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The dynamics of water molecules next to hydrophobic solutes is investigated, specifically addressing the
recent controversy raised by the first time-resolved observations, which concluded that some water molecules
are immobilized by hydrophobic groups, in strong contrast to previous NMR conclusions. Through molecular
dynamics simulations and an analytic jump reorientation model, we identify the water reorientation mechanism
next to a hydrophobic solute and provide evidence that no water molecules are immobilized by hydrophobic
solutes. Their moderate rotational slowdown compared to bulk water (e.g., by a factor of less than 2 at low
solute concentration) is mainly due to slower hydrogen-bond exchange. The slowdown is quantitatively
described by a solute excluded volume effect at the transition state for the key hydrogen-bond exchange in
the reorientation mechanism. We show that this picture is consistent with both ultrafast anisotropy and NMR
experimental results and that the transition state excluded volume theory yields quantitative predictions of
the rotational slowdown for diverse hydrophobic solutes of varying size over a wide concentration range. We
also explain why hydrophobic groups slow water reorientation less than do some hydrophilic groups.

I. Introduction

Fundamental biochemical processes such as protein folding
are driven by ubiquitous hydrophobic interactions, which are
mediated by water.1 However, whereas structural and thermo-
dynamic aspects of hydrophobic hydration are now reasonably
well understood,1-10 a comparable understanding of water
dynamics next to a hydrophobic solute remains elusive. Very
recently, a report of the first time-resolved measurements of
proximal water reorientation in aqueous solutions of am-
phiphiles11 concluded that two to four water molecules are
immobilized by each methyl group, thus supporting the con-
troversial iceberg picture12 from a dynamical perspective, but
conflicting with previous NMR interpretations13-17 and simula-
tion results.18,19 The iceberg model explained the observed
entropy decrease upon hydration of hydrophobic solutes by the
structuring of water molecules into icelike cages around
hydrophobic groups. Although its simplicity is appealing, this
model has been seriously challenged,1,3 and despite an active
search, the icelike structures have never been evidenced
experimentally.20

The time-resolved measurements11 thus suggested that,
although the cages’ structure might be liquidlike, their dynamics
is icelike. This interpretation relies on the observation of a large
residual water anisotropy after delays that are long with respect
to the 2.5-ps bulk water reorientation time. In particular, the
results reproduced in Figure 1 were interpreted as reflecting the
reorientation of two distinct types of water molecules: first, bulk
waters that are unaffected by the hydrophobic solute’s presence
and, second, some water molecules within the hydration shell
of the hydrophobic solute that are totally immobilized on the
accessible experimental time scale (0-10 ps). In this model,

the immobilization is assumed to occur independently of the
concentration: with increasing solute concentration, the inferred
fraction of immobilized water molecules increases, whereas the
relaxation times of the bulk and immobilized states remain
unchanged.

However, the existence of this anisotropy plateau at long
delays (and thus the validity of the model) can be questioned
for several reasons. First, even if some water molecules were
“frozen” onto a solute surface, the solute tumbling would be
visible in the measured laboratory-frame anisotropy over the
0-10-ps interval.21 Second, this plateau appears at long delays,
where the experimental values suffer from large uncertainties
because of the small population remaining at these delays in
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Figure 1. Anisotropy decay of water molecules’ orientation in aqueous
trimethylamine-N-oxide (TMAO) solutions of increasing concentration:
experimental values (dots) from ref 11, our scaled simulation anisotro-
pies,60 and fits11(dashes) of the experimental results assuming a bulk/
immobilized picture.61

J. Phys. Chem. B 2009, 113, 2428–24352428

10.1021/jp809521t CCC: $40.75  2009 American Chemical Society
Published on Web 02/04/2009



the short-lived (lifetime of ∼2 ps11) vibrationally excited state
and the necessarily approximate heating contribution correc-
tion.11

In this article, we show through molecular dynamics simula-
tions of various hydrophobic solutes in aqueous solutions that
no water molecules are immobilized. We instead find a moderate
(concentration-dependent) reorientational slowdown, that can
be quantitatively described through an excluded volume effect
at the transition state in the reorientation mechanism. These
conclusions are shown to be consistent with the available
experimental results, from both NMR and ultrafast infrared
spectroscopies.

