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On the slowdown mechanism of water dynamics
around small amphiphiles†
Wagner Homsi Brandeburgo,a,b Sietse Thijmen van der Post, c Evert Jan Meijer,a,b and
Bernd Ensing ⇤a,b

Aqueous solvation of small amphiphilic molecules exhibits an unique and complex dynamics,
that is only partially understood. A recent series of studies on the hydration of small organic compounds, such as tetramethylurea (TMU), trimethylamine N-oxide (TMAO) and urea, has provided
strong evidence of a slowdown of the dynamics of the hydrating water molecules. However, the
mechanism of this slowdown is still a matter of debate. We analyze the slowdown mechanism by
combining molecular dynamics (MD) simulations, using ab initio and classical force field methods,
with mid-infrared pump-probe spectroscopy. Aqueous solutions of TMU and of urea were studied
at a 0.1 solute/solvent ratio, where we decompose the contribution of different solvating groups to
the orientational dynamics. Our results reveal that two competing processes govern the H-bond
breaking mechanism: H-bond switching through an associative partner exchange and a dissociative breaking characterized by an unbound state. H-bond switches are shown to occur less often
near hydrophobic groups, thus creating a subset of OH groups that do not switch and therefore
do not significantly reorient within the lifetime of one H-bond, but will require at least a second
H-bond to be formed and broken before it may switch. Our results shed new light on the role of
hydrophobic solvation in the water orientational dynamics and help to conciliate the controversy
regarding the timescale separation, providing a mechanistic explanation for the observed slow
component.

1 Introduction
Understanding the dynamics of aqueous solvation has proven to
be a long-standing challenge. A good description of the behavior of solvating water molecules is fundamental for understanding processes in complex aqueous systems. Recent studies have
addressed various aspects: the crowding effect in biological systems 1 and in nanoporous material 2,3 ; environmental effects on
proton transfer 4 ; the role of water in protein folding 5 ; and also,
in a broader context, the effect of different solute groups on the
solvating water dynamics 6–8 . These studies portray the water
molecules as playing a more active role in dynamical processes
than that of a simple constituent of the solvating media.
Water dynamics has recently become the renewed subject of
various interesting studies, which have raised a number of fundamental questions as well as proposals for new descriptive mod-
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els. Whereas some studies further consolidate the traditional
models, others demonstrate their limitations. For example, the
conventional picture of liquid water with a tetrahedral structure
has been challenged by the evidence of a highly asymmetric ordering, as seen from X-ray absorption 9,10 . Employing an energy decomposition method for ab initio MD 11,12 (AIMD) simulations, this was argued to be an asymmetry only in the strength of
the H-bonds rather than in their structure. In another example,
the long-established Debye diffusive model for water reorientation has been contested by the evidence that non-diffusive angular jumps 13,14 dominate the dynamics. For this reason a jump
model 15 has been revised on the basis of classical force field MD
(CMD) simulations 13,14 of water, proposing that large amplitude
angular jumps mediate the H-bonds partner exchange.
In recent years, by virtue of the development of ultrafast
time-resolved spectroscopy techniques and improved capabilities of computational approaches, a large number of studies
have provided detailed insight into the orientational dynamics of water molecules in aqueous solutions on the picosecond
timescale 6,16–26 . Femtosecond infrared pump-probe (fs-IR) 16,17 ,
dielectric relaxation (DR) 18 and 2D IR 19 studies of aqueous
tetramethylurea (TMU) by Bakker and co-workers showed a slow+PVSOBM/BNF <ZFBS> <WPM> 1–10 | 1
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an improved mechanistic model of the orientational dynamics of
water molecules in solution.

