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Abstract

The reorientation of a water molecule is important for a host of phenomena,
ranging over—in an only partial listing—the key dynamic hydrogen-bond
network restructuring of water itself, aqueous solution chemical reaction
mechanisms and rates, ion transport in aqueous solution and membranes,
protein folding, and enzymatic activity. This review focuses on water reori-
entation and related dynamics in pure water, and for aqueous solutes with
hydrophobic, hydrophilic, and amphiphilic character, ranging from tetra-
methylurea to halide ions and amino acids. Attention is given to the applica-
tion of theory, simulation, and experiment in the probing of these dynamics,
in usefully describing them, and in assessing the description. Special empha-
sis is placed on a novel sudden, large-amplitude jump mechanism for water
reorientation, which contrasts with the commonly assumed Debye rotational
diffusion mechanism, characterized by small-amplitude angular motion.
Some open questions and directions for further research are also discussed.
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1. INTRODUCTION

This review focuses on the question, how does a water molecule reorient in water and around
solutes in aqueous solution? It seems fair to say that the majority view of the mechanism of water
reorientation has been that of rotational diffusion, introduced long ago by Debye (1). Here the wa-
ter molecule changes its orientation in very small angular steps, in a diffusive fashion. As we discuss
below, recent theoretical and experimental work argue for a quite different picture in which the wa-
ter molecule reorients predominantly via a mechanism involving sudden, large-amplitude jumps.
"This picture is discussed below for pure water and aqueous solutions involving ions, hydrophobic
molecules, and amino acids, with attention given to theory, simulation, and assorted experimen-
tal probes, as well as to reorientation-related phenomena including, e.g., hydrogen-bond (HB)
breaking and making, HB exchange, and vibrational dephasing.

Why is the question important? For pure water, reorientation is intimately connected with
the dynamic rearrangement and restructuring of the HB network, a key aspect for water’s unique
properties. The significance of water reorientation in the hydration shells of various solutes,
more fully detailed below, ranges from its importance for, e.g., ion transport to protein fold-
ing. Perhaps less familiar for water reorientation is its importance for assorted chemical reaction
classes in aqueous solution. One example is Sx2 reactions, e.g., X~ + RY — XR + Y, in which
water reorientation is an important part of the prior solvent rearrangement necessary to reach
the reaction transition state (T'S) (2). Other examples are provided by acid dissociation proton
transfer reactions (3, 4) and proton transport (5-7). For the former, illustrated schematically by
the proton transfer AH---H,O — A~ -..H;0" within an HB pair, the reaction coordinate
involves a change in the coordination number of the proton-accepting water from 4 to 3, involv-
ing water reorientation to break a donor HB to the water (3, 4). For the latter, schematically
H;0%..-H,O — H,0---H;07, there is an additional and analogous 3 to 4 number change for
the proton donor site (3-7).

Our detailed review begins in Section 2, devoted to pure water, and continues in Section 3,
addressed to water reorientation in the hydration layer of various solutes. Concluding remarks are
offered in Section 4.

2. REORIENTATION IN PURE WATER

2.1. Orientation Time-Correlation Function

The simplest description of a water molecule’s reorientation kinetics relies on the time-correlation
function (T'CF) of the molecular orientation. For a given body-fixed vector such as the water OH
bond or dipole moment, this function tracks how fast memory of the initial orientation is lost. Its
definition is

Co(®) = (P,[u(0) - u@®)]). )

where P, is the Legendre polynomial of rank 7, and u(#) is the molecular orientation at time ¢.
A typical example of such an orientation TCF for bulk water at room temperature is shown in
Figure 1. On a logarithmic scale, this function shows that water reorientation proceeds suc-
cessively at different rates, and thus with different mechanisms: It exhibits a fast (subpicosec-
ond) partial reorientation, followed by a slower (picosecond) full reorientation. Before discussing
these mechanisms, we pause to survey the main techniques available to probe water reorientation
dynamics.

Laage et al.



Annu. Rev. Phys. Chem. 2011.62:395-416. Downloaded from www.annualreviews.org
by Columbia University on 03/27/12. For personal use only.

0.1 0.2
Time (ps)

Orientation tcf C,(t)
o

Time (ps)

Figure 1

Second-rank orientation time-correlation function C>(#) (Equation 1) for a water OH bond at room
temperature determined through molecular dynamics simulations (35). For each time regime, the key
reorientation mechanisms are indicated.

2.2. How to Measure the Reorientation

Currently, the most information-rich technique to probe water reorientation dynamics is infrared
(IR) pump-probe spectroscopy (8-15), which possesses the necessary femtosecond time resolution
to follow the very fast water reorientation motions. By combining the signals collected with parallel
and perpendicular polarizations of the pump and probe pulses, one recovers the anisotropy decay
of this population, usually approximated as 2/5 x Cy(z) (15, 16) (see Equation 1). Despite this
technique’s great value, several limitations exist. First, the anisotropy cannot be reliably measured
for delays much longer than the vibrational lifetime (<10 ps). Second, the anisotropy-orientation
TCF connection is not as straightforward as usually assumed; additional effects [e.g., non-Condon
effects (17) and distributions of vibrational lifetimes (17, 18)] must be included for a quantitative
comparison.