The outline of the remainder of this article is as follows: In
section II, we detail our molecular dynamics simulation
methodology. In section III, we detail the analysis of the water
reorientation mechanism and the rate constant for water OH
bonds initially next to the hydrophobic groups. In section IV,
we show that the reorientational slowdown can be explained
through transition state excluded volume arguments, and we
demonstrate that this model provides quantitative estimates of
the slowdown for various solute sizes over a wide concentration
range. We end in section V with some concluding remarks.

II. Potentials and Methodology

We have performed classical molecular dynamics simulations
of aqueous solutions of different hydrophobic solutes at different
concentrations. All simulations employed the water SPC-E22

model, and different solute force fields [CH4,23 Xe,24 tetram-
ethylurea (TMU),25 trimethylamine-N-oxide (TMAO),26,27 tert-
butyl alcohol (TBA)26,28]. The simulation boxes all contained a
total of 500 particles, at the experimental density for TMU,29

TMAO,27,30 and TBA31,32 (for CH4 and Xe, no experimental
density is available, and the low-concentration densities were
estimated through NPT equilibration). The same procedure was
followed at different concentrations, with only a change of the
solution density and, therefore, of the simulation box size. The
system was first equilibrated in the canonical ensemble at T )
298 K for 100 ps. The trajectory was 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
electrostatic interactions through Ewald summation. The result-
ing average temperature was 298 ( 1 K.

The force field sensitivity of the calculated water reorientation
times around the TMAO methyl groups was investigated by
comparing rigid26 and flexible27 TMAO force fields. The rigid
model26 provided a better description of the available experi-
mental translational diffusion constant26,33 and was therefore
selected for the present work.

III. Water Reorientation Mechanism and Kinetics
around Hydrophobic Groups

We have performed molecular dynamics simulations on
concentrated trimethylamine-N-oxide (TMAO) aqueous solu-
tions, for which the anisotropy decay had been measured
experimentally.11 The anisotropy, R(t) is related to the second-
order Legendre polynomial time-correlation function as R(t) )
2/5〈P2[u(0) ·u(t)]〉, where u designates the orientation of the water
OH bond. The calculated anisotropy shown in Figure 1
reproduces well the experimental data at all concentrations for
short (<5-ps) delays; for longer times, the simulated values are
consistent with the experimental ones, which bear a large
uncertainty. The calculated anisotropy decay shows a steady
decrease at all delays and confirms the absence of a plateau.
(However, we note that fits of the simulated anisotropies

restricted to the experimental 0-10-ps range would lead to
nonvanishing plateau values.) The contrast with the im-
mobilized/bulk model picture is even sharper for very long
delays, inaccessible experimentally, where the anisotropy decays
below values corresponding to one immobilized water molecule
per solute molecule. There is no sign of any immobilized water
at all, at any concentration. Instead, there is evidence for a quite
different feature: a reorientational slowdown due to increasing
solute concentration.

To focus on the effect from a single hydrophobic solute on
the water behavior, we first simulated a dilute 0.1 m TMAO
aqueous solution. If the bulk/immobilized model were valid,
several water molecules (12 water OH groups11) should be
immobilized even at this low concentration. Our simulations
showed that the three TMAO methyl substituents are hydrated
together as a single large hydrophobic group, with the typical
clathrate-like arrangement5 in which each water molecule has
at least one OH bond tangent to the hydrophobic surface (Figure
2).

Whereas the structure of the water hydrogen-bond network
is little affected by hydrophobic solutes,20 the water rotational
dynamics is a much more sensitive probe of lability. Two of us
recently suggested34-36 that, beyond an initial <200-fs period
in which a water OH group librates around its hydrogen-bond
axis, the OH reorientation proceeds along two independent
pathways. The first and most important route is via the exchange
of H-bond acceptors, where, once the environment has reorga-
nized to offer a new viable H-bond acceptor, the water OH bond
suddenly executes a large-amplitude angular jump from its
former H-bond partner to this new acceptor.34 A second,
additional minor contribution to the reorientation is through the
slower diffusive reorientation of the intact H-bond axis (frame)
between successive jumps.34 The analytic extended jump model
(EJM) associated with this mechanism successfully describes
the reorientational dynamics of water in the bulk34 and around
a halide ion,35 reproducing both the experimental and simulated
reorientation times.34-36 Subsequent experiments supported the
EJM.37

