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The  reorganization  of  water’s  hydrogen-bond  (HB)  network  by  breaking  and  making  HBs  lies at  the  heart
of many  of  the  pure  liquid’s  special  features  and  many  aqueous  media  phenomena,  including  chemical
reactions,  ion  transport  and  protein  activity.  An essential  role  in this  reorganization  is  played  by  water
molecule  reorientation,  long  described  by  very  small  angular  displacement  Debye  rotational  diffusion.  A
ydrogen-bond dynamics
ump-probe infrared spectroscopy
wo-dimensional infrared spectroscopy

markedly  contrasting  picture  has  been  recently  proposed,  based  on  simulation  and  analytic  modeling:  a
sudden,  large  amplitude  jump  mechanism,  in  which  the  reorienting  water  molecule  rapidly  exchanges  HB
partners  in  an  activated  process  which  has  all  the  hallmarks  of  a chemical  reaction.  In this  contribution,
we  offer  a brief  review  of  the  jump  mechanism  together  with  a discussion  of  its  application  to,  and
probing  by,  modern  ultrafast  infrared  spectroscopy  experiments.  Special  emphasis  is given to the  direct
characterization  of the jumps  via  pioneering  two-dimensional  infrared  spectroscopic  measurements.
. Introduction

Liquid water’s numerous remarkable features include the great
ability of its hydrogen-bond (HB) network. This network con-
tantly rearranges by breaking and forming HBs on a picosecond
imescale [1–5]. Further, water’s reorganization dynamics plays a
ey role in a host of fundamental processes, such as SN2 [6] and
roton transfer reactions [7,8], proton transport [9],  and protein
ctivity [10]. The HB network rearrangements involve the reorien-
ation of individual water molecules, which has been traditionally
iewed as very small step angular Brownian motion of the molecule
10].

In stark contrast with this Debye rotational diffusion picture,
wo of us recently proposed a very different molecular mechanism,
n which water reorientation mainly proceeds through sudden,
arge amplitude angular jumps [4,11].  In this new picture, which
as a robustness vis-à-vis changes in the water force field [11],

arge jumps occur when a water hydroxyl (OH) group trades HB
cceptors, providing the elementary mechanism of HB network
earrangement. Subsequent simulation work depicted these angu-
ar jumps as a universal feature of liquid water; they occurred not
nly in neat water, but also in a broad gamut of aqueous environ-

ents, including aqueous solutions of ions [12] and amphiphilic

olutes [13,14], confining geometries [15–18] and biomolecular
ydration layers [10,19–21].
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In this contribution, we initially recount some key aspects of
the new picture and its detailed description via molecular dynam-
ics simulation and analytic modeling. We  then turn to a focus on
experimental probing of the validity of this novel jump picture via
ultrafast infrared (IR) spectroscopic measurements, including rota-
tional anisotropy experiments [22] and two-dimensional infrared
(2D-IR) spectroscopic experiments [3,23,24]. As will be seen, it is
often important to also refer to nuclear magnetic resonance (NMR)
spectroscopic experiments [25,26] for a useful comparison for the
IR measurements. We will conclude that the jump model pro-
vides a predictive theoretical framework to understand not only
pure water dynamics but also how a solute alters the surrounding
water’s dynamics, as illustrated by recent ionic and amphiphilic
aqueous solution examples [27]. We  do not aim for a complete
discussion here, and refer the interested reader to other reviews
[10,28] for further details and references.

2. The jump reorientation mechanism: bulk water

As related in Section 1, molecular dynamics (MD) simulations of
water indicate the occurrence of large angular jumps when a water
OH group trades HB acceptors [4,11].  Fig. 1 depicts this exchange
process, which has the essential character of a chemical reaction
involving the reactant HB and the final HB. The first step in this
mechanism is the initial HB’s elongation while a new water oxygen
acceptor approaches, in most cases from the second hydration shell

of the reorienting water molecule. Once the initial and final oxy-
gen acceptors are equidistant from the rotating water’s oxygen, the
water OH can suddenly execute a large-amplitude angular jump
from one acceptor to another. At the transition state for this HB

dx.doi.org/10.1016/j.jphotochem.2011.12.022
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:damien.laage@ens.fr
mailto:hynes@spot.colorado.edu
dx.doi.org/10.1016/j.jphotochem.2011.12.022