Nouclear magnetic resonance (NMR) spectroscopy can also provide information on the re-
orientation dynamics through measurement of the spin-lattice relaxation time, which is partly
determined by rotational relaxation (19-23). However, NMR is not sufficiently time resolved to
follow the water dynamics in the time domain; the measured relaxation time is the orientational
TCF time integral (r;) = [~ C,(t)dt, which corresponds to a weighted average of the reorien-
tation times of the different mechanisms (19). Deuterium NMR in D,O probes the OD bond
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reorientation, proton NMR in H,O probes the HH intramolecular vector reorientation, and 17O
NMR probes the reorientation of the vector orthogonal to the molecular plane (23-25).

Quasi-elastic neutron scattering (QENS) follows the motions of individual hydrogens and has
been used to investigate water rotational dynamics (26-28). However, it assumes decoupled water
translational and rotational motions [not rigorously exact (29)] and postulates a model for the small-
amplitude translational displacements. The resulting rotational component of QENS spectra is
sensitive to the reorientation times associated with Legendre polynomials of increasing order
(11, 12, . ..). The interpretation of these spectra was recently shown to be extremely dependent on
the chosen reorientation model (30).

Several other experimental techniques probe water’s collective reorientation dynamics, includ-
ing terahertz spectroscopy, dielectric relaxation (31, 32), and optical Kerr-effect spectroscopy (33).
However, because reorientations of individual molecules are coupled and more than one mecha-
nism contributes to the reorientation, there is no simple relationship between the collective and
single-molecule reorientation times. The Debye relaxation time is, for example, almost twice as
long as the first-order molecular reorientation time 7; at room temperature (31, 34, 35).

Many other powerful techniques have been used to investigate water dynamics without specif-
ically probing reorientation, including, e.g., time-dependent Stokes-shift (36), two-dimensional
(2D) IR (37, 38), and terahertz (39) spectroscopies. Molecular dynamics (MD) simulations are
also a valuable tool to investigate water reorientation dynamics, as they both provide a molecular-
scale description of the water motions and can be used to calculate the experimental observables
detailed above. Several descriptions have been employed, including, e.g., classical MD with water
geometries that are rigid (35, 40, 41) or not (18), in which polarizability is included (18) or not
(35, 40, 41); centroid MD, which describes explicitly the quantum nature of the hydrogen motion
(42); and first-principles MD (43, 44) in which the electronic structure is calculated by density
functional theory.

All calculated orientational T'CFs exhibit the same general behavior as in Figure 1, although
the relaxation times are slightly model dependent. The great (potential) advantage of simulations
is the provision of a molecular picture explaining the experimental measurements.

2.3. Subpicosecond Reorientation: Librations

We now return to the discussion of the TCF decay displayed in Figure 1. The initial decay results
from the water molecule’s inertial rotational motion, rapidly hindered by the HBs with the nearest
neighbors, which exert restoring torques around an average orientation: This is illustrated by the
initially underdamped decay (see the inset in Figure 1). These librational motions therefore cause
a fast (<200 fs) but limited reorientation, as each water OH bond executes a wobbling motion in
a cone whose axis is the HB donor-acceptor direction (16, 45-47). The semiangle of the cone is
inversely proportional to the HB strength, with a stronger HB leading to a tighter cone (13, 47).

This librational decay can be measured by pump-probe spectroscopy. By varying the pump
and probe frequencies (8, 10, 14), systems with different HB strengths are selected. This explains
why blue-shifted frequencies, which excite OH bonds engaged in weaker HBs that librate in a
wider cone, lead to a larger amplitude of the librational anisotropy decay (40, 47).

Several aspects of this librational decay remain unclear and continue to be investigated.
These include, for example, the discrepancy between librational decay amplitudes measured via
polarization-resolved pump-probe spectroscopy and simulated orientational TCFs (13). Possible
explanations include the role of resonantvibrational energy transfer between excited OH vibrations
(48, 49), non-Condon effects causing the orientational T'CF to not rigorously equal the anisotropy
(17), and nuclear quantum effects (42). The role of temperature is also under investigation,
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stimulated by the first experiments indicating a transition from an OH excitation frequency-
dependent initial rapid anisotropy drop at room temperature to a frequency-independent drop
around the freezing point (13).

2.4. Picosecond Reorientation: Angular Jumps and Frame Tumbling

We now turn to the longer-time (greater than picosecond) decay of the orientation TCF. As
mentioned in Section 1, this orientational relaxation has been commonly described by the Debye
rotational diffusion picture (1), an angular Brownian motion of the water molecules through very
small angular steps. Although this description had been sporadically questioned (33, 50-54), it
is only recently that a combination of theoretical and experimental breakthroughs has provided
consistent evidence suggesting a dominant reorientation via a quite different mechanism involving
large-amplitude sudden angular jumps.

2.4.1. Jumps. An MD study provided the first detailed, quantitative, molecular description of
water reorientation, providing evidence that the picosecond reorientation of water results from
large-amplitude angular jumps when a water OH trades HB acceptors (35, 41). This exchange
process, which can be viewed fruitfully as a chemical reaction, is depicted in Figure 2. The first step
is the initial HB’s elongation while a new water oxygen acceptor approaches, in most cases from
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Figure 2

(@) Schematic jump reorientation mechanism (for a detailed description, see 35). (b)) Time dependency of
three geometrical parameters—distance to the initial acceptor (brown line) and to the final acceptor (red line),
and angle with respect to the bisector plane (yellow /ine)—along the average jump path (35), where the
system crosses the transition state at time 0.
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the second shell. Once the initial and final oxygen acceptors are equidistant from the rotating water
oxygen, the water OH can suddenly execute a large-amplitude angular jump from one acceptor to
another, and at the T'S for this HB exchange, the rotating water forms a symmetric bifurcated HB
with its initial and final water acceptors. The HB with the new partner eventually stabilizes, while
the initial partner leaves. This jump mechanism’s free energy barrier was shown from simulations
to originate not only from the initial HB’s elongation, but also from the new partner’s penetration
into the first shell (35); this jump barrier is smaller than the free energy cost to fully break the
initial HB because of the mechanism’s concerted nature. Explicitly treating the hydrogen motion’s
quantum character is not expected to produce a qualitative mechanistic change (35) but deserves
attention.