Within this framework, we analyze the reorientation of a
water OH group initially tangent to the TMAO hydrophobic
moiety and contrast it with the bulk situation. We find a jump
mechanism in the vicinity of TMAO, which is depicted in Figure
3a. Figure 3b shows the simulation data supporting this

Figure 2. Typical hydration structure of TMAO, with a clathrate-like
arrangement around the hydrophobic moiety.
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mechanism, with the average time evolution of some key
distances and the angle during the H-bond exchange: RO*Oa and
RO*Ob are the distances between the central water oxygen and
the initial (Oa) and final (Ob) acceptors, θ is the angle between
the O*sH* bond and the bisector plane of the OaO*Ob angle,
defined such that θ ) 0° when H* lies on the bisector plane
and θ < 0° when H* lies on the Oa side; the time origin t ) 0
is chosen when θ ) 0°. The reorienting water OH group is
initially H-bonded to another water within the hydrophobic
hydration shell. This H-bond then elongates as a new water
partner arrives from the second shell. At the transition state for
this “reaction”, the rotating water molecule forms a symmetric
bifurcated H-bond with its two equivalent initial and final water
acceptors. The reorienting water molecule then leaves the
hydrophobic first shell, and the new H-bond stabilizes. As
evidenced for neat water,36 individual reorientation trajectories
are distributed around this average path. This mechanism is
identical to that determined in neat water, as evidenced by the
comparison of the average mechanisms (Figure 3b) and the same
average jump amplitude ∆θ (Table 1). However, the associated
jump time, τjump, computed as the inverse rate constant for the
replacement of a stable OsH · · ·O bond by another stable
OsH · · ·O bond,34-36 is somewhat slower around TMAO’s
hydrophobic groups than in the bulk, as now discussed.

Within the EJM, the overall reorientation time, τreor, is
calculated34 from the jump reorientation together with the slower
τframe reorientation of an intact H-bond, determined from the
orientational relaxation between the jump events, as

Table 1 shows that this reorientation time, τreor, which agrees
well with the direct simulation results, is retarded by a factor
of only 1.5 in the vicinity of the hydrophobic groups, the effect
coming mainly from the slower jump time (the frame contribu-
tion remains minor, despite its marked slowing around the
methyl groups). This moderate slowdown sharply contrasts with
the immobilization over the 0-10-ps period assumed by the
bulk/immobilized two-state model11 even at low concentration.

An alternate determination of the water reorientational
slowdown next to three methyl groups is provided by NMR
spectroscopy. When the majority of the work of the present
article was completed, the only available measurements were
on aqueous solutions of tert-butyl alcohol [TBA, (CH3)3COH)13,17],
which is structurally very close to TMAO, with an identical
hydrophobic moiety but a different hydrophilic head; results
for TMAO became available subsequently.38 For both solutes,
we determine the water reorientational slowdown factor around
the hydrophobic methyl groups from dilute 0.1 m simulations;
the two values are very similar: approximately 1.4 for TBA vs
1.5 for TMAO (Table 1). The NMR spin relaxation rate, R1, is
proportional to the water reorientation time, but because NMR
spectroscopy is not time-resolved, this reorientation time is
averaged over all different environments in the solution, i.e.,
the bulk and solute hydration layer. The influence of the solute
is isolated for dilute solutions, where the spin relaxation rate
depends linearly on the solute molality m13,17,38,39

where R1, R1
blk and 〈τreor〉 , τreor

blk are the spin relaxation rates and
the average water reorientation times, respectively, for the entire
solution at molality m and for bulk water and B is a propor-
tionality factor. NMR studies13,17,38,39 then infer from B an
average water reorientation retardation factor around the solute.
However, this factor should be considered with care, as it
depends on the value used for the solute hydration number and
is averaged over situations with very different reorientation
times. This is evidenced by our simulations on TBA and TMAO,
which show that, whereas water OH bonds initially tangent to
the hydrophobic groups have a retardation factor of respectively
1.4 and 1.5, the OH bonds pointing out of the hydrophobic shell
are nearly bulk-like (∼1.2 and ∼1.3), whereas the OH bonds
pointing toward the hydrophilic site exhibit retardation factors
which strongly depend on the strength of the H-bond acceptor
(∼1.2 for the hydroxyl group of TBA vs ∼2.4 for the negatively
charged oxygen of TMAO).40 The number of OH bonds in these
additional groups is relatively small, and the resulting average
retardation factor is close to the value around the hydrophobic
side. However, we prefer to directly calculate the average
reorientation time concentration dependence for a series of
simulated dilute solutions to compare the simulated B values
with the experimental ones: the agreement is excellent for
TMAO and fair for TBA, where our simulations somewhat
underestimate the reorientational slowdown (see Figure 4). Our
simulations therefore reproduce the NMR raw results and agree
with the NMR interpretation,13,17,38,39 confirming the limited
retardation induced by methyl groups on the water reorienta-
tional dynamics.