76 D. Laage et al. / Journal of Photochemistry and Ph

Fig. 1. (a) Schematic representation of typical reactant, transition state and product
configurations for the jump mechanism, (b) Average time evolution of three key
quantities during a jump: distance Ri to the initial HB acceptor, distance Rf to the
final  HB acceptor and (signed) angle � between the reorienting OH and the bisector
plane of the angle between the initial HB axis and the final HB axis. The origin of the
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ime axis is set to the crossing of the transition state. (c) Schematic representation
f  the dominant jump motion and of the slower diffusive tumbling of the HB axis
eading to a reorientation of the local frame.

xchange reaction, the rotating water forms a symmetric bifurcated
B with its initial and final water acceptors [4,11];  this concerted

eature of the reaction avoids the cost of completely breaking the
nitial HB to form a “dangling” OH, since the new HB is partially
ormed while the original one is being broken [11]. The HB with the
ew partner eventually stabilizes, while the initial partner leaves.
s is implied by the concerted character just noted, the jump mech-
nism’s free energy barrier originates not only from the initial HB’s
longation, but also from the new partner’s penetration into the
rst shell (additional smaller contributions arise from HB fluctua-
ions and from the OH angular motion) [11,29,30].

The mechanism displayed in Fig. 1 should clearly be understood
s an average, simplified, but nonetheless representative mecha-
ism. The actual exchange paths are distributed around this typical
echanism, an aspect illustrated by the wide jump angle distribu-

ion found around the average amplitude of 68◦ [11].
Since the jumps discussed above result in the reorientation

f water molecules, their signature can be sought in the time-
orrelation function (tcf) of the molecular orientation. These
ynamics can be probed by ultrafast IR spectroscopy [22], as well
s more traditional NMR  methods [25,26]. For a given body-fixed
ector such as the water OH bond, this function reveals the rate of
he loss of the memory of the initial orientation. Its definition is

n(t) = 〈Pn[u(0) · u(t)]〉,
ith Pn the nth order Legendre polynomial and u(t) the molecu-

ar orientation at time t. Ultrafast polarized pump-probe infrared
pectroscopy experiments measure the anisotropy decay, which
s approximately proportional to C2(t) [22,31]. Beyond an initial

ime interval (<200 fs) where water molecules partially reorient
ia fast librational motions, i.e. rotations hindered by the HB
etwork-imposed restoring torques, C2(t) decays exponentially
ith a characteristic time �2.
otobiology A: Chemistry 234 (2012) 75– 82

The characteristic reorientation time resulting from a reorien-
tation through large jumps can be determined through the jump
model developed by Ivanov [32], which generalizes the diffusive
angular Brownian motion picture to finite amplitude jumps [4,11].
With the assumptions that the jumps have a constant ampli-
tude ��,  are uncorrelated, and occur with a frequency of 1/�jump
around axes distributed isotropically, the (second-order) reorien-
tation time is

�2 = �jump

{
1 − 1

5
sin(5��/2)
sin(��/2)

}−1

Simulations can provide the two  features of the jumps, their
amplitude ��  and their frequency 1/�jump (from SPC/E water sim-
ulations at 300 K, �� = 68◦ and �jump = 3.3 ps [11]). A key point is
that the jump frequency 1/�jump is now identified as the forward
rate constant for the reaction which breaks an initial stable HB to
form a new different stable HB [4,11].

However, this simple model incorrectly assumes fixed molec-
ular orientation between jumps, and thus requires extension. In
particular, this assumption implies that while a water OH bond
retains the same HB acceptor, the OH direction remains frozen. But
this is not the case, due to the intact HB axis reorientation through
a tumbling motion of the local molecular frame of the hydrogen-
bonded pair, which needs to be included (see Fig. 1c). The jump
contribution can be combined with the frame component to pro-
duce the extended jump model (EJM) [4,11],  which gives an overall
EJM reorientation time

1

�EJM
2

= 1

�jump
2

+ 1

�frame
2

The structure of this result indicates that the faster of the two
contributions will dominate the overall time; this will typically be
the jump time, although on occasion the frame time can become
important [19,33,34].

