientational slowdown factors for dilute TMAO
and TMU solutions and over a broad concentration range for
TMAO solutions.29 We extend here this previous approach and
apply the TSEV model to understand the origin of the different
impacts of TMAO and TMU on water when in concentrated
solutions.
Figure 7 shows the distribution of slowdown factors F for the

8 m TMAO and TMU solutions, including both the TSEV and
TSHB factors. With respect to our previous work which had
exclusively focused on the water molecules residing next to
hydrophobic groups,29 we now include all waters in the solution.
The TSHB effect for water molecules donating H-bonds to the
TMAO solute hydrophilic heads enhances the distribution at
large retardation factor values. The TMAO and TMU distribu-
tions are dramatically different. The TMU distribution exhibits
two peaks: one narrow peak corresponding to bulk-like dynamics
(F = 1) and a broad band whose maximum lies at F = 1.5, i.e., the
typical slowdown value measured for water next to a single
hydrophobic solute. In contrast, the TMAO distribution exhibits
a single, very broad peak, which extends to much larger F values.

Figure 6. Correlation between reorientational FR and translational FT
retardation factors for water dynamics in increasingly concentrated
TMAO and TMU aqueous solutions.
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These two distributions reflect the very different local envir-
onments experienced by water molecules in the two solutions.
Additional insight is provided by the calculation of the fraction of
interfacial solvent atoms lying next to a solute molecule for
increasing TMU and TMAO concentrations (Figure 8a). A
solvent atom is defined as interfacial if it shares at least one
Voronoi polyedra facet with a solute atom.
Figure 8a shows that for increasing TMAO concentrations, the

organization of the solute molecules strongly confine the water
solvent, bulk water disappears, and almost all the water molecules
(=94% at 8 m) become interfacial. At high concentration, water
molecules form thin films and narrow wires, which percolate
through the solution (Figure 8b) (We verified that the water
network is above the percolation threshold by computing the size
of the largest cluster of H-bonded water molecules formed in the
solution). The very broad single-peak distribution of slowdown
factors where all waters are retarded compared to the bulk, which
has been calculated for the 8 m TMAO solution (Figure 7) can
thus be explained by the local environment of these water
molecules: they are all interfacial, and thus all slowed down,
and the width of the distribution originates from the variety of
local environments that can be experienced by a water molecule.
In contrast, for TMU aqueous solutions, Figure 8a shows that

even at the highest concentration examined in our study (8 m), a
non-negligible fraction of the solvent (=15%) is not in direct
contact with the solutes. These molecules are in the middle of
water subnanometer pools which form as a result of TMU
segregation (Figure 8b).67 These water molecules therefore
exhibit bulk-like dynamics and explain the presence of the first
peak with no retardation (F = 1) in the distribution of slowdown
factors (Figure 7). The other water molecules lie at the interface
with a TMU solute, but most of them are next to a single solute at
a time, in contrast to the TMAO solution where a water molecule
can be surrounded by several solute molecules simultaneously.
This explains why the slowdown factors appearing in the TMU
distribution (Figure 7) are similar to those found next to a single
dilute hydrophobic solute.
We also note that Figure 8a clearly shows that the number of

interfacial water molecules scales extremely nonlinearly with the
solute concentration, even at low concentration. This shows that
the linear scaling approximation used to interpret a recent series
of experiments24,25,28 should be revised.

5.3. Impact on Reorientation Dynamics. We now examine
how the very different microscopic environments experienced by
water molecules in concentrated TMAO andTMU solutions and
the ensuing different distributions of slowdown factors can
rationalize the different water dynamics we measured in these
two solutions. We first consider the reorientation dynamics,
which as explained above is due to H-bond exchanges and to the
tumbling of intact H-bond axes between exchanges.
The slowdown in the H-bond exchange time induced by TMU