2

Methods

2.1 Ab Initio Molecular Dynamics.
The ab initio molecular dynamics (AIMD) simulations were performed on the basis of density functional theory (DFT) electronic
structure calculations as implemented in the CP2K package 28 . We
employed the BLYP functional 29,30 augmented with Grimme’s D3
dispersion corrections 31 , in order to address the well known limitations of AIMD simulations in water with respect to slow diffusion and overstructure 32,33 . According to Lin et al. 34 dispersion
corrections to the BLYP functional have shown to consistently improve the energetics and structure for liquid water. The DFT electron density is represented by a hybrid atom-centered Gaussian
and auxiliary plane wave (GPW) basis, thus allowing for a fast
conversion between real and reciprocal spaces 35 . The Gaussian
basis consists of a triple zeta valence doubly polarized basis set
whereas the plane wave expansion was cut off at 300 Ry. For
the plane wave grid we applied the nearest neighbor smoothing operator NN50 28 , which for water systems was shown to be
more accurate (see also the appendix of ref 36) than a higher cutoff. Goedecker-Teter-Hutter norm-conserving pseudopotentials 37
were used to restrict the electronic state to those of the valence
electrons. A Nosé-Hoover chain thermostat with a temperature of
322 K, a chain length of 4 and a time constant of 2400 fs, was
used to generate an NVT ensemble. In addition to the D3 correction, the temperature was set higher than ambient as it has
been shown 36,38 to yield good agreements with structural and
dynamical properties measured from experiments of bulk water
at ambient conditions.
We have performed AIMD simulations of two systems: a
TMU/water solution at a solute/solvent ratio of w=0.1; and a
pure water system. The pure water simulation box consisted of
64 water molecules with a density of 1.000 g/cm3 in a periodic
cubic box with dimensions of 12.42 Å. The aqueous TMU simulation box consisted of 4 TMU and 40 water molecules in a periodic
box with dimensions of 12.48 Å in accordance to the experimental density of 1.013 g/cm3 . Each system was first equilibrated for
approximately 20 ps and then sampled for 50 ps with timesteps
of 0.5 fs.
2.2 Classical Molecular Dynamics.
The force field based classical molecular dynamics (CMD) simulations were performed using the LAMMPS package 39 , with the
rigid SPC-E 40 model for water and a rigid, unified atom model
force field for TMU 41 , which is known to show good agreement
with experimental data of thermodynamical properties and solute aggregation 22 . For urea we have used a rigid KBFF model,
which, as proposed by Weerasinghe and Smith 42 and further analyzed by Mountain and Thirumalai 43 and Carr et al. 6 , is a good
model for describing urea-urea and water-urea interactions.
We first performed a geometry optimization of the TMU for
the rigid model using the Gaussian package 44 following the same
procedure as in ref 41. Considering a two-fold symmetry 45 for
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down of this dynamics at increasing solute concentrations. The
slowdown was attributed to a slow component in the water reorientation resulting in a timescale separation, interpreted as two
distinct water motions within the mixture: a faster motion assigned to bulk-like water; and a much slower motion assigned to a
fraction of the water molecules that hydrate hydrophobic groups.
This picture has contributed to a more general ongoing debate
on hydrophobic hydration. A different view by Laage and coworkers based on CMD simulations of amphiphiles proposes instead a moderate rotational slowdown of the hydrating water that
is not only due to a single slow species but rather due to a broad
distribution of slowdown factors 21 based on slower H-bonds exchange. It was also noted that solute aggregation plays a major
role (as shown to be the case for aqueous TMU 27 ) in the water
reorientation dynamics 22 , since the slowdown is limited to the
fraction of water in direct contact with the solute. Furthermore,
NMR relaxation measurements by Qvist and Halle 20 suggest the
appearance of a slow component in the orientational relaxation,
which the authors attribute to all water molecules within the solute hydration shell. Another contribution was provided by Titantah and Karttunen with Car-Parrinello AIMD 23 simulations of the
hydration of a single TMU molecule. They also observed a distinctive slow timescale in the orientational dynamics, supporting the
notion that a subset of water molecules within the TMU solvation
shell is slowed down. However, despite the extensive studies of
these amphiphilic systems, a conclusive mechanistic picture that
explains whether there is a timescale separation and what is the
nature of a separation in such case is still absent.