The EJM provides an excellent description of the �2 reorienta-
tion times measured by both pump-probe IR anisotropy and NMR
spectroscopies and calculated from simulations [4,11].  However, a
diffusive model could still give rise to the experimental data. The
measured smooth exponential decay of C2(t) could either result
from sharp large amplitude jumps averaged over a great num-
ber of water molecules jumping at different times, or rather from
infinitesimal reorientations for each water molecule. The ratio of
the second-order time �2 with the first- or third-order times would
be needed to furnish the distinction between pictures [4,11], but
these latter times are currently not experimentally accessible. We
note here that while the Debye dielectric relaxation time is a first-
order reorientation time, it pertains to the collective reorientation
of the total dipole, and due to strong correlations between individ-
ual water molecules, it is significantly longer than the first-order
single-molecule reorientation time of interest here [11]. Other
direct and incisive experimental evidence is thus necessary to
determine unambiguously the reorientation mechanism.

Some first experimental support of the jump model came from
the analysis of quasi-elastic neutron scattering spectra (QENS),
discussed elsewhere [35]. But among the many experimental
techniques probing water HB dynamics, including QENS [35],
NMR spectroscopy [26] and ultrafast pump-probe IR spectroscopy
[22], the most recent – and arguably most powerful – has been
2D-IR spectroscopy, which accounts for its special emphasis
here. Numerous discussions of 2D-IR are available [23,36–38];
our present discussion addresses only the key relevant aspects

necessary for water HB dynamics [3,36,39–41]. This technique
follows the time-fluctuations of vibrational frequencies and yields
the correlation between the frequencies at two  instants separated
by a given time delay. Its application to water [31] provides
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Fig. 2. Bulk water 2D-IR spectra [31] calculated for different population delays from
a  regular simulation (top panel) and from the same simulation during the time inter-
D. Laage et al. / Journal of Photochemistry a

etailed HB dynamical information, since the water OH stretch
ibration is a sensitive hydrogen-bonding interaction probe. An
H engaged in a strong HB vibrates at a lower frequency: the OH
ond is weakened by stabilizing interaction with the HB acceptor,

nducing an average OH frequency red-shift; conversely, a weakly
ydrogen-bonded OH exhibits a blue-shifted frequency. 2D-IR
robing of the OH frequency time-evolution accordingly reports
n HB network fluctuations and HB breaking and forming events.
t has already been successfully exploited for water HB dynamics
n a broad gamut of contexts, from the bulk case [3,5,29,39,40] to
.g. ionic aqueous solutions [41–43],  confining environments [44]
nd biomolecular hydration [39].

That 2D-IR has the potential to provide insight on the presence of
ngular jumps can be readily understood. The jump transition state
TS) determined from MD  simulations is a bifurcated HB structure
n which the reorienting water OH donates two weak HBs to two
cceptors, resulting in an OH stretch vibrational frequency blue-
hift [3,4,11,40].  OH frequency changes during the jump thus make
D-IR spectroscopy a promising tool for enquiry upon the presence
f angular jumps in water, exploiting its ability to selectively follow
ystems with given initial and final vibrational frequencies. As we
ill see, however, the situation is not completely straightforward

or liquid water itself. In general, to characterize angular jumps,
D-IR often requires supplementary experimental information (e.g.
olarization-resolved measurements) and its interpretation can be
reatly aided by theory.

A first somewhat indirect support of the jump picture can be
ound in a 2D-IR study [3] performed prior to the theoretical
roposal of jumps [4].  Focusing on the spectral relaxation of blue-
hifted OH frequencies corresponding to very weak or broken HBs,
his study first evidenced the transient and unstable character of
on-HB states, which very quickly (<200 fs) relax to form a HB [3].
hile not itself suggesting or establishing a mechanism for HB

xchange dynamics, this result is at least fully consistent with the
ump mechanism in which HB acceptor exchanges occur through
he concerted breaking and forming of HBs [4],  in contrast with a
equential mechanism involving a long-lived broken HB state ruled
ut by the experiment.