and TMAO has already been presented in ref 29 for the water
molecules lying next to a hydrophobic group. We present here
the average exchange time for all the water molecules in the
solution, thus including the water molecules donating a H-bond
next to a solute acceptor site or lying in a water subnanopool. The
deviation between the H-bond exchange times measured in
concentrated TMAO and TMU solutions reflect very well the
very different distributions presented above for the slowdown
factors. In the 8 m TMAO solution, the directly computed
slowdown factor is 3.7 (Figure 9), in perfect agreement with
the 3.7 average value from the F distribution determined via the
TSEV/TSHB model (Figure 7), and in the 8 m TMU solution,
the directly computed slowdown is 2.5 (Figure 9), in excellent
agreement with the 2.4 average value from the TSEV/TSHB
model distribution (Figure 7). The greater slowdown observed
for concentrated TMAO solutions compared to TMU solutions
is due to the microscopic structure of the solution, where, as
explained above, no water molecule remains bulk-like, and many
water molecules are surrounded by several TMAO molecules,
thus leading to large excluded volume fractions f and large
slowdown factors.
We pause to note here that the agreement between the

slowdown factors predicted by our extended jump model and

Figure 8. (a) Fraction of interfacial water molecules among all the water
molecules in the solution. Representative snapshots of the (b) TMAO
and (c) TMU binary solutions at c = 8 m, with the solute molecules
displayed in green. For clarity, the simulation cell is represented along
one of its images along the x and y directions. The locations of some
water subnanopools resulting from TMU aggregation are highlighted.67

Figure 7. Distributions of the H-bond exchange retardation factor
F compared to the bulk for 8 m TMAO and TMU solutions. F is
calculated through the TSEV/TSHB model and is the product of the
TSEV (FV) and transition-state H-bond strength (FHB) factors. The
same distributions are represented in the inset on a log-log scale, which
evidences their power law tails.
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directly calculated in the simulations is surprisingly good. Our
model indeed only includes local effects through the TSEV and
TSHB factors, describing the local influence of an interface on
the water dynamics. In extreme confinement situations, addi-
tional nonlocal effects are expected, since the interface is no
longer in contact with bulk water, but with a more structured
water due to the slowly relaxing confining geometry. The free
energy cost for the approach of the new water partner is thus
expected to increase compared to the bulk situation, further
retarding the water dynamics.
We have also considered the minor contribution to the overall

reorientation due to the tumbling of an intact H-bond.55,58,62

Increasing the solute concentration slows down this motion
considerably, but does so very differently for the two solutes. In 8
m solutions, this reorientation is retarded by a factor 14 for
TMAO and only 3 for TMU. Such results are consistent with the
measured increase in the solution viscosity with increasing solute
concentration, which is much more pronounced for TMAO68

than for TMU.69

5.4. Microscopic Origin of the Subdiffusive Translational
Dynamics. We now turn to the study of the impact of the local
structure on the short-time translational dynamics.
We showed in section 4.1 that the translational dynamics of

water exhibits an anomalous subdiffusive regime, which is
increasingly pronounced for increasing solute concentration,
especially for TMAO (Figure 4). Two different models are
usually invoked to explain subdiffusive dynamics. The first model
describes the translational displacement as a continuous time
random walk (CTRW) process,70,71 i.e., a Brownian diffusion
model with a distribution of waiting times between two con-
secutive steps following a power law ψ(τ)∼ τ-ν. Such distribu-
tion leads to subdiffusive dynamics when 0 < ν < 2.70 The CTRW
model was, for example, invoked to explain the observed
anomalous dynamics of water confined in complex environments
such as protein interfaces.72,73 The second possibility to explain
the presence of subdiffusive dynamics is a change in the dimen-
sions of the space explored by translation. It has been shown that
a random walk occurring in a fractal space can also lead to a
subdiffusive behavior.74

We thus explored these two possibilities, which can be
summarized as either an energetic disorder (CTRW model) or
a topological disorder (fractal space model), in the case of
concentrated TMU and TMAO solutions. The distribution of
waiting times in the CTRW model can be reasonably approxi-
mated by the distribution of slowdown factors for the H-bond

exchanges, since we just showed that rotation and translation
remain well coupled even at high concentration. This distribu-
tion has been computed for 8 m solutions of TMU and TMAO
and exhibits a tail for large slowdown factors, which follows a
power law F-ν (see Figure 7 inset), whose exponent is, respec-
tively, ν = 2.3 and ν = 3.0 for TMAO and TMU aqueous
solutions. Since in both cases ν > 2, this implies that such
distributions are not sufficiently broad to explain the subdiffusive
dynamics within the CTRW model.
Regarding the dimension of the space accessible to water in