In this work, we provide novel insight to the mechanism underlying the orientational dynamics of water molecules in aqueous
solution using Born-Oppenheimer AIMD and forcefield CMD simulations as well as fs-IR experiments. By partitioning the water
solvent molecules depending on their vicinity to hydrophilic or
hydrophobic solute groups, we can compare the dynamics of water molecules in these different micro-environments. We employ
a novel analysis of the H-bond network that allow us to measure
the lifetimes of the H-bonds of individual water molecules and
the probability that a water molecule will reorient and switch to
a new H-bond partner after breaking a H-bond. With this analysis we can explain the experimentally observed slowdown of the
orientational dynamics of water molecules in aqueous solutions
of amphiphilic solutes and predict in which cases this leads to an
observable timescale separation.
After briefly describing the methodology of our AIMD and CMD
simulations and fs-IR pump-probe experiments, we first present
our results on the structure and the orientational dynamics of
water in (1) pure water, (2) a TMU solution, and (3) an urea
solution, to confirm the aforementioned slowdown in the latter
two mixtures. Next, we apply our solvent partitioning scheme
and show that the slowdown is mainly localized at the water
molecules of the first coordination shell of the amphiphile, but
with different slowdown factors for the molecules near the hydrophilic and hydrophobic solute groups. Thirdly, we compare
the H-bond lifetimes and H-bond switching probabilities of the
water molecules in these different micro-environments. We conclude with a discussion on how the observed differences lead to
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the TMU we have used an initial configuration with a homogeneous distribution of water and both chiralities of TMU for the
concentration w=0.1. We have also performed CMD simulations
of an urea solution with the same concentration and of pure water. All simulations were performed with each system containing
approximately 500 molecules. The systems were equilibrated in
the NPT ensemble set to represent ambient conditions for 500 ps
with a timestep of 1 fs and then sampled for 200 ps in the NVT
ensemble. We have also employed periodic boundary conditions
and the Ewald summation method for the long range electrostatic
interactions.
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2.3 Femtosecond Infrared Pump-Probe Spectroscopy.
We have performed polarization-resolved femtosecond spectroscopy in pure water and in an aqueous solution of TMU at
the w=0.1 concentration. This experiment allows us to probe the
orientational dynamics by calculating the anisotropy decay. Details about the experimental setup and methodology can be found
in the Supporting Information and in ref 46.
2.4 H-bond and Coordination Number Definitions.
In the simulations we considered two molecules as H-bonded
when the oxygen-oxygen distance is smaller than 3.3 Å, and the
donor angle, a = \OD –HD · · · OA , is larger than 120 , which was
previously shown to be an adequate geometrical description 34,47 .
The coordination numbers were obtained from the CMD simulations by integrating the radial distribution functions of water
oxygens, gOW OW (r), up to their first minimum.
In order to calculate the H-bond switch ratio we have included
one extra dynamical condition to the H-bond definition that separates definitive H-bond breaking from transient breaking. As we
expect on average a 170 fs period for the 200 cm 1 intermolecular stretch vibration of liquid water and a duration of 140 fs for
the angular jumps 14 , we used a 200 fs buffer time for the definitive breaking. Thus, only H-bonds that remain broken for at least
200 fs continuously are considered to be broken, irrespective of
whether they find a new H-bond partner during this period or
not. In the case that they do find a new partner within the buffer
time, we consider it to be a switch, since this time is too short for
a new H-bond partner to become available through translational
diffusion. Also, no angular constraint was imposed for the switch,
since there is a broad angular distribution for jumps 13 , and the
non-diffusive motion can be uniquely defined by a subsequent exchange of H-bond partners.
2.5 Orientational Autocorrelation Fit.
We have fitted the OACF using a novel approach that explicitly
includes the librational motion as a damped harmonic oscillator, representing coherence loss between different librational frequencies, plus an exponential decay for subpicosecond motions
✓ ✓
◆
◆
t
t
t
2pt
C2 (t) = A0 cos
· e td + e t f ast + (1 A0 )e tmid
(1)
tsub
Here, tsub = 0.068 ps is the average librational period, td = 0.027
ps is the characteristic time for decoherence, and t f ast is an aver-
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Pure water