In fact, most blue-shifted OHs do not even lie at the jump mech-
nism TS, since most do not execute a jump between HB acceptors.
imulations indicate that most blue-shifted water OHs (∼80%) only
xperience a transient HB break and quickly return to their initial
B acceptor and orientation without any jump and resulting for-
ation of a HB with a new acceptor; the OHs jumping from one

cceptor to another only represent a minor (∼20%) part [11].
This implies, unfortunately, that water molecules close to the

ump TS cannot be selectively excited using blue-shifted infrared
xcitation. Further, the 2D-IR measured frequency dynamics can-
ot distinguish the jump and libration contributions. This is because
he OH frequency dynamics is similar for a successful jump forming

 new HB with a different water acceptor and for an unsuccessful
ump (i.e. a large amplitude libration) reforming an HB with the
nitial acceptor. This important feature was recently confirmed by
he great similarity of the calculated 2D IR spectra of water with
nd without the jumps [14] (see Fig. 2 and Ref. [14]).

Indeed, fast transient HB breaking/reforming and slower HB
ump exchanges provide very different contributions to the fre-
uency dynamics (measured in 2D-IR) and to the reorientation
ynamics (monitored by the pump-probe IR anisotropy decay).
lthough fast transient HB breaks do not lead to a stable reori-
ntation, they cause most of the frequency dephasing [1,31,45]. In
ontrast, slower HB jump exchanges (their rate constant is approx-

mately four times smaller than that of the transient breakings at
oom temperature [11]) are the key reorientation pathway; they
lso lead to frequency decorrelation, but by the time a jump occurs,
ost of the memory of the initial frequency has already been lost
vals between the jumps (bottom panel). Horizontal and vertical axes correspond to
excitation and detection frequencies.

due to transient HB breaks [1].  Further, for HB exchanges from
one water acceptor to another, the product HB’s frequency is just
the same as the reactant HB, so the former’s production will not
contribute to the frequency dephasing. These considerations will
later prove to be crucial when we  consider 2D-IR spectroscopy for
aqueous solutions of amphiphilic solutes.

For discrimination between successful jumps and failed jump
attempts, the key criterion is that only the former lead to a sta-
ble, long-time reorientation, i.e. the formation of a stable, product
HB. Accordingly, specific evidence for angular jumps can only
ensue from the combined study of spectral dynamics and orien-
tation dynamics. This is achievable through polarization-resolved
2D-IR spectroscopy [29], as will be discussed in the next section.
Such experiments provide a frequency-resolved extension of the
conventional anisotropy decay C2(t): for each delay t, with the reori-
entation now given as a function of the initial and final water OH
vibration frequencies. Accordingly, this allows e.g. specifically fol-
lowing the reorientation rate of water OHs which start and end in
weakly bonded configurations, i.e. with blue-shifted frequencies.
Experimentally, such 2D anisotropy maps can be obtained either by
polarization-resolved pump-probe [46] or 2D-IR methods [29,42].

A frequency-dependent version of the EJM (FD-EJM) can be
used to interpret such 2D anisotropy diagrams and identify spec-
tral features which unambiguously show the presence of angular
jumps [29]. This extension describes the jump probability’s mod-
erate dependence on the initial HB strength, and thus on the OH
vibrational frequency. The free energy barrier to reach the jump
TS was  shown to be mostly due to the concerted elongation of the
initial HB and penetration of the new partner within the rotating
water’s first shell [11]. The respective free energy costs of the elon-
gation and of the new partner’s approach were found to be similar
[29]. An initially blue-shifted frequency corresponds to a water OH
which has already weakened its initial HB, but does not imply that
a new HB partner is available to effect a jump. This provides the
explanation of the observations that the jump probability increases
with vibrational frequency blue-shift, but that this increase is very
moderate [11,29].

The FD-EJM predicts that angular jumps should result in a faster
anisotropy decrease for blue-shifted frequencies, provided that

memory of the initial frequency is retained [29]. Such accelerated
reorientation has already been observed in frequency-resolved
pump-probe spectroscopic studies [46] and it can be rigorously
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onnected to the presence of jumps through the FD-EJM. Future
olarization-resolved 2D-IR measurements should give a more
etailed picture. For the moment, however, a more telling inves-
igation of the water angular jumps is provided by studies of water
ynamics in the hydration shells of solutes, discussed next.