Obviously, the mechanism shown in Figure 2 is to be understood as an average, simplified,
but representative mechanism. Actual paths are distributed around this typical mechanism, as
illustrated by the wide jump angle distribution found (35) around the average amplitude of 68°.
Such a jump mechanism is consistent with, but distinct from, prior studies on related aspects of
water dynamics, both experimental and theoretical, including, e.g., those on the HB lifetime (55,
56), the importance of five-coordinated structural defects in enhancing the translational mobility
(57), and the unstable and transient character of dangling OHs (38). A detailed discussion of the
relation and differences between the jump mechanism and a number of these studies may be found
in Reference 35.

The consequence of these angular jumps in the orientation TCF can be determined through
the jump model developed by Ivanov (58), which generalizes the diffusive angular Brownian
motion picture to finite-amplitude jumps. It assumes that the jumps have a constant amplitude,
are uncorrelated, and occur with a frequency of 1/%jum, around axes distributed isotropically. This
model and its specificities with respect to other reorientation models are discussed, for example,
in Reference 59.

Within the Ivanov model, the z-th order reorientation time of the orientation TCF given in
Equation 1 is

1 sin[(z+1/2)A0])"" o
2n+1 sin(A6/2) ’
where A6 is the jump amplitude, which can be determined from simulations, together with the

jump _ o
Ty - T]ump {1

now microscopically identified jump time Zjymp (58) [at 300 K, Tjymp = 3.3 ps and A >~ 68° (35)].

2.4.2. Extended jump model. This simple jump model, however, is incomplete because it as-
sumes that the molecular orientation remains fixed between jumps. For water, this would imply
that, while a water OH bond retains the same HB acceptor, the OH direction remains frozen. On
subpicosecond timescales, this is not the case because of the librational motions described above,
nor is it the case on the slower picosecond timescale because of the reorientation of the intact HB
axis through a tumbling motion of the local molecular frame.

The jump and frame contributions are combined within an extended jump model (EJM) (35,
41). Because the jump and frame motions are independent, the resulting T'CF is the product of
the two TCFs, and the overall EJM reorientation time is (35, 41)

1 1 1 3
T’FJM = Ejlump Tgrame' ( )

The reorientation time is dominated by the faster jump contribution [from simulations with the
SPC/E water force field at 300 K, IZEJM = 2.2 ps, _L_ziump = 3.6 ps, and rzf”““ = 5.6 ps (35)]. The
resulting EJM provides an excellent description of the timescales measured, e.g., by ultrafast IR
and NMR spectroscopies, and by simulations.
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2.4.3. Hydrogen-bond network dynamics. The jump mechanism focuses on the replacement
of one HB acceptor by another and thus offers a local perspective on the way the water HB net-
work reorganizes and changes its connectivity. However, such a local jump requires the approach
of the new partner and the departure of the former partner, both necessitating second shell re-
arrangements (35, 41). This therefore implies collective motions involving molecules beyond the
three water molecules depicted in the mechanism given in Figure 2. The jump mechanism thus
provides a local mechanistic view of water’s collective HB network rearrangements (60).

Several timescales have been suggested to characterize water’s HB network dynamics, each
focusing on one aspect of the dynamics. The continuous HB lifetime (55, 56, 61), i.e., the time
until an HB first breaks, usually through a large-amplitude libration, provides an HB strength
measure. Most of these breakings are transient, and the original HB is quickly reformed. The HB
acceptor exchange time (i.e., the jump time discussed above) measures the time to go from an
initial stable HB to another stable HB with a different acceptor and thus measures the timescale
of stable rearrangements of the HB network. It is the inverse of the forward HB exchange rate
constant and depends both on the initial HB strength and the availability of a new partner. A third
timescale is the intermittent HB lifetime (55, 56, 61, 62), which measures the survival probability
of an initially hydrogen-bonded pair. This time reflects the diffusion of the initially hydrogen-
bonded pair (56). It includes a contribution from the backreaction reforming the original bond,
even when a new stable HB was formed in between. The values for these timescales determined
from SPC/E water simulations at 298 K differ markedly: eone = 0.5 ps (63), Tjump = 3.3 ps (39),
and 7, = 6.5 ps (63).