Urea
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Fig. 1 Water-water coordination number and average number of
H-bond partners per molecule in pure water, TMU and urea aqueous
solutions at w=0.1 calculated with CMD.

age relaxation time of subpicosecond motions including rotation
of the librational axis and free OH rotations 48 . The values for the
average librational period and decoherence were obtained from
fitting the OACF’s to eq 1; they match for all simulated systems
considered in this work.

3

Results

3.1 Structure and Orientational Dynamics.
We have characterized the H-bond network in the TMU and urea
solutions by calculating the average number of water H-bonds per
water molecule, and comparing it with the coordination number
obtained from the radial distribution function (Figure 1).
Figure 1 shows that in both aqueous solutions there is a drop
in the OW –OW coordination in comparison with bulk water. However, the average number of H-bonds per water molecule has only
slightly decreased, thus indicating no strong perturbation of the
H-bond network structure. This finding is in good agreement with
previous studies 16,49 , and can also be seen from the gOW OW (r)
(Figure 2a in ref 43), in which the peak positions due to the first
and second shells are undisturbed. ‡ The larger water-water coordination number in pure water relative to that of the solutions
implies that in pure water each molecule has a larger amount of
surrounding water that it is not H-bonded with. Consequently,
these surrounding water molecules have the potential to become
a H-bond partner, thus making each molecule more susceptible
for H-bond exchange. This seemingly subtle difference between
bulk water and the aqueous solutions has an important impact on
the dynamics of the H-bond network.
In Figure 2, we show the second rank Legendre polynomial of
the calculated molecular OACF of water, for both solutions and

‡ Note that the simulation boxes of pure water and both aqueous solutions contain
different numbers of water molecules, and that the normalization factor of the g(r)’s
does depend on these numbers. Thus, the height of the g(r) peaks does not compare
fairly among the different systems.
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C2 (t) = hP2 [u(0) · u(t)]i

(2)

where P2 is the Legendre polynomial, and u(t) the unit vector
along each of the OH bonds of the water molecules. A significantly slower decay of the OACF is observed for the TMU solution in comparison to that for pure water, while the urea solution
shows a notably less pronounced slowdown, in agreement with
earlier work 6 . Note that the difference between the two solutions
suggests a relation between the presence of hydrophobic groups
and the slowdown of the water dynamics. We discuss the slowdown mechanism in more detail in the last section of this paper.

3.2

Relaxation Times.

Equation 1 provides a good fit of the OACF for both the AIMD
and CMD simulations of bulk water, including the initial librational bump (Figures S1a and S1b in the Supporting Information). This second exponential characteristic time, referred to as
tmid has been assigned in the literature to large amplitude angular motions (referred to as jumps) arising from an OH group
exchanging acceptor sites 13 , as its value is close to the timescale
of the rate of such jumps. Equation 1 also provides a good fit
for the OACF of the urea solution, but with a larger value of tmid
(Table 1). For the TMU simulations, the addition of a third exponential significantly improves the quality of the fit; whereas the
fit using only two exponentials yields deviations from the data
that are larger within the first picoseconds, and smaller but still
consistent at longer times (Figures S1c and S1d in the Supporting Information). This finding agrees with the simulation results
of Karttunen and Titantah, 23 and with the results of the experiments by Bakker and Rezus 16 . The values obtained for the relaxation times are presented in Table 1. For experimental values
and values in parentheses we fitted a mono-exponential function
to the pure water OACF; and a mono-exponential function with
the addition of a constant to represent a second much slower decay (or infinite relaxation time) to the TMU solution OACF in the
time interval between 2 and 10 ps.
An extra exponential in the decay of the OACF implies the existence of an additional timescale for the orientational dynamics.
Such an additional timescale has previously been interpreted as
originating from slow water involved in hydrating the hydrophobic methyl groups 16,18 . On the other hand, it has also been argued in the literature that a stretched exponential model also
presents a good fit for the OACF 21 of CMD simulations. This
was proposed to explain the broad distribution of calculated slowdown factors; calculations which were solely based on geometrical parameters (transition state excluded volume). However, in
the last section we provide evidence that the slowdown originates
from a perturbation on the H-bond breaking mechanism due to
the presence of hydrophobic groups, thus resulting in a timescale
separation in the orientational dynamics.
4|
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Table 1 Relaxation times obtained from fitting the OACF to eq. 1 within
the indicated time interval, numbers in parentheses are fits from a
mono-exponential function in the 2-10 ps interval.
System method

Fit interval(ps)

Pure water CMD
All water

0 - 50

Pure water AIMD
All water

0 - 15

Pure water fs-IR
All water

2 - 10

Urea CMD
All water
Hydrophilic water
Hydrophobic water
Bulk-like water

0 - 12

TMU CMD
All water
Hydrophilic water
Hydrophobic water
Bulk-like water

0 - 20

TMU AIMD
All water
Hydrophilic water
Hydrophobic water

0 - 12

TMU fs-IR
All water

2 - 10

t f ast (ps)

tmid (ps)

tslow (ps)

0.3

2.4 (1.9)

-

0.5

3.1 (2.1)

-

-

- (2.3)

-

0.6
0.5
0.6
0.3

3.6
6.1
5.3
2.7

-

0.3
0.3
0.3
0.3

3.0 (2.2)
5.1
3.3
2.9

9.0 (•)
>20
15.5
-

0.2
0.2
0.1

2.0 (2.8)
3.9
2.3

>12 (•)
>12
>12

-

- (2.6)

