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I
n aqueous solution, the water mol-
ecules in the layer surrounding an
ion rearrange through exchange
reactions, in which the attractive

hydrogen (H) bond between a water
molecule and this ion switches to a new
H bond between that water and another
water molecule. This exchange and its
time scale are critical in a wide range of
chemical and biochemical processes. For
aqueous reactions such as substitution
processes (1) or acid–base mechanisms
(2) or for reactions at aqueous inter-
faces (3), it can be the rate-determining
step. It is also key for transport of ionic
solutes in water; ionic mobility, for ex-
ample, depends not only on the ion size
but also on the hydration shell lability,
which determines whether the ion trav-
els alone or accompanied by its hydra-
tion layer (4). Further, this H-bond ex-
change plays a central role in several
physiological contexts. One example is
nerve signal transmission, which involves
numerous ion transports across cell
membranes, where the ions’ hydration
shells reorganize in the initial and final
stages of the membrane-crossing mecha-
nism (5). However, a direct experimen-
tal measurement of this ultrafast (pico-
second) H-bond exchange has been
lacking. In a recent issue of PNAS,
Moilanen et al. (6) reported a break-
through in capturing this exchange reac-
tion with ultrafast infrared (IR) laser
pulses.

In the simplest description, an H bond
in water is an electrostatic attraction
between a partially positively charged H
of the hydroxyl group (OH) in the H2O
molecule and the partially negatively
charged oxygen (O) in another. H bonds
are responsible for many of the features
that make water so special, e.g., water is
able to dissolve a wide range of com-
pounds, solid water, i.e., ice, f loats over
the liquid, etc. (7). On average, a given
water molecule is H-bonded to four
other water molecules in a tetrahedral
arrangement, with two bonds donated
through the given water H atoms and
two bonds accepted via the oxygen from
two other water molecule H atoms. Wa-
ter H-bonds to negatively charged ions
(anions) are in part responsible for wa-
ter’s power to dissolve, e.g., ordinary
table salt, which comprises Na� and Cl�
ions. The number and strength of water
H bonds to an anion varies with the an-
ion’s size and charge; for example, the

first hydration shell of the chloride ion,
Cl�, contains �6 water molecules. In
the aqueous solution of the salt sodium
tetrafluoroborate (NaBF4) used in the
experiments of ref. 6, the larger BF4

� ion
hydration shell contains �7 water mole-
cules. The partially positively charged H
of a hydroxyl group will tend to avoid the
positively charged sodium ion, Na�, such
that no H bond would be formed (8).

Whether a hydroxyl OH unit in a wa-
ter molecule is H-bonded to the BF4

�

anion or to another water molecule is
reflected in different hydroxyl IR ab-
sorption frequencies, a feature due to
the differing H-bond strengths involved

and visible in the (time-independent) IR
vibrational spectrum (Fig. 1A). This
spectrum reflects the fractions of water
molecules forming an H bond with the
anion vs. another water molecule. How-
ever, while the linewidths are partly de-
termined by the exchange time scale,
they do not provide unambiguous infor-
mation on the kinetics underlying this
equilibrium. To reveal the dynamics of
the exchange reaction between these
two states, Moilanen et al. (6) employ
an ultrafast two-dimensional (2D) infra-
red vibrational echo technique to follow
the hydroxyl’s exchange of H-bonding
states (9–11). The similarities and dif-
ferences of ultrafast vibrational echo
spectroscopy and its much older and
longer time scale NMR cousin have been
particularly well described in ref. 12.

The key relevant feature of the vibra-
tional echo technique is illustrated in
Fig. 1B. The respective roles of the
three successive laser pulses involved
have been nicely summarized by Moil-
anen et al. (6). The first pulse labels the
initial structures, before the second one
starts the clock to time the exchange
period, ending with the third pulse,
which is eventually followed by the
emission of the vibrational echo, reveal-
ing the nature of the final structure.
This sequence leads to a 2D spectrum
depending on the absorbed and emitted
hydroxyl vibrational frequencies. The
simplified representation in Fig. 1B
shows the presence of diagonal peaks
corresponding to hydroxyls that are in
the same state at the beginning and at
the end of the exchange period. The key
portion of the 2D spectrum lies in the
off-diagonal peaks corresponding to hy-
droxyls with different initial and final
states, i.e., OH groups that have under-
gone a chemical exchange. The kinetics
of these peaks provides the exchange
forward and backward rate constants.

In fact, there is a panoply of dynami-
cal effects possible for a water molecule
in addition to H-bond exchange, and
these require attention in the spectro-
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Fig. 1. Comparison of the one- and two-dimen-
sional infrared spectra of an aqueous salt solution.
(A) The one-dimensional absorption spectrum ex-
hibits bands corresponding to the configurations
where a water hydroxyl group, OH, donates an H
bond either to another water or to an anion. No
unambiguous information on the exchange kinet-
ics between these states can be inferred. (B) The
(simplified) two-dimensional vibrational echo
spectrum for a given population dynamics period
during which the system can undergo chemical
exchanges. Whereas the diagonal peaks originate
from hydroxyls experiencing identical initial and
final states, the off-diagonal peaks result from OH
groups exchanging between the two states; their
growth with the exchange period provides the
exchange rate constants for the H-bond switching.
(Additional peaks due to transitions involving
higher excited states are omitted for clarity. Fur-
ther, for important technical reasons, the vibra-
tions studied in ref. 6 are not of OH but rather of
the OD stretch in partially deuterated water mol-
ecules, HOD, dilute in liquid H2O; here and in the
text, we ignore this feature for ease of exposition.)
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scopic analysis. A partial listing of these
effects includes population decay—
vibrational energy transfer of an excited
water OH stretching vibration, ulti-
mately to the surrounding molecules;
spectral diffusion—time evolution of the
OH vibrational frequency (without any
population decay) due to the fluctuating
forces on the OH bond exerted by
molecules in its surroundings; and orien-
tational relaxation—H2O angular dy-
namics due to the torques experienced
by the water molecule because of those
nearby molecules. These effects, espe-
cially spectral diffusion (13) and orienta-
tional relaxation (14), are intimately
connected to the exchange process. This
is why previous experiments have sug-
gested indirect estimates for the exchange

time scale through the frequency correla-
tion time or the anisotropy decay time
(8, 15). In 2D IR, these effects distort the
off-diagonal echo peaks which uniquely

reveal the exchange, and were accounted
for in ref. 6 to extract the exchange ki-
netic rate constants, which define the time
scales for the H-bond switch.

The results presented by Moilanen et
al. (6) represent a significant advance in

the study of H-bond exchange dynamics.
Future experiments will undoubtedly lift
the current limitations of the technique,
such as the high concentrations needed
to obtain sufficient signal (a nearly satu-
rated salt solution was used in ref. 6).
Further applications of vibrational echo
chemical exchange spectroscopy should
deepen our understanding of the behav-
ior of ions next to interfaces (16) and of
the water dynamics next to extended
hydrophobic surfaces such as air/water
or water/organic solvent (17) interfaces.
This technique should also prove ex-
tremely helpful to decipher the water
dynamics around biological solutes with
exposed charged sites such as phosphate
groups in DNA strands (18, 19), and
possibly even proteins (20).
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