2.4.4. Experimental support. Direct experimental evidence showing the existence of the an-
gular jumps in neat water has so far remained elusive. The second-order reorientation time (i.e.
corresponding to the second-order Legendre polynomial in Equation 1) measured by NMR and
ultrafast IR spectroscopies cannot readily discriminate between diffusive and jump models, and its
ratio with the first- or third-order times is needed (see Equation 1). Unfortunately, these times are
presently not directly accessible experimentally. However, several less direct results support the
jump picture. First, 2D-IR spectroscopy revealed the transient character of non-HB states (38),
which is fully consistent with the jump mechanism in which HB acceptor exchange occurs through
the concerted breaking and forming of HBs. Additional evidence comes from QENS, which is
sensitive to both the first- and second-order reorientation times (26). The surprising twofold
difference between the second-order reorientation times obtained from QENS and from NMR
and ultrafast IR spectroscopies disappears when the angular jump model replaces the rotational
diffusion assumption to interpret the spectra (30). The bifurcated HB configuration of the jump
TS (Figure 2) also explains why five-coordinated water molecules exhibit an increased mobility
(57) and why the water translational diffusion constant first increases with increasing pressure
(20). A higher pressure facilitates the formation of the bifurcated HB configurations and thus
the HB exchanges necessary for a translational displacement. Furthermore, a recent frequency-
dependent extension of the EJM (64) predicted that the anisotropy decay of water OHs, which
are initially weakly hydrogen bonded, exhibits a moderately faster decay in the 0.5-3-ps range
due to the increased probability to undergo a jump for these systems. This behavior has been
observed both in simulations (40, 42, 47, 64) and polarization-resolved pump-probe experiments
(8, 14).

To date, the clearest indications of the presence of angular jumps have been obtained in ionic
aqueous solutions. 2D-IR spectroscopy experiments have recently measured the exchange time
from an anion acceptor to a water acceptor (65, 66), and the angular amplitude of such exchange
(67), leading to values in excellent agreement with the EJM predictions (18).
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2.4.5. Frequency dephasing. The dephasing or memory loss of the OH frequency, as char-
acterized by the fluctuating OH frequency TCF or otherwise (40, 68, 69), is related to water’s
angular motion because the frequency is sensitive to the OH orientation in an HB (40, 68, 69). As
extensive recent reviews exist (15, 70, 71), we make only limited comments here for water, with
additional remarks allocated to subsequent sections.

The longer-time ~1-2-ps decay of, e.g., the TCF has been interpreted as resulting from
transient HB breaking and making (15, 40, 68, 69), which would involve large-amplitude librations
rather than full water molecule reorientation. The great similarity (72) of calculated water 2D-IR
spectra when jumps are excluded or not provides further evidence that water spectral dynamics
is mostly determined by transient HB breakings, corresponding to unsuccessful jump attempts
in which the OH returns to its initial acceptor. An alternate suggestion (73) is that dephasing
results from collective motions. These two current views are not necessarily incompatible (73),
and further elucidation would be valuable.

3. REORIENTATION AROUND SOLUTES
3.1. How to Measure the Influence of a Solute?

Understanding the water reorientation mechanism in neat water, although interesting per se, also
provides a reference to assess how a solute influences the dynamics of the surrounding water
molecules. Measuring a solute’s influence on the hydration shell dynamics is a long-standing issue
in experiments, theory, and simulations, and different strategies have been developed.

Most experiments, including, e.g., NMR, QENS, and ultrafast IR spectroscopy, collect a signal
resulting from water molecules both within the hydration layer and in the bulk, and separating the
two contributions is challenging. Some NMR experiments (22, 74, 75) employ dilute solutions
(e.g., below 1 M) in which a two-state picture (hydration shell and bulk) is probably valid, and
the hydration-layer contribution is inferred from a concentration-dependency study. Such results,
however, are intrinsically averaged over the entire hydration layer and require the knowledge of
the number of water molecules within this layer. Other NMR techniques have also been used more
specifically for biomolecule hydration (76, 77). QENS studies have estimated the dynamics within
the solute hydration layer by comparing spectra recorded at high (2 M) and low (0.5 M) concen-
trations (27). A significant limitation here is the assumption that the hydration-layer dynamics is
independent of concentration even at high concentrations. Some ultrafast IR spectroscopy exper-
iments exploited the longer water OH stretch vibrational lifetime within some solute hydration
shells (e.g., anions) compared to the bulk situation (78). This ensured that past a certain delay the
signal would mostly originate from hydration-layer molecules; however, subsequently this was
shown to lead to artifacts in the reorientation time determination (18). An alternate procedure
relies on concentration-dependent studies (79), but because of sensitivity issues, these studies re-
quire concentrated solutions (>1 M) in which the simple two-state hydration shell-bulk picture is
invalid (80).

MD simulations also face difficulties in identifying the specific dynamics of water molecules
within a solute hydration layer. First, the hydration-layer definition may be ambiguous, and dif-
ferent procedures have been suggested (81). Second, when the shell is labile, reorientation and
departure from the shell occur on similar timescales (82). The interpretation of an orientational
TCF for a water molecule initially in the first shell is therefore not unambiguous because this
molecule may leave the shell. Because, as detailed below, for several solutes water reorientation
proceeds through HB exchange and departure from the first to the second shell (18, 80), focusing
on molecules continuously residing in the shell could then yield an artificially slow reorientation
time as this would exclude the jump reorientation out of the shell.

Laage et al.
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As discussed below, all these considerations are relevant to understand and rationalize the
sometimes disparate results obtained with different techniques.