- (•)

3.3 Experiments versus Simulations of TMU Solutions.
Figure 3 shows the experimental decay of the anisotropy (blue
line) in the TMU solution in comparison with the OACF’s obtained
from the CMD simulation (black lines) and AIMD simulation (red
line). The CMD result shows a significantly faster decay of the
water reorientation than the mid-infrared pump-pulse measurement, whereas the AIMD curve decays somewhat slower. The
relaxation times obtained from fitting the data in the 2-10 ps interval (to exclude deviations due to e.g. interference between the
pump and probe pulses) are shown in Table 1 in parentheses and
reflect this trend. Note that for both systems - pure water and the
TMU solution - the experimental and the AIMD relaxation time
are very similar; with the AIMD decaying slightly faster in pure
water and slightly slower in the solution, whereas the CMD results exhibit decays that are consistently faster.
A possible reason for the somewhat slower AIMD water dynamics in the TMU solution could be the absence of extended solute
aggregation (as the limited AIMD unit cell contains only four solute molecules), which would decrease the amount of hydrating
water and thus increase the amount of bulk-like water. Although
this hypothesis cannot be tested by increasing the AIMD system
due to the prohibitive cost of such a calculation, we can instead
exclude the bulk-like water from the analysis of the CMD simulation. Thus, we re-compute the CMD OACF considering only water
molecules that are within 4.5 Å of the methyl groups or 3.2 Å of
the TMU oxygen (see the dashed line in Figure 3). Indeed we can
see that the OACF of the solvation shell water molecules exhibits
a considerably slower dynamics.
We conclude that the AIMD simulation shows a OACF decay
that is in good agreement with the experimental decay of the
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Fig. 2 A comparison between the CMD OACF’s of the water molecules in pure water (black dashed line), in aqueous TMU solution (green solid line)
and in aqueous urea solution (violet solid line) at w=0.1
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Fig. 3 Second Legendre polynomial OACF of a w=0.1 TMU solution obtained using three different methods: AIMD (red solid line), experimental
anisotropy multiplied by 5/2 (blue solid line), and CMD for all water (black solid line) and solvation water (black dashed line).
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water-water
water-TMU
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0
2500

Fig. 4 A CMD snapshot of the TMU solution illustrating the different
water types based on distance criteria. The TMU molecules are
represented by the green and pink surfaces showing the hydrophobic
and hydrophilic (oxygens) parts, respectively. Water is shown as balls
and sticks, color-coded according to their location: in the vicinity of the
hydrophilic side of TMU (red), close to its hydrophobic parts (blue), or
bulk-like water outside the first coordination shell of TMU (orange).

anisotropy, considering that effects due to aggregation are absent
in the limited AIMD system. Instead, the quantitative result from
the CMD simulation using the SPC-E force field shows a faster
dynamics of the water orientation. The qualitative behavior of
both models is in good agreement with the experiment, as seen
from the need of an extra exponential in the fit to capture the
slowdown of water molecules near the TMU solute.
3.4

Partitioning the solvent water.

In order to better understand the effect of different solute groups
on the water dynamics, we distinguished between three types of
water molecules based on their vicinity to the hydrophilic and hydrophobic solute groups. This is schematically shown in Figure 4:
1) water close to H-bond acceptor sites of the solute (those within
3.6 Å of the solute oxygen), hereafter referred to as hydrophilic
water; 2) the remainder of the hydrating water (molecules that
are not hydrophilic water but still are within 4.5 Å of the methyl
groups in the TMU case, and within 5.5 Å of the central carbon
in the urea case), which for simplicity we refer to as hydrophobic
water; and 3) the water outside the solute hydration layer, the
bulk-like water. We account for water exchange between different regions by imposing a time buffer of 250 fs, after which we
relabel any water molecule that has entered a new region and
remained continuously in this same region according to its new
position.
The OACFs computed for these three different water types in
aqueous TMU and urea (see Figure 5) clearly show that in all
6|
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Fig. 6 Comparison of the vibrational spectrum of the hydrogens of
“hydrophilic” water molecules that donate a H-bond to TMU (red) with
that of hydrogens in pure water (black) from the AIMD simulations
shows that the hydrogen bonds to TMU are of similar strength than
those between water molecules.