Because NMR spectroscopy measures a reorientational
slowdown averaged over the entire solute hydration layer,13,39

it might be argued11 that the moderate average slowdown
observed by NMR spectroscopy for TBA,13,17 TMAO,38 and

Figure 3. Jump reorientation and H-bond exchange mechanism next
to a hydrophobic site. (a) Schematic representation of the successive
steps in the mechanism for a water molecule initially in the hydration
shell of TMAO’s hydrophobic methyl groups. (b) Average time
evolution of key distances and angle during the H-bond exchange and
jump reorientation,34 for a water molecule initially in the hydration
shell of TMAO’s methyl groups (solid lines) or in the bulk situation
(dashes).
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various other solutes containing hydrophobic groups16,17 results
from the averaging of two subsets of waters, some immobilized
and others bulk-like. From our simulations, the total number of
water molecules within the TMAO and TBA hydration layers
in 0.1 m dilute solutions is 19 and 21, respectively (in agreement
with recent neutron scattering experiments41), leading to 24 and
27 water OH groups tangent to the methyl groups. According
to ref 11, 12 OH groups are immobilized by TBA or TMAO,
thus representing a subset of all the tangent OH bonds. Such
heterogeneity seems incompatible with the symmetry of the
hydrophobic moiety and is absent from our simulations.

IV. Quantitative Description of the Reorientational
Slowdown

a. Slowdown around a Single Solute. Figure 3b shows that
the TMAO hydrophobic group does not retard the H-bond
exchange reaction dynamics by constraining the system to pass
through a different, higher-energy, transition state, given that,
as noted in section III, the average jump mechanisms are
identical in the bulk and next to TMAO’s hydrophobic sites.
Instead, the approach of a new water partnersa key feature of
that mechanism34,36sis hindered by the excluded volume
induced by the neighboring hydrophobic group. The number
of accessible transition state configurations is therefore reduced.
A simple transition-state-theory42-type argument for the H-bond
exchange reaction shows that the jump time in eq 1, which Table
1 indicates is largely responsible for the slowdown, is inversely
proportional to the accessible transition state volume Ω‡

where the activation entropy contribution, ∆S‡, to the activation
free energy, ∆G‡, has been approximated as kB ln(Ω‡/ΩR). In
the bulk (Figure 3b), the transition state locations for the new
water partner lie along a ring defined by a distance to the
reorienting water of R‡ ≈ 3.5 Å and an attack angle with respect
to the initial H-bond axis of ∆θ ) 68°. The fraction, f, of this
ring which falls within the hydrophobic solute excluded volume
provides the complementary fraction, 1 - f, of accessible
transition states (Figure 5). Assuming that the reactant volume,
ΩR, is unchanged43 and that the change in the activation
enthalpy, ∆H‡, can be neglected, as suggested by the very minor
H-bond energy increase around hydrophobic groups,18 this leads
to the slowdown factor

Previous work has recognized that hydrophobic groups induce
astericeffectcausingaslowdownofH-bondrearrangements.18,44,45

In the present work, the knowledge of the transition state
configuration for H-bond exchange required in the reorientation
mechanism leads directly to a quantitative expression for the
reorientational slowdown factor by measuring the appropriate
excluded volume. The activation entropy that retards the
proximal water dynamics is to be contrasted with the entropic
contribution to the hydrophobic hydration free energy for small
solutes,2,3,6,7 although they both stem from the existence of a
hydrophobic cavity.