3.2. Hydrophobic Solutes

Water’s peculiar behavior around hydrophobic solutes is among its most unusual properties (50,
83-87). One ofits spectacular and most important manifestations is the water-mediated hydropho-
bic interaction between apolar solutes in aqueous solution (84, 87), which plays a key role in a wide
range of chemical and biochemical processes, furnishing, for example, the driving force for pro-
tein folding and for the self-assembly of lipids into membranes (83, 88). Hydrophobic interaction
and hydration have been extensively studied, and their structural and thermodynamic aspects are
now much better understood (84-87, 89, 90). However, a comparable comprehension of water
dynamics next to hydrophobic solutes, which can play a decisive role, e.g., in protein folding and
(bio)molecular recognition (36, 88), remains elusive and controversial. We review below some
recent aspects of this issue, focusing on the immobilized versus moderately retarded character of
water dynamics around hydrophobic groups, and discuss how a simple model (80) can rationalize
the contradictory conclusions reached by time-resolved measurements (79), NMR (22, 75, 91-94),
and simulations (44, 51, 72, 80).

3.2.1. Iceberg versus moderate slowdown. Hydrophobic compounds are weakly soluble in
water because of a surprisingly large loss of entropy compared with other solvents (84). These
thermodynamic observations were interpreted in 1945 by Frank & Evans (95) as arising from the
formation of crystalline structures around apolar groups, introducing the picturesque iceberg term
to refer to such frozen water molecules (95). Although appealing, this model has been seriously
challenged (83, 84), mostly because there has never been evidence of enhanced ice-like structures
in either neutron scattering experiments (96) or simulations (84) under ambient conditions, and
because the entropy loss can be explained without invoking such icebergs (97).

However, the recent first time-resolved measurements of water reorientation in the hydration
shell of amphiphilic molecules (79) were interpreted as supporting the iceberg concept from a
dynamical, as opposed to structural, point of view. The observation of a large residual anisotropy
after a delay (well beyond the 2.5-ps bulk water reorientation time) was assigned to the immo-
bilization of four water OHs per methyl group, independent of the solute concentration (79).
Subsequent 2D-IR experiments (98) and proton mobility measurements (99) on the same solu-
tions were interpreted via the same picture. According to these studies, the jump exchange of HB
acceptors is suppressed for some hydration shell water molecules, preventing their reorientation
and strongly slowing down related phenomena, including proton mobility and OH vibrational
dephasing. As discussed below, an alternate interpretation of these experiments without invoking
any immobilization has been advocated (72, 80), but the aforementioned studies already raise
several questions. For example, only a fraction of the first shell water OHs are immobilized,
whereas the others would exhibit bulk-like dynamics; this stark contrast is intriguing. In addition,
the interpretation of these experiments assumed the presence of a bulk water population even at
concentrations close to the solute saturation, which does not seem realistic.

This dynamic iceberg picture contrasts strongly with the conclusions of earlier NMR (22,
91-94) and dielectric relaxation experiments (100) on a wide span of solutes, ranging from pure
hydrophobes [e.g., xenon (91)] to amphiphiles [alcohols (75, 92, 94), methylated urea (22, 93), and
small peptides (22)]. In all these experimental studies, together with all MD simulations performed
with a large variety of force fields (44, 51, 72, 80), it was concluded that water reorientation is only
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moderately slowed in the hydration shell for dilute solutions: The retardation referenced to bulk
water rarely exceeds a factor of 2.

Although experiments only measure a reorientation time averaged over all the water OHs lying
in the hydration layer, simulations have the ability to spatially resolve the dynamics according to
the different orientations of the water OHs, distinguishing in the clathrate hydration structure
(85) between those tangent to the hydrophobic group and those pointing toward the bulk. A
systematic classical MD study showed that outward pointing OHs exhibit bulk-like dynamics,
whereas initially tangent OHs are retarded by a factor close to 1.5 that seems little sensitive to
the nature of the hydrophobe (80); no water immobilization was found. Similar conclusions have
been reached by ab initio MD simulations (44).

3.2.2. Transition-state excluded-volume effect. The seemingly contradictory observations
between ultrafast IR spectroscopy and other techniques can be reconciled and rationalized within
the EJM framework in terms of a transition-state excluded-volume (TSEV) effect for HB exchange,
without invoking any water immobilization (80). The EJM framework provides a quantification
of the steric effect induced by small hydrophobes, some aspects of which had been qualitatively
recognized earlier (57, 101).

The slower reorientation dynamics around hydrophobes is found to essentially result from a
1.5-fold slowdown of the HB exchanges (72, 80). Despite this moderate retardation, the average
jump mechanism is identical to thatin the bulk, and the system thus does not pass through a higher-
energy TS. However, the approach of a new HB acceptor, which is an important contributor to
the reaction rate-limiting step, is hindered by the presence of the hydrophobic solute, inducing
an excluded volume. Consequently, the number of accessible T'S configurations is reduced. This
effect can be quantified by considering that a fraction f of the ring representing the T'S location
(defined in the bulk by a distance R* to the reorienting water and a A jump angle) overlaps with
the hydrophobic solute excluded volume (see Figure 3). Simple TS theory considerations then
lead to the TSEV slowdown factor py-, the ratio between the jump time rjl;f:;’ph()be for an OH in
the hydrophobe hydration shell and the jump time in bulk rih“”‘ (80),

ump

hydrophobe

j 1
jump
= = . 4
Pv L bulk 1—f )

jump

Next to convex interfaces, as for tangent water OHs around hydrophobes, f does not exceed
1/2 (Figure 3a), and py < 2. For usual hydrophobic groups (radius 3-5 A), pj- varies little,
remaining close to 1.4, in excellent agreement with the simulated retardation factor for a wide
range of hydrophobic solutes (80). This TSEV model thus rationalizes a hydrophobic solute’s
limited effect on water reorientation dynamics observed in NMR and simulations. It has also been
successfully applied to an extended hydrophobic surface, for which f is close to 1/2 and thus py
is approximately 1.8 (102).