cases the water outside the solute hydration layer (orange lines)
behaves as bulk water (black dashed lines), and that the slowdown effect of the water dynamics is largely restricted to the first
solvation shell. This is consistent with the simulations by Karttunen and Titantah 23 and by Stirnemann et al. 22 , and with dielectric relaxation experiments 18 . Interestingly, we note that the
slowdown due to the TMU is even stronger near the hydrophilic
groups than near the hydrophobic groups, whereas for urea this
difference is rather small. This effect seems exacerbated in the
CMD simulations, whereas in AIMD this difference is not as pronounced.§
Could the increased slowdown of water near the hydrophilic
site of TMU be caused by an enhancement of the H-bonds between these waters and the TMU carbonyl? In some cases (such
as aqueous trimethylamine N-oxide, TMAO), a red-shift of ca.
100 cm 1 of the OH stretching band demonstrated a particularly
strong H-bond between solute and water which has been shown
to cause a orientational slowdown 50,51 ; however, no experimental evidence of such strengthening has been found for TMU. Moreover, this is also not observed in the water oxygen radial distribution function, as the positions of the first peak arising from the
H-bond distance in TMU/water (2.75 Å) and in pure water (2.80
Å) are very similar. In order to answer this question we have calculated the vibrational spectrum of water molecules H-bonded to
the TMU in the AIMD systems (see Figure 6—details about the
calculation are found in the Supporting Information). The OH
stretch peak does not show a significant red shift with respect
to the spectrum from pure water, thus indicating similar H-bond
strengths. Therefore we do not see any enhancement of these
H-bonds.

§ The OACF with error bars for the AIMD system is presented in the supplementary
information.
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Fig. 5 Simulated OACF for the different water types from AIMD in TMU solution (a), and from CMD in TMU (b) and urea (c) solutions. The labels
follow the color scheme from Figure 4 with blue for non-hydrophilic, red for hydrophilic and orange for bulk-like water. The dashed line is from the pure
water system.

3.5 Hydrogen Bond Dynamics.
In order to quantify the mechanism of the H-bond dynamics, we
distinguish between switching and non-switching H-bond breaking (as explained in the Method section). Table 2 shows the fraction of H-bond donors that switch, i.e. donors that break its Hbond by exchanging acceptors. The remaining fraction of broken
H-bonds that do not subsequently form a new H-bond remain in
an unbound state (or free OH period), after which a H-bond may
be formed.¶ In this regard water molecules that do not switch
should have a much slower reorientation time. Using the organic
chemistry nomenclature to classify substitution reactions, we thus
distinguish between an associative H-bond switching process, in
which one H-bond acceptor is replaced by a new acceptor in a
concerted manner by a rapid (non-diffusive) reorientation of the
water molecule, and a dissociative process, in which the H-bond
breaks and allows the water molecule to diffuse and eventually
find in a second step a new H-bond acceptor or to reform the
original H-bond.
Both the CMD and AIMD simulations show that water
molecules in pure water have an average H-bond lifetime of
tH bond = 2.2 ps and 2.1 ps respectively, after which roughly 75%
perform a H-bond switch, while the remaining 25% stay uncoordinated for an average of 300 fs. The presence of TMU at
the same time increases the H-bonds lifetime and significantly
disturbs the competition between the two H-bond breaking processes. Note, however, that the numbers for the “bulk-like” water
in aqueous TMU are indeed very similar to those of pure water
and that the increased lifetimes and lower switching propensities
are seen only for water molecules in direct contact with TMU,
with the largest change for the hydrophilic water molecules. In
the urea case, the hydrophilic and hydrophobic water molecules
also display somewhat longer H-bond lifetimes, but less substantial than in the TMU solution, and secondly, the switching propen-

¶ In ref 52 the authors analyze trajectories and calculate transition rates regarding the
breaking of water H-bonds from a bound state to an unbound state that is similar to
what is discussed in this article, however, they use different H-bond criteria.

Table 2 H-bond average lifetimes, and the ratio of H-bonds that switch
after breaking.
System method

tH

Pure water CMD
All water

2.1

74.6

Pure water AIMD
All water

2.2

75.9

Urea CMD
All water
Hydrophilic water
Hydrophobic water
Bulk-like water

2.6
3.1
2.7
2.4

75.6
73.8
74.4
77.0

TMU CMD
All water
Hydrophilic water
Hydrophobic water
Bulk-like water

2.9
5.1
3.1
2.4

68.8
56.6
65.6
74.6

TMU AIMD
All water
Hydrophilic water
Hydrophobic water

4.1
6.0
3.9

62.3
54.8
61.2

bond (ps)

% switches

sity remains similar to that of pure water.