The transition state excluded volume (TSEV) fraction, f, can
be determined either geometrically if the hydrophobic group is
approximately spherical or from the molecular dynamics
simulations. In the simple spherical case, f is the fraction of the
ring of possible transition state locations for the new oxygen
acceptor Ob (defined by O*Ob ) R‡ and OaO*Ob)∆θ; see
Figure 3) that overlaps the hydrophobic exclusion sphere of
radius R centered on the hydrophobic group. The geometric
derivation detailed in the Appendix leads to the analytic
retardation factor

TABLE 1: Reorientation Times for a Water OH Bond Initially Next to a Hydrophobic Group of TMAO or in the Bulk

environment
jump time,
τjump (ps)

jump
amplitude,
∆θ (deg)

frame
reorientation

time,a τframe (ps)

extended jump model
reorientation time,b τreor (ps)

reorientation
retardation

factor, τreor/τreor
bulk

hydrophobicc 4.5 (4.5) 68 (68) 10.8 (7.4) 3.4 (2.8) 1.5 (1.3)
bulk 3.3 68 5.9 2.2 1

a Reorientation times associated with the second-order Legendre polynomial orientational time-correlation. b The orientational time
correlation function calculated from the simulations for a water molecule initially in the hydrophobic hydration layer does not rigorously
provide the reorientation time because it contains a bulk contribution at long delays.35 However, these approximate reorientation times (2.5 and
4.0 ps for bulk water and around the rigid hydrophobic group, respectively) agree well with the extended jump model predictions and lead to
the same retardation factor. If the model is refined to consider the ∆θ jump angle distribution,36 this agreement is excellent (2.5 and 3.8 ps
from the improved model for bulk water and around the rigid hydrophobic group, respectively). c Values indicated for the TMAO rigid force
field26 and within parentheses for the flexible force field27 for comparison (the rigid force field is more appropriate for the dynamics).

Figure 4. Comparison of our simulation B factors with the experi-
mental NMR results for xenon,14 tetramethylurea,15 trimethylamino-
N-oxide38 and tert-butyl alcohol.13
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where r is the distance between the hydration layer and the
surfaceof theexcludedsphereandd is theaverageoxygen-oxygen
distance within the hydration layer. The effective radius R used
in this analytic calculation is determined as the largest distance
from the center of the sphere for which the water oxygen radial
distribution function is zero. For solutes that are not strictly
spherical, the sphere is centered on the hydrophobic group, e.g.,
N(CH3)3 for TMAO, C(CH3)3 for TBA, and N(CH3)2 for each
of the two dimethylamino groups of TMU. The remaining
parameters were found to be nearly solute-independent.

The TSEV fraction can also be calculated numerically from
the molecular dynamics simulations. Along the trajectory, for
each water molecule lying within the hydrophobic hydration
layer, its H-bond acceptor is identified, and the transition state
ring defined by R‡ and ∆θ (see Figure 5) is sampled in 200
evenly spaced points. f is calculated as the fraction of these
points falling within the solute excluded volume, defined as the
superposition of spheres centered on each solute atom, whose
respective radii are the largest distance for which the radial
distribution function between this solute atom and the water
oxygen atoms is zero.

As shown in Table 2 for a range of solutes in dilute solutions,
the analytic TSEV fraction in eq 4 is in good agreement with
the simulation calculation. Although the analytic model provides
the explicit TSEV dependence on each parameter, the simulation
approach is better suited for very nonspherical solutes or for
high-concentration solutions where multiple hydrophobic sites
can surround a single water molecule, which cannot be described
by the analytic expression in eq 4.

Next to a convex solute of increasing radius (at low
concentration), the TSEV fraction f increases from 0 to 1/2 next
to a hydrophobic plane where one-half of the space is excluded,46

and the slowdown factor 1/(1 - f) accordingly increases from

1 to a maximum value of 2 (Figure 6).47 The slowdown predicted
by the TSEV calculation can be compared in Figure 7 with
simulated H-bond exchange retardations for hydrophobic solutes
of increasing size, ranging from methane to TBA; the predictions
are semiquantitative and confirm that the slowdown factor varies
very little with solute size and remains below 2. This explains
why the slowdowns measured by NMR spectroscopy16,17 (or
dielectric relaxation48) on a wide range of hydrophobic solutes
with diverse sizes and functional groups are all similar and very
moderate, with values below 2.

Because the hydrophobic solute acts only through its TSEV,
this explains why the components of the jump reorientation time
and the retardation factors (dominated by these components)
are only slightly affected by the solute force field, as shown by

Figure 5. Transition state geometries for the H-bond exchange
excluded by the presence of a hydrophobic group. Possible transition
state locations for the new H-bond acceptor Ob lie on the ring defined
by RO*Ob ) R‡ and OaÔ*Ob ) ∆θ. The fraction of this ring that overlaps
with the excluded volume of the TMAO methyl groups is represented
in blue, and the accessible fraction is shown in green.