. Aqueous salt solutions

We now commence the discussion of the jump picture and
ssociated IR spectroscopic experiments for water dynamics in
he hydration shells of solutes. Pioneering pump-probe ultrafast
R experiments on water dynamics in the hydration shells of
nions [47,48] have provided a new time-dependent spectroscopic
indow in this important area for transport and reactivity, com-
lementing traditional NMR  spectroscopic results [25]. An early
D study of the iodide anion hydration dynamics [49] identified an

mportant contribution to the time dependence inferred from these
xperiments arising from exchange of a water molecule between
he anion hydration shell and the water bulk, a phenomenon we
ill meet again. A subsequent study of water reorientation dynam-

cs in Cl− hydration shells showed [12] that due to the different
ibrational population lifetimes of water in the bulk and in the
nionic shell, the experimental ultrafast anisotropy decay [50] actu-
lly measures the slower frame diffusive reorientation of the intact
nion–water HB complex and is essentially insensitive to the faster
ump reorientation. The jump mechanism for the hydration shell

ater was found to be the major mechanism for the reorientation
s determined e.g. via NMR  spectroscopy [25], and Cl− was  dynam-
cally characterized as a weak structure-breaker (i.e. it slightly
ccelerates water dynamics in its hydration layer), in accord with
arlier NMR  descriptions. It is interesting to note that a recent sim-
lation/EJM examination of the small, high charge density F− case

ndicates that, due to the exceptionally strong anion–water HB, the
ump and frame contributions to the reorientation time are in fact
omparable, representing an anomaly among the halides [33].

But ionic solutions also have a central, direct role to play in the
xperimental probing per se of the validity of the jump model. As
iscussed in Section 2, in neat water, the main difficulty in dis-
inguishing an actual jump from a large amplitude libration arises
rom the symmetry between initial and final HB acceptors, which
re both water oxygens. Ions have thus been used to break this sym-
etry and provide a direct characterization of the angular jumps

hrough 2D-IR experiments [41–43].  As indicated at the beginning
f this section, in the presence of a salt, simulations show that
ome jumps occur from an initial state where a HB is donated to an
nion to a final state with a HB to a water molecule [12,33]. If the
nion accepts very weak HBs [41–43],  the vibrational frequency
f the water OH bonded to the anion is sufficiently blue-shifted
o become separate from the broad distribution of vibrational fre-
uencies observed for OH groups bonded to a water. In the linear IR
pectrum, this results in the tell-tale signature of two  distinct OH
tretch bands (Fig. 3).

The great strengths of 2D-IR spectroscopy are to extract dynam-
cal information, and to reveal and measure the kinetics of
he chemical exchange between these two states, respectively
ydrogen-bonded to an anion and to a water oxygen. Chemical
xchange between two states usually manifests itself in 2D-IR spec-
ra through the presence of two distinct diagonal peaks and the
rowth of off-diagonal peaks [36,41,43,51].  The latter correspond
o OH groups with the same type of HB acceptor when the system
s first excited and after a delay T when the correlation is measured

Fig. 3). As T is increased, exchange between the two  populations
auses these two diagonal peaks to decrease, while off-diagonal
eaks progressively grow. These off-diagonal peaks correspond
o OH groups which have different initial and final frequencies,
Fig. 3. Schematic representation, for a concentrated ionic aqueous solution, of (a)
the linear infrared spectrum and (b) a 2D-IR spectrum after a few picoseconds, with
growing off-diagonal peaks due to exchanges.

which implies that they have undergone exchange between the
two states (Fig. 3). 2D-IR experiments on concentrated salt solu-
tions (respectively 5.5 M NaBF4 [41] and 6 M NaClO4 [43]) measured
the exchange time for a water OH to go from an anion acceptor to a
water acceptor [31], which corresponds to the jump time in the EJM
terminology. The experimental values (respectively 7 ps [41] and
6 ps [43]) are consistent with the time determined from a simula-
tion study of a different salt solution (3.6 ps in a 3 M NaCl solution),
considering the different nature of the salt and more importantly
the strong concentration dependence of the jump time, which dra-
matically increases for increasing salt concentrations [12].