The TSEV model can also rationalize the seemingly contradictory results between those ob-
tained from NMR (22, 91-94) and simulations (44, 51, 72, 80) and those obtained from ultrafast IR
spectroscopy (79). These latter experiments employ high concentrations of amphiphilic molecules
(up to 8 mol kg1). At such concentrations, water OHs in the solute’s hydration shell are sur-
rounded by several solutes. The resulting TSEV fraction can now exceed 1/2 (Figure 3¢); TSEV
considerations were shown to quantitatively explain the overall slowdown of water reorientation
with increasing concentration, without invoking any immobilization (80). Such concentration-
related effects, together with aggregation phenomena (103, 104), can also explain the observed
suppressed proton mobility in these solutions (99). At high concentration, the simple two-state
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Figure 3

Transition-state excluded-volume (TSEV) model: definition of the excluded-volume fraction, model
predictions, and simulated jump time retardation for different solutes and concentrations. (Left panels)
Schematic 3D representation of the excluded-volume fraction for a single solute (#) and a concentrated
solution (¢). Considering a stable HB within the hydration shell (red dashed line), possible T'S locations for the
new HB acceptor lie on a ring defined by the distance R* to the reorienting water and the jump angle A@.
The fraction f of this ring overlapping with the solutes is represented in pink, and the complementary
accessible fraction is shown in green. (Right panels) Comparison between the TSEV model po4de1 and the
simulation results pgimyl (80); (b) for a single solute molecule of methane (CHy), xenon (Xe), tetramethylurea
(TMU), and trimethylamine-N-oxide (TMAO); and (4) as a function of concentration for aqueous solutions
of TMAO at 1 m, 2 m, 4 m, and 8 m (mol kg_l). At any concentration, the reorientation time retardation
(red dots) exceeds that of the jump time (black dots) because of the frame contribution (Equation 3).

model (bulk/immobilized) used to interpret anisotropy measurements (79) cannot be valid, and
one instead finds a broad distribution of dynamical behaviors, depending on the local environment
(80).

Finally, the amphiphile’s hydrophilic head, which has been ignored in the interpretations of
these experimental studies, can in fact play a major role. For increasing solute concentrations,
the fraction of water molecules around hydrophilic sites increases. The dramatic slowdown of
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vibrational dephasing measured in 2D-IR spectra (98) was argued to originate from the slow
chemical exchange between water molecules hydrogen bonded to hydrophilic heads and those
hydrogen bonded to other water molecules (72). This slowdown thus results from the hydrophilic
head, and not from the hydrophobic moiety as initially suggested (98). As discussed in detail below,
the effect of hydrophilic sites or solutes forming an HB with water molecules can be much greater
than the rather limited slowdown induced by hydrophobes.

3.2.3. Open questions. Some questions are still debated and deserve future investigation. These
include, e.g., the hydrophobic retardation factor’s temperature dependency. Ultrafast spectroscopy
experiments concluded that the activation energy for water reorientation next to a hydrophobic
group at 300 K is double that in bulk (105). This strongly contrasts with NMR results in which,
for most hydrophobic solutes, the 300 K activation energy only slightly exceeds the bulk value
(22). The activation energy is significantly higher only for hydrophobic ammonium cations (106)
and benzene (107), which certainly cannot be regarded as paradigm hydrophobic solutes (108).
The TSEV model, which addresses a purely entropic effect, predicts identical activation energies
for bulk and hydration shell water reorientation (80): A model refinement accounting for the
different water free energies in these locations (89) may lead to the small experimental temperature
dependency (22).

3.3. Hydrophilic Solutes

Hydrophobic groups influence water dynamics nearly exclusively through an excluded-volume
effect. We now turn our attention to hydrophilic solutes, which interact more strongly with water
through HBs and Coulombic interactions.

3.3.1. Anions. Water dynamics around ions is essential for a molecular understanding of, e.g.,
ion mobility in aqueous solution (109) and ion transport through membranes (110). We focus on
anions, especially the halides, which are comparatively simple and experimentally much studied
hydrophilic solutes, to investigate how the bulk mechanism of water reorientation through jumps
is affected by a solute.

MD simulations of chloride in aqueous solution have provided evidence of large-amplitude
angular jumps when a water OH replaces its anion HB acceptor by a water acceptor (18). This
HB acceptor exchange leads to the reorienting water’s departure out of the anion hydration shell
(18). The frame contribution due to the HB axis tumbling between successive jumps adds a slower
component to the reorientation (18).

The EJM explains the discrepancy between NMR studies (74), which observe a labile hydration
layer around CI~, and the conclusions of ultrafast IR spectroscopy experiments, which measure
a rigid hydration shell (78, 111). In the measured pump-probe anisotropy, the contribution from
water molecules, which remain hydrogen bonded to CI~ (i.e., which only reorient through frame
tumbling and do not jump), is overemphasized by their longer water OH vibrational lifetime.
Simulations (18) showed that ultrafast IR spectroscopy measures a reorientation time similar to
the frame reorientation time, whereas NMR includes the faster jump contribution, which is the
main reorientation pathway. [The frame reorientation component, however, will become quite
important for small ions such as fluoride (112) or multiply charged ions such as Mg+ (113).]
Although it has been suggested (114) that this explanation was inconsistent with the long residence
time of chloride’s hydration-layer water calculated by ab initio MD simulations, this apparent
inconsistency originated from an inadequate calculational procedure for water’s residence time
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next to labile ions (82). The use of concentrated ionic solutions in pump-probe experiments also
renders a comparison with the dilute case more difficult (115).