4

Discussion

The comparison of the average coordination of water by other
water molecules in pure water, aqueous TMU and aqueous urea
(Figure 1) shows that the main difference in the solvent structure
between these solutions is in the fraction of nearest neighbor waters that are not directly H-bonded. Near the solute this fraction
is significantly smaller than in the bulk, thus effectively yielding a
lower amount of available H-bond acceptors per water molecule.
Moreover, the water orientational dynamics shows a slowdown of
water in aqueous TMU and (somewhat less) in aqueous urea relative to bulk water (Figure 2), which is predominantly restricted
to the solvent water molecules in direct contact with the solutes
(Figure 5). Interestingly, the OACF for aqueous urea relaxes with
a similar exponential decay as for pure water, albeit with a somewhat longer characteristic time constant, tmid , (Table 1), whereas
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H-bond switch occurrence/survival

1
p sw(t) pure water
p sw(t) TMU 0.1

0.8

1-∫ psw(t) pure water
1-∫ psw(t) TMU 0.1

0.6

0.4

0.2

0

0

5

10
t (ps)

15

20

R

Fig. 7 H-bond switch probability density, psw (t) (solid lines), and survival function, 1
psw (t) (dashed lines), obtained from the AIMD simulations.
Black lines are for pure water and red lines for the TMU solution. Results from the CMD simulations are shown in Fig. S3 of the Supplementary
Information

the OACF of aqueous TMU displays an additional much slower
exponential decay. The underlying mechanism for this timescale
separation observed for TMU, but not for urea, can be understood
from the H-bond breaking mechanism and the average H-bond
lifetimes as follows.
Urea is a small polar solute that could in theory accept four
H-bonds from water solvent (one at each nitrogen lone-pair, and
two at the oxygen lone-pairs) and also donate four H-bonds (two
by each amide group). Simulations show that in practice only
the carbonyl oxygen exhibits well-defined H-bonding with the solvent, whereas the amide groups do not have a well-defined solvation structure. Mountain and Thirumalai 43 argue that the much
lower number of H-bonds per urea molecule than the theoretical number of eight is due to the excluded volume of the urea
molecule itself, i.e. a steric effect that prevents H-bonding. The
urea also excludes volume from the coordination shell of nearby
water molecules, which reduces the number of available H-bond
acceptors around these waters. This leads to somewhat longer
H-bond lifetimes (Table 2) and significantly longer tmid relaxation time constants (Table 1). Calculations performed by Carr
et al. 6 show that the water slowdown in urea solutions is a direct
effect of the amount of surrounding ureas on individual water
molecules.
The TMU case is rather different. The methyl groups are more
hydrophobic, bulkier, exclude more volume and are in contact
with more water molecules than the urea hydrogens. This not
8|