These pioneering 2D-IR experiments provided the first time-
resolved measurement of water exchange kinetics between
different HB acceptors, but could not yet establish unambiguously
that exchanges occur through large angular jumps, since they do
not contain any information on the exchange mechanism. Subse-
quent polarization-resolved 2D-IR experiments have very recently
provided a quantitative measure of the reorientation associated
with HB exchange [42]. Following the same approach as pump-
probe IR anisotropy measurements, comparison of spectra acquired
with parallel and perpendicular polarizations evidenced that sys-
tems which exchange between the two  states (off-diagonal peaks)
experience a much larger reorientation than those which remain in
the same state (diagonal peaks). Analysis of the spectra via a kinetic
model leads to an average jump angle of 49 ± 4◦ [42], in qualitative
agreement with the distributions of jump angles determined from
MD simulations of various aqueous solutions, whose averages lie
between 60◦ and 70◦ [4,12,13,16,19,33].
2D-IR spectroscopy thus appears as an exquisite technique to
follow water HB exchange kinetics, and unambiguously supports
the existence of angular jumps. One could therefore hope to extend
these measurements to other aqueous environments in order to
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Fig. 4. Schematic representations of the (a) TSEV and (b) TSHB effects of a solute on
the water jump rate constant. The TSEV model describes the jump slowdown due to
the  solute which blocks the approach of some new HB acceptors. The TSHB model
connects the free energy cost �G /= to stretch the initial HB from its equilibrium
length R to its transition state length R‡ to the acceleration or slowdown factor
D. Laage et al. / Journal of Photochemistry a

ssess how the jump mechanism is altered, and compare with
heoretical predictions. However, a broad applicability of 2D-IR is
till limited by several factors. Perhaps most importantly, a large
raction of the water hydroxyls bonded to solute acceptors is nec-
ssary to obtain a detectable spectral peak. Experiments on very
ilute solutions (<1 M)  available for instance in NMR  measurements
26] are thus still inaccessible. It is all the more unfortunate that
ater HB dynamics is extremely sensitive to the solute concen-

ration, so that dilute solution behavior cannot be easily inferred
rom concentrated solution measurement. In addition, these 2D-
R studies require the existence of spectrally distinct populations,
.e. the vibrational frequency shift between the two  states should
xceed the frequency fluctuations within each state. This condition
s unfortunately not met  for most singly charged anions, e.g. halides,
or which 2D-IR cannot be used to directly follow HB exchanges,
lthough information on spectral diffusion is still provided [52].
onetheless, one can anticipate further aqueous solution 2D-IR
xperiments on ions satisfying the frequency shift requirement.

. Water next to amphiphilic solutes

Many, if not most, solutes of interest are amphiphilic, with both
ydrophobic and hydrophilic portions. In this section, we will con-
ider water dynamics about such solutes. Our discussion will begin
ith a fairly extended consideration of the hydrophobic limit.

In addition to the neat water and salt solution cases, simulations
ndicate that water also reorients through large angular jumps next
o hydrophobic groups [13]. The jump mechanism and amplitude
re almost identical to those found in bulk water, but the jump rate
onstant 1/�jump is smaller. This was explained through a Transi-
ion State Excluded Volume (TSEV) effect for HB exchange (Fig. 4a),
hich provided the first quantitative treatment of a hydrophobic

roup’s influence on the surrounding water HB and reorientation
ynamics. This model determines how the approach of a new
ater partner necessary for the HB exchange is hindered by the
ydrophobe’s presence. For hydrophobic hydration shell water
olecules, the TSEV slowdown factor in the jump time (relative

o bulk) is directly related to the local fraction of space occupied by
he solute [13]. For usual convex hydrophobic groups (e.g. methyl,
imethyl and trimethyl groups, whose radii range between 3 and
Å), the TSEV slowdown factor is close to 1.4, thus showing that

 single hydrophobic group has a very limited effect on water HB
ynamics. Such a moderate slowdown quantitatively agrees with
ilute solution studies using a broad range of techniques, including
MR  [26], dielectric relaxation [53], Kerr effect spectroscopy [54],

ight scattering [55] and MD  simulations (both with classical force
elds [13] and first principles dynamics [56]).