The longer-time OH frequency dephasing dynamics for water, e.g., weakly hydrogen bonded to
an anion such as I", can differ from the pure water case (see Section 2.4.5). Due to the frequency
blue shift compared to bulk water, a new, longer timescale HB exchange contribution appears
(116). Several 2D vibrational photon echo experiments have been performed on aqueous solutions
containing anions, including, e.g., BF; and ClO; , which acceptvery weak HBs from water, leading
to a very blue-shifted OH stretch vibrational peak, distinct from the bulk water band, as for I". The
great advantage is that the anion hydration shell water molecules can be probed specifically; anion
shell-bulk exchange can be observed through 2D-IR spectroscopy. Experiments measuring the
exchange dynamics (65, 66) on concentrated aqueous solutions yield an exchange timescale totally
consistent with the EJM predictions, taking into account the slowdown due to the employed high
concentration (18). Recently, the anisotropy decay due to the anion shell-bulk exchange has been
measured by 2D-IR spectroscopy (67); the associated angular jump amplitude was determined to
be approximately 50°, qualitatively consistent with the 60°~70° amplitude found in simulations
(18, 67).

3.3.2. Amino acids. Amino acids are appealing elementary molecules to investigate the influ-
ence of small solutes on water reorientation dynamics. Their side chains possess all the minimal
components to understand the span of various effects: Some are hydrophobic, whereas others
are hydrophilic, and among hydrophilic groups, some are HB donors, whereas others are HB
acceptors for water.

Amino acid hydration is relevant for understanding the general properties of protein hydration
in a host of arenas. Examples include enzymatic activity (117, 118), protein folding and association
(88), protein stability (119, 120), and response to thermodynamic stress (121, 122). Not only are
amino acids the building blocks of proteins, they are also intensively used either alone or assembled
in short peptides for biomimicking, as for functionalized nanoparticles (123) or surfaces (124).
Their aqueous solvation hence shapes the interfacial properties of such nanomaterials.

The importance of amino acid hydration has been understood early on (125, 126), and the dif-
ferent behavior of the hydrophilic and hydrophobic side chains was identified as the driving force
in protein folding (127). The affinity of amino acids for water and other solvents has been mea-
sured experimentally (128, 129) and correlated with the partition of amino acids in folded protein
structures (130, 131). Despite this significant progress, illustrated, e.g., by the establishment and
now routine use of the hydrophobic scale of amino acid side chains (see, e.g., 132), the local water
dynamics around them has not been extensively investigated, although important contributions
have been made, some of which are now mentioned.

NMR experiments on simpler molecules possessing the typical hydrophilic chemical groups
(amine, hydroxyl, carbonyl, and carboxylate groups) (75, 92, 133) indicate a moderate retardation
for hydration shell water reorientation by a factor <3 compared to the bulk. A weak retardation
(1.4-1.7) has been also measured for hydration water around amino acid-derived molecules with
hydrophilic and amphiphilic character, respectively (22).

The local dynamics of reorientation around the side chains of isolated amino acids in water has
been recently investigated in the framework of the EJM (134), with particular attention devoted
to the different effects of the amino acid HB donor and acceptor sites. The MD simulation results
yield direct estimates of the water jump times and have been interpreted microscopically via a TS
free energy decomposition, as now discussed.

For amino acid HB donor groups, the reorientation dynamics of a neighboring water OH
bond stems solely from an excluded-volume effect, as already observed for hydrophobic solutes
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(see Section 3.2). The water HB exchange dynamics is only slightly retarded with respect to bulk
water, with a retardation factor of ~1.1-1.2.

For amino acid HB acceptor groups, the excluded-volume term is in fact not sufficient to
properly describe the HB exchange kinetics. It is also necessary to include the asymmetry between
the respective strengths of the initial HB with the amino acid group and of the final HB with a water
oxygen. This HB asymmetry contribution, termed the transition-state hydrogen-bond (T'SHB)
factor, can be analytically described in the EJM. The HB strength is quantified via the potential
of mean force between the reorienting water molecule and the acceptor site; the activation free
energies to reach the jump TS geometry, i.e., to stretch the initial HB to its length in the TS, are
computed both when starting from an HB donated to the amino acid site (AG?,) and in the bulk
(AG;,,)- Within a TS theory description, their difference AAG! = AG!, — AG|, provides the
accelerating/retarding factor for the HB exchange reaction due to the T'SHB factor

i
PHB = ePARe %)

Combining this with the TSEV retardation factor due to the solute steric hindrance (80) gives a
predictive model for the water jump HB exchange rate constant in a general case,

bulk
Tjump = PV * PHB * tju‘r]np’ (6)

bulk
ump

acid and in the bulk, respectively.
For the HB acceptor sites, three different situations occurred in the simulations (134). For

where Tjyy,, and Tiomp A€ the characteristic times for the HB exchange for water around the amino

the few cases involving a hydroxyl acceptor (serine, threonine, tyrosine), water reorientation is
even faster than in the bulk. For carbonyl groups (asparagine, glutamine), reorientation is only
slightly perturbed by the presence of the amino acid HB acceptor. Finally, for strong HB accep-
tors (histidine’s nitrogen, and carboxylate oxygen molecules of aspartic and glutamic acids), the
strongest retardation is observed (a factor between 2 and 4). With a proper estimate of the initial
HB strength, the EJM describes all these cases well (Figure 4c). The comparison of the relative
importance of the TSEV and TSHB factors for acceptor groups (Figure 4d) demonstrates the
major role that can be played by the TSHB factor.