+PVSOBM/BNF <ZFBS> <WPM> 1–10

only leads to a further increase of the H-bond lifetimes around
the TMU (see Table 2), but it even shifts the balance between
associative (H-bond switching) and dissociative (unbound state
formation) processes in the H-bond breaking mechanism. That
is, the higher excluded volume and fewer available H-bond acceptors leads to a decreased switching propensity and favors the
dissociative H-bond breaking process. It is this combined effect of
the increased H-bond lifetimes and the more evenly balanced associative/dissociative competition that leads to the observed additional timescale in the orientational relaxation times of the TMU
solution. The larger slowdown for the hydrophilic water compared to the hydrophobic water is therefore mainly due to the
vicinity of two hydrophobic methyl groups, which form a cleavage
in the hydrophilic region of the TMU thus confining the hydrating
water.
To test this explanation, we have computed the H-bond surR
vival function, 1
pSW (t), which is plotted in Figure 7. Here,
pSW (t) is the switch probability density calculated as the time distribution of OH switches starting from a previous switch at t=0.
The survival function gives the population of OH groups that do
not partake in any switch event within the time interval t. The
AIMD simulation of pure water shows that less than 5% of the
OH groups remain without switching within the anisotropy experimental resolution time of 10 ps. The presence of hydrophobic groups (TMU) is shown to increase this population (⇠20%)
by adding a slowly decaying tail to this function. This extra tail
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has a very similar relaxation time (or decay time) t as the slow
component in the OACF (shown in Supporting information Figure S4 and S5), thus indicating that the contribution to the OACF
at longer times comes almost exclusively from switches. Moreover, the switches are not broadly distributed in time since they
can only happen during an H-bond breaking event, and when
one H-bond breaks via the dissociative process the donating OH
group will have to wait at least until after a new H-bond is formed
so it may break via switching. Depending on the dissociative Hbond breaking propensity one OH group might partake in several
H-bond breaking events without switching, thus not significantly
reorienting in the timescale of several H-bonds lifetimes. This
demonstrates how the H-bond dynamics, regarding both the Hbond lifetimes and the mechanistic switching/unbound state formation balance, is intimately connected to the observed distinct
timescales of the OACF relaxation.
With this mechanistic model, we can connect the average Hbond lifetimes of the hydrophilic, hydrophobic, and bulk-like water in aqueous TMU (respectively 5.1, 3.1 and 2.4 ps as shown in
Table 2) to the tmid relaxation times of the OACFs (respectively
5.1, 3.3, and 2.9 ps as seen in Table 1). For both the hydrophilic
and hydrophobic water, a substantial fraction of donors break its
H-bond via the dissociative mechanism (43.4% and 34.4% respectively in the CMD simulations) and, therefore, do not significantly
contribute to the orientational dynamics until eventually forming
a H-bond that does break via associative switching. This might
take several H-bond lifetimes before occurring. The rather different observed tslow relaxation times (respectively > 20 and 15.5
ps) due to the fraction of solvent waters following the dissociative mechanism reflects the different dissociative H-bond breaking propensities of 43.4% and 34.4%. Also for the urea case, the
OACFs can be fitted with the three-exponential functions, which
leads to somewhat slower tmid values and tslow values in the 20 ps
range without significant improvement of the fit quality (see Supporting Information). However, due to the much lower dissociative H-bond breaking propensities ( 25%) no timescale separation
is observed for urea.
The mechanism revealed here is rather different than the one
proposed by Usui et al. 51 for the TMAO solution. While in the
zwitter-ionic TMAO case the slowdown effect is mainly a direct
consequence of a strong H-bond between water and solute, thus
causing the H-bonded water to reorient following the TMAO motion, in the TMU case this is a consequence of a confinement
by the hydrophobic groups. Note that in TMU, the methyls are
much closer to the hydrophilic region than in TMAO. However,
we suspect that some of the slowdown that was observed within
the solvation shell of the TMAO is also caused by an increase of
the dissociative H-bond breaking process, it can explain the effect
on water molecules close to methyl groups and water molecules
more losely H-bonded to the TMAO during the H-bond breaking.

5 Conclusions
We studied the different motions that comprise the orientational
dynamics of water molecules in aqueous solutions of TMU and
of urea, addressing the slowdown of the dynamics of the hydrating water molecules. Ab initio and classical force field molecular

simulations were employed complemented by pump-probe spectroscopy measurements. We proposed an expression to fit the orientational autocorrelation function of water that explicitly takes
the librational motion into account. By decomposing the orientational dynamics between different solvating regions, we were
able to characterize the influence from methyl, amide and carbonyl groups on the slowdown of water reorientation. Methyl
groups were shown to be the dominating factor in the slowdown
of the water reorientation due to their relatively large excluded
volume. In addition, we have calculated the survival function
of OH groups that do not switch H-bond acceptors. We found a
higher incidence of survivors around hydrophobes to be the origin
of the appearance of a third relevant timescale in the orientational
dynamics.
Our results suggest that the reorientation of water molecules
in solution is the result of two competing processes in the H-bond
breaking mechanism: a dissociative H-bond breaking process in
which the OH donor finishes uncoordinated, and an associative
(non-diffusive) breaking process through a concerted switching
of H-bond acceptors. In the TMU solution, this competition is
more evenly balanced creating a larger subset of OH groups that
do not switch during an H-bond breaking and, consequently, do
not significantly contribute to the water reorientation. Hence, the
OH groups in this subset may only partake in a switching event
at much longer times, since for that at least one new H-bond has
to be formed and broken. This subset, enhanced by a significant
increase in the H-bond lifetimes for water solvating hydrophobic
groups, causes the appearance of a distinct slower timescale in
the reorientational dynamics.
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