We now examine to what extent 2D-IR spectroscopy can pro-
ide an experimental characterization of these jumps next to
ydrophobic groups. Recent experiments [57–59] and calculations
14] have been performed on a series of small (amphiphilic) solutes
ontaining hydrophobic methyl groups. The computed spectra [14]
Fig. 5a) compare very well with experiment [57–59].  In dilute
1 mol/kg) solution, the 2D spectra are very similar to those of bulk
ater, due to the dominant bulk water population in the collected

ignal. But in the concentrated (8 mol/kg) case, the spectral relax-
tion becomes much slower, and the frequency correlation persists
ver several picoseconds [14,31,57].  This very slow spectral relax-
tion was interpreted by some authors as revealing a dramatic
ntrinsic effect of hydrophobic groups on water dynamics. These
roups would suppress HB acceptor jumps and “immobilize” the

rientation of a fraction of the water molecules within their hydra-
ion layer, in line with previous controversial conclusions reached
y IR pump-probe anisotropy experiments [60] on these solutes.
ut such a picture is in stark contrast with the moderate retardation
eq

induced by the HB acceptor on the water jump dynamics.

measured by simulations and other experiments, and rationalized
by the EJM/TSEV models. We  now show that the 2D-IR spectra are
very ambiguous in such non-homogeneous cases and that this dis-
agreement can be resolved through a careful interpretation of 2D-IR
spectra, leading to a picture fully consistent with the moderate
hydrophobic effect predicted by the EJM/TSEV model.

The hydrophobic portion of these amphiphilic solutes can nei-
ther donate nor receive HBs, and water molecules in their vicinity
form HBs with other water molecules. In the hydration layer of
hydrophobic groups, jumps therefore occur from one water oxy-
gen to another. This is the same type of symmetric jump discussed
in Section 2 for the neat water case, where it was shown that 2D-
IR could not discriminate spectral dynamics due to transient HB
breaking/reforming with a single HB acceptor and to actual jumps
between two  different HB acceptors. An indication that the slow-
down in the spectral decay is not due to suppressed jumps comes
from the 2D-IR spectra computed in the total absence of jumps
(Fig. 2), which are found to be very similar to the regular spectra
including jumps. This similarity is a consequence of the dominant

contribution made by transient HB breaks (unsuccessful jumps) to
spectral dephasing [14]. The conclusion is that very retarded 2D-
IR spectral decay for aqueous solutions of amphiphilic solutes is
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Fig. 5. (a) Simulated 2D-IR spectra at several delays for HOD:H2O [31] and for a
concentrated (8 mol/kg) aqueous solutions of TMAO in HOD:H2O. (b) Schematic rep-
resentation of the 2D-IR spectral decays (omitting the negative 1–2 transition peak),
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spectra calculations greatly assist in providing a molecular pic-
rst due to dephasing within each HB state and then due to exchange between HB
cceptors.

hus very unlikely to originate from suppressed jumps and water
mmobilization by hydrophobic groups.

As to be detailed presently, this slow spectral decay actually
as a different origin: it arises from the slow exchange of water
olecules donating a HB to the other moiety of these solute
olecules, which are amphiphilic [10,13,26,29,57,60] and contain

n HB accepting hydrophilic group. This implies that, just as for
he ionic solutions discussed in Section 3, two states are possible
or each water OH, corresponding to two different HB acceptors:
ither a water oxygen or a hydrophilic headgroup (whose respec-
ive fractions are 76% and 24% at 8 mol/kg [14]). Depending on the
B strength with the hydrophilic head, these two  populations may
ave distinct vibrational frequency dynamics.

Because these hydrophilic heads are not so different from a
ater oxygen, the frequency shift between the OH populations

espectively hydrogen-bonded to water and to the solute is lim-
ted (at most 30 cm−1), leading to a single broad band in the linear
R spectrum [14,59]. In the 2D-IR spectra, the two  frequency dis-
ributions are also too close to be resolved separately, and the
haracteristic signatures of exchange discussed above for ionic
olutions, including the presence of off-diagonal peaks, are not vis-
ble. Nonetheless, exchange between these two populations has an
mportant dynamical consequence: it can significantly slow down
he spectral relaxation, as now discussed.