such concentrated solutions, we estimated via a block-counting
algorithm that for 8 m TMAO, the water molecules no longer
diffuse in a regular three-dimensional space but rather in a
geometry whose fractal dimension is df = 2.39 (in a space of
fractal dimension df, the number of particles within a sphere of
radius r scales as rdf). Since for a three-dimensional network there
is no rigorous relationship between the fractal dimension and the
subdiffusive exponent R for the MSD ÆΔr(t)2æ � tR,74 we can
only qualitatively suggest that the topological disorder may
explain the subdiffusive dynamics.
However, the importance of the topological disorder in such

concentrated solutions does not imply that the energetic disorder
does not play any role. Following a strategy successfully used to
investigate the dynamics of water next to proteins75 and in
carbohydrate solutions,20 we considered an 8 m TMAO solution
where all the solute molecules are kept frozen, thus ensuring that
the geometry explored by the water molecules is unchanged. We
then compared two simulations: one where the full interactions
between water and solute molecules are considered (i.e., includ-
ing both the electrostatic and van der Waals terms) and another
one where the electrostatic term is removed. The water transla-
tional times τT (defined in section 4.1) are 30 ps for the regular
system, 127 ps for the frozen solutes with their full charges, and
39 ps for the frozen solutes with no electrostatic charges
(a similar trend has been observed in the case of proteins75 and
carbohydrate solutions20). The subdiffusive regime is thus
affected by the electrostatic interaction term, which shows that
the energetic disorder plays a non-negligible role, even if it
cannot explain the subdiffusive dynamics by itself.

6. CONCLUDING REMARKS

In this contribution, we have investigated how the reorienta-
tion and translation dynamics of water are affected by the
presence of an increasing concentration of amphiphilic solutes.
We first evidenced the dramatic slowdown in the water dynamics
with increasing solute concentration, which is quantitatively
described by the increasing excluded volume fraction occupied
by the solute molecules. The large slowdown observed at high
concentrations of amphiphiles is not an intrinsic effect of these
solutes (e.g., a hydrophobic effect) but rather stems from the
confinement caused by the very high solute density. This further
demonstrates that experiments performed on concentrated
solutions24-28 cannot be used to infer the dynamical behavior
of water next to dilute solutes.

By contrasting two amphiphilic solutes, TMAO and TMU, we
also evidenced that the aggregation properties of the solute at
high concentration determine the microscopic distribution of
solute molecules throughout the solution, which has a critical
impact on the distribution of excluded volume factors and thus
on the water dynamics. For solutes such as TMU that aggregate
readily, water molecules tend to be segregated into small pools;

Figure 9. H-bond jump exchange times for water molecules in increas-
ingly concentrated TMAO and TMU aqueous solutions.
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the water dynamics in the core of these pools is bulk-like, while
the dynamics at the interface is moderately slowed down,
resembling the situation next to a dilute hydrophobic group. In
contrast, for concentrated nonaggregating solutes such as
TMAO, water molecules form a thin film between the solute
molecules, and they are all surrounded by more than one solute,
leading to much more pronounced dynamical slowdowns. While
we showed in a previous study that in dilute solutions, different
hydrophobic groups induce very similar and moderate slow-
downs for the water reorientation dynamics, we find here that in
concentrated solutions, the reorientational and translational
dynamics of water are critically sensitive to the type of hydro-
phobic solute and especially to its aggregation propensity.

Our study thus calls for a careful reinterpretation of the recent
series of experiments performed on concentrated TMU aqueous
solutions,24-28 and which ignored several critical points. First, the
slowdown magnitude induced by hydrophobic groups is strongly
concentration-dependent. Second, beyond the aggregation thresh-
old (as low as 0.5 m for TMU), the number of water molecules
affected by the solutes does not scale linearly with the solute
concentration. The ill-characterized temperature dependence of
aggregation also precludes any straightforward analysis of the
temperature-dependence of water dynamics.28 Our results even-
tually evidence that translational and reorientational dynamics
remain significantly coupled even at very high solute concentra-
tions, thus suggesting that the discrepancy observed between
recent QENS and NMR measurements for water dynamics in
cellular media may not be justifiable by such a decoupling.
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