τjump
hydrophobic

τjump
bulk

) 1
1 - f

)

{ 1 - 1
π

cos-1[ (Rq)2 + 2rR + r2 - dRq cos(∆θ)

2Rq sin(∆θ)√(R + r)2 - (d/2)2 ]} -1

(5)

TABLE 2: Comparison of Analytic and Simulation
Determinations of the Excluded Volume Fraction f

excluded volume fraction f

solute effective radius R analytic (eq 4) simulation

CH4 2.8 0.28 0.28
Xe 3.2 0.30 0.29
TMU 3.9 0.32 0.30
TMAO 4.4 0.33 0.33
TBA 4.5 0.33 0.32

Figure 6. Retardation factor calculated analytically from eq 4 as a
function of the hydrophobic sphere radius R for the typical values R‡

) 3.5 Å, ∆θ ) 68°, r ) 0.8 Å, and d ) 2.8 Å, which were found to
be nearly solute-independent. The dashes indicate the asymptotic value
for infinite R (See Appendix).

Figure 7. Retardation factor as a function of solute size for a water
OH bond initially tangent to the solute. The retardation factor is
determined both by TSEV eq 3 evaluated numerically and by the ratio
of jump times from the simulations, as a function of the hydrophobic
solute size, for methane, xenon, tetramethylurea (two separate pairs of
methyl groups), trimethylamino-N-oxide, and tert-butyl alcohol.

2432 J. Phys. Chem. B, Vol. 113, No. 8, 2009 Laage et al.



the comparison between rigid and flexible force fields in Table
1. The reorientational jumps involve only water acceptors, whose
force field is unchanged.

b. Extension to Concentrated Solutions. TSEV consider-
ations also explain and reproduce the overall water reorientation
slowdown for increasing solute concentration, as observed, for
example, in the simulation results for TMAO in Figure 1. For
concentrated solutions, water molecules are surrounded by more
than one hydrophobic group, the TSEV fraction f increases
beyond 1/2, and the retardation factor 1/(1 - f) exceeds 2. The
decreasing accessible transition state volume quantitatively
describes the H-bond exchange retardation with increasing
concentration in the entire 0-8 m range for TMAO (Figure 8).
The slowdown becomes more pronounced for reorientation than
for H-bond exchange because of the additional slowdown of
the frame reorientation component (eq 1) due to the increasing
solution viscosity. Accordingly, the water reorientation time
lengthens for increasing concentrations, in contrast to the
assumption of the bulk/immobilized model.

The TSEV model also provides an interpretation of the
anisotropy decay averaged over all water OH bonds within the
solution, as calculated or measured by ultrafast spectroscopy
(e.g., Figure 1). We calculated the probability distribution of
the jump time TSEV slowdown factors F ) 1/(1 - f) for all of
the water OH bonds (except for the few pointing twardo the
solute hydrophilic site) within TMAO solutions of increasing
concentration (Figure 8). In the low-molality 1 m case, the bulk
water molecules induce a narrow peak with no slowdown (F )
1), whereas the water OH bonds in the vicinity of the solute
molecules lead to a broader distribution for moderate slowdown
values. With increasing concentration, the bulk peak recedes,
and the distribution of slowdown factors broadens and extends
to higher values. At 8 m, no bulk is left. Several interpretations
of the high-concentration anisotropy decay have already been
suggested: within the bulk/immobilized model,11 this decay
results from the two separate immobilized and bulk populations
and is modeled by the sum of an exponential plus a constant
term; more recently,38 it was suggested the decay is biexpo-
nential, reflecting two distinct reorientation time scales within
the hydration shell. In contrast to these suggestions, Figure 9
shows that, at high concentration, the anisotropy decay does
not originate from two separate populations and is not biexpo-
nential. The decay instead comes from a broad distribution of

slowdown factors depending on the local environment, which
explains the stretched-exponential character of the anisotropy
decay, as observed for water around proteins.1

Despite the successes of the TSEV model recounted above,
the model has limitations. The model explains the reorientation
slowdown through considerations that are purely entropic49 and,
therefore, does not predict any temperature dependence of the
retardation factor. However, experimentally, a very weak
decrease of the slowdown factor that appears to be solute-
dependent has been observed for increasing temperature within
the liquid range.13,14,17,38 A first explanation lies in the model’s
neglect of the small activation enthalpy difference next to the
hydrophobic groups and in the bulk. A second explanation lies
in the different temperature dependences of the transmission
coefficients correcting the transition state theory rate constant36

next to the hydrophobic groups and in the bulk; the transmission
coefficient temperature dependence was shown to be an
important contribution to the overall temperature dependence
of the reorientation time in bulk water.36 Both of these aspects
are currently under investigation.