In these two-component systems, spectral relaxation proceeds
ia two mechanisms [31]. The first, faster contribution arises
rom transient HB breaking and making events [1,45], similar to
he mechanism in neat water discussed above. These HB breaks
ccur without any change in the HB acceptor identity and thus
o not lead to an exchange between the two populations. The
esulting spectral relaxation time only moderately depends on

he HB strength, and is thus similar in the two states. After ∼ 1 ps,
he 2D-IR spectra have decayed from the sum of two  diagonally
longated bands to the sum of two round peaks (see the schematic
otobiology A: Chemistry 234 (2012) 75– 82

representation in Fig. 5b, supported by quantitative frequency
time-correlation functions [14]). When these two peaks are offset
slightly, the resulting 2D-IR spectra remain diagonally elongated
[14,36], which explains the observed incomplete spectral relax-
ation. Full spectral relaxation then requires a second, slower
contribution coming from exchanges between the two peaks, i.e.
HB jumps between water oxygens and solute hydrophilic heads.
The magnitude of this second component is proportional to the
frequency shift between the peaks. For trimethylamine-N-oxide
(TMAO), the very polar oxygen headgroup is a strong HB acceptor
and induces a large red-shift relative to the bulk. The appearance
of this additional contribution due to the slow exchange between
the two types of HB acceptors causes the marked slowdown in
the spectral relaxation compared to the bulk. In neat water this
contribution is absent because there is a single type of HB acceptor.

In concluding this section, it is useful to stress the subtle effects
induced by amphiphilic solutes in 2D-IR spectra: the same chemical
group can have radically different impacts on the water reori-
entation dynamics and on the water spectral dynamics. While a
hydrophobic group slows down the surrounding water molecules’
reorientation by a factor less than 2 (cf Section 4), it has a very
limited effect on water spectral relaxation, since a new HB popula-
tion is not produced; spectral relaxation remains almost bulk-like,
resulting from transient HB breaks largely unaffected by the
hydrophobic group. Hydrophilic HB acceptor groups can also have
very different impacts on the water HB exchange and thus reori-
entation dynamics. A hydrophilic group accepting an HB stronger
than a water–water HB leads to a reorientation dynamics slow-
down (potentially much more pronounced than that induced by
hydrophobic groups [19]); conversely, weak HB acceptors lead to an
accelerated water reorientation; both of these effects are described
via a Transition State Hydrogen-Bond model [19] (Fig. 4b). This
model provides a quantitative connection between the free energy
cost to stretch the initial HB to its transition state length and
the acceleration or slowdown factor induced by the hydrophilic
group on the reorientation dynamics of the HB donating water
[61]. In contrast with this considerable span of possible effects on
water reorientation, all hydrophilic HB acceptors lead to a new HB
type, and therefore—except when the two  populations have super-
imposable frequency distributions—results in an additional slow
component in the water spectral relaxation associated with chem-
ical exchanges between HB acceptors. This can have some striking
consequences: some weak HB acceptors can accelerate the water
reorientation dynamics while retarding the spectral relaxation [62].

5. Concluding remarks

Theory and ultrafast IR spectroscopic experiments have led to
considerable new insights for our understanding of water and
aqueous solution hydrogen bond dynamics. In our discussion, we
have shown that the presence of large angular jumps in water,
initially suggested through simulations and analytic models [4],
has subsequently received clear support from pioneering 2D-IR
spectroscopy measurements [41,42]. These jumps appear to be a
universal feature of liquid water and have been found in a wide
span of environments, including e.g. the bulk, the interface with
small hydrophilic groups (e.g. ions), hydrophobic and amphiphilic
solutes, the interface with extended surfaces [16,17], and the
hydration layer of biomolecules [19,20]. Predictive analytic models
describe how different chemical groups affect the jump kinetics,
and MD  simulations and analytic modeling coupled with 2D-IR
ture for complex and sometimes ambiguous 2D-IR spectral patterns
[14]. Novel theoretical advances and experimental developments,
especially in polarization-resolved 2D-IR [29,42], surface-sensitive
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D-IR [63] and 3D-IR [64] spectroscopies, should provide additional
nsight into the water’s fascinating dynamics in its various regimes
nd habitats. Among those currently under theoretical investiga-
ion are supercooled water, water (and aqueous solutes) next to
lectrodes and in the grooves of DNA.
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