Amino acids also affect the diffusive frame reorientation contribution to water reorientation
(see Equation 3). Whereas in bulk water and next to amino acid HB donor groups the relative
frame contribution is ~39%, it becomes slightly smaller for weak HB acceptor groups (~23%)
and much greater for the glutamic and aspartic acid carboxylate groups (~54%). This increasing
importance results from the increasing HB strength, which retards the HB jump exchange time
and enhances the relative contribution of the frame tumbling reorientation.

3.3.3. Toward complex biosystems. The study of water reorientation at the interface of complex
molecular systems such as proteins and DNA is a natural further application of the EJM and of its
analytical formulation, including the TSEV and TSHB effects for aqueous solutes. In proteins,
additional challenges may arise: Water dynamics is affected by the surface local topology, i.e.,
its curvature (135), the presence of clefts and cavities (76, 136), and the differing free energetic
interactions with the various exposed amino acid chemical groups.

The microscopic local description and quantification of water HB exchange based on an EJM
approach should shed light on the hydration dynamics of biomolecules in which both energetic
and steric disorder are present, causing the heterogeneous dynamics observed experimentally (27,
137, 138) and in computer simulations (81, 139-141). Moreover, the analytical formulation of
the EJM and its components paves the way to an ab initio mapping of protein surfaces without
the need to perform expensive simulations and analysis. Such a map would be key for accounting
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Figure 4

Transition-state hydrogen-bond (TSHB) model. (#) Pictorial representation of the HB formed between a
water molecule and the carboxylate group of glutamic acid. The equilibrium distance between the
hydrogen-bonded oxygen molecules is Ry. The HB elongates by thermal fluctuation up to the value R
characterizing the TS. (b) The activation free energy to stretch the initial HHB (A GY), evaluated through the
potential of mean force for the bonded oxygen molecules. () Retardation factor with respect to the bulk of
the HB exchange dynamics for amino acid HB acceptor sites, with results from simulations (black circles),
from the TSEV model (blue stars), and from the combined transition-state excluded-volume (T'SEV) and
TSHB models (see Equation 6) (red squares) (134). (d). Contour plot of the overall retardation factor

pv - prB as a function of its TSEV and TSHB components with the values of amino acid HB acceptors.

for aqueous solvent effects in the prediction of protein/protein interfaces by individuating labile
regions of the hydration layer (142). The hydration map should clearly reflect the distribution of
different acceptor/donor sites and would be a useful tool for understanding, e.g., the protective
role of the hydration skin around proteins, illustrated by the well-known enrichment in charged
amino acids at thermostable protein surfaces (143), and the solubility of proteins, which can be
enhanced via supercharging (144).

Biomolecular surfaces also act as confining media by altering the kinetics of water reorientation
via the reduction of the accessibility to new water partners (80, 101) or by forcing jump events
toward biomolecular sites rather than toward the bulk, thereby reducing hydration layer-bulk

www.annualreviews.org o Water Reorientation

409



Annu. Rev. Phys. Chem. 2011.62:395-416. Downloaded from www.annualreviews.org

by Columbia University on 03/27/12. For personal use only.

410

exchanges. These phenomena could be crucial for understanding hydration dynamics in protein
active sites or in DNA grooves, and the consequent modulation of ligand (drug) binding (117,
145).

4. CONCLUDING REMARKS

Above we review water reorientation in a wide range of contexts, focusing on a new image of a
jump mechanism for the dynamics. Numerous examples of open questions and directions for future
research are given, but many more could be added. The local environment for a water molecule
near the air-water interface certainly differs from that in the bulk; does this significantly impact the
reorientation mechanism and rate? Related questions can be raised for heterogeneous reactions
at aqueous surfaces where water reorientation is important (146, 147). In the area of vibrational
energy transfer, significant rotational excitation of a water molecule has recently been implicated in
excited water bend vibration relaxation (itself a major component of the OH vibrational relaxation
pathway) (148-150); does this superthermal energy distribution alter the thermal regime scenario?
This small sampling of issues and those within suggest that unraveling the microscopic details of
water reorientation will challenge physical chemists for some time to come.

SUMMARY POINTS

1. Water reorients in the bulk mainly through large-amplitude angular jumps and not
diffusively.

2. Angular jumps occur through a concerted HB acceptor exchange mechanism.

3. Hydrophobic solutes induce a moderate (~ x 1.5) retardation of water dynamics in dilute
solutions and a more pronounced slowdown at high concentration, which can be both
ascribed to a jump TSEV effect.

4. Hydrophilic groups accepting strong HBs from water induce a marked slowdown of the
water dynamics, due to a TSHB strength effect.

5. Water OH stretch frequency dephasing originates mainly from transient HB breaking,
i.e., failed jump attempts, whereas successful jumps bring a minor contribution.

6. The (second-order) orientation T'CF and the anisotropy measured by ultrafast IR spec-
troscopy decay with the same rate, except in some situations (e.g., salt solutions) due to
vibrational lifetime distribution effects.
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