V. Concluding Remarks

We have performed molecular dynamics simulations of
aqueous solutions of various hydrophobic solutes, for a wide
range of concentrations. We found that, in dilute solutions, the
rate of water reorientation in the vicinity of the hydrophobic
solutes is decreased only moderately, in contrast to the behavior
predicted by the proposed bulk/immobilized model.11 The
simulations show that this slowdown becomes more important
for increasing solute concentration. The reorientation mechanism
and rate constants are well described by the extended jump
model.

Simple transition state excluded volume considerations within
the framework of the extended jump model were shown to
predict the slowdown of water H-bond dynamics around a
hydrophobic site and to explain why the solute size has little
influence on the slowdown. At low concentration, the factor
always remains below 2, in accord with NMR experiments.13-17,38

No hydrophobic dynamic icebergs are formed. This model also
explains why larger (>2) slowdown factors are observed
experimentally only for either high solute concentrations11 or
hydrophilic solutes50,51 for which the reorienting water is initially
H-bonded to the solute: the H-bond exchange mechanism and
therefore the activation enthalpy barrier are modified.36 Hydro-
phobic groups are therefore weak water reorientation retardants
with respect to some hydrophilic groups.

Figure 8. Retardation factor as a function of TMAO concentration
for a water OH bond initially tangent to the solute. Comparison of the
retardation factors predicted by numerical evaluation of TSEV eq 3
and determined as the ratio of hydrophobic vs bulk jump times and
reorientation times, for increasing TMAO molality.62 Except at 8 m,
the error bars lie within the dot size.

Figure 9. Probability distributions of the TSEV retardation factor for
the TMAO aqueous solutions of increasing concentration whose
anisotropy decay is shown in Figure 1.
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Ideas closely related to those of this work should prove useful
in understanding water dynamics in complex environments, such
as proteins,52 DNA,53,54 and confined media such as nanopores55,56

or reverse micelles.57-59
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Appendix: Geometrical Derivation of the Excluded
Volume Fraction

For a spherical hydrophobic group (see Figure 10), the key
parameters to determine the TSEV are R, the radius of the
hydrophobic excluded sphere; r, the distance between the
hydration layer (peak of the hydrophobic group-water oxygen
radial distribution function, gO(r)) and the hydrophobic excluded
sphere (where gO(r) is no longer zero); R‡ and ∆θ, which define
the transition state ring; and d, the average distance between
two water oxygens within the hydration layer, determined from
the oxygen-oxygen radial distribution function. The fraction
of excluded transition state volume is the fraction of the
transition state circle centered on N that overlaps the hydro-
phobic exclusion circle centered in D and thus f ) φ/π. The
angle φ is defined in the NSD triangle by

φ ) cos-1(SN2 + ND2 - SD2

2SN ND )
Each side of the triangle can be determined as follows

SN ) NQ ) Rq sin(∆θ)

SD ) TD ) √CT2 - CD2 ) √R2 - MN2 )

√R2 - [Rq cos(∆θ) - d/2]2

ND ) MC ) √O*C2 - O*M2 ) √(R + r)2 - (d/2)2

Hence

f ) 1
π

cos-1[2Rr + r2 + (Rq)2 - Rqd cos(∆θ)

2Rq sin(∆θ)√(R + r)2 - (d/2)2 ]
This expression is valid when the transition state ring intercepts
the hydrophobic sphere, i.e., for R > d/2 - r, R > |R‡ cos(∆θ)
- d/2|, and when the inverse cosine argument is <1. For an
increasing solute radius R, the excluded volume fraction
asymptotically converges to

ff
Rf∞ 1

π
cos-1[ r

Rq sin(∆θ)]
which is 1/2 for r ) 0.
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