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It is generally accepted that the anomalous diffusion of the
aqueous hydroxide ion results from its ability to accept a proton
from a neighboring water molecule; yet, many questions exist
concerning the mechanism for this process. What is the solvation
structure of the hydroxide ion? In what way do water hydrogen
bond dynamics influence the transfer of a proton to the ion? We
present the results of femtosecond pump-probe and 2D infrared
experiments that probe the O-H stretching vibration of a solution
of dilute HOD dissolved in NaOD/D2O. Upon the addition of NaOD,
measured pump-probe transients and 2D IR spectra show a new
feature that decays with a 110-fs time scale. The calculation of 2D
IR spectra from an empirical valence bond molecular dynamics
simulation of a single NaOH molecule in a bath of H2O indicates
that this fast feature is due to an overtone transition of Zundel-like
H3O2

� states, wherein a proton is significantly shared between a
water molecule and the hydroxide ion. Given the frequency of
vibration of shared protons, the observations indicate the shared
proton state persists for 2–3 vibrational periods before the proton
localizes on a hydroxide. Calculations based on the EVB-MD model
argue that the collective electric field in the proton transfer
direction is the appropriate coordinate to describe the creation and
relaxation of these Zundel-like transition states.

Grotthuss mechanism � 2D infrared spectroscopy

Proton transfer in water is the process at the heart of biological
redox chemistry and energy conversion processes such as

photosynthesis and cellular respiration (1). Although its extraor-
dinary speed and efficiency has generally been attributed to the
rearrangement of O-H bonds that effectively move the charge
rather than a specific proton, the water structure around the
charge defect and the mechanism of translocation remain chal-
lenging to study experimentally. Researchers commonly discuss
the solvated excess proton in terms of 2 limiting structures, the
Eigen cation (2), a triply solvated hydronium ion (H3O��3H2O),
and the Zundel ion (3), a proton equally shared between 2 water
molecules (H5O2

� or H2O�H�OH2
�). However, the difference in

energy between these 2 configurations is small, on the order of
the energy of a hydrogen bond (2–3 kcal/mol) (4), which allows
these structures to interconvert on femtosecond to picosecond
time scales (5, 6). Thus, to meaningfully address the structure of
the excess proton, one must also consider its dynamics. Similar
questions related to this view of aqueous proton transfer (PT)
exist for the hydroxide ion, whereby proton transfer occurs from
water to OH�. What are the ion’s limiting structures, and in what
manner do changes in the water structure influence the ion’s
structural diffusion?

Initial proposals for transport of the hydroxide ion described
the process as the mirror image of that observed in acids (7) and
postulated the existence of a stable H3O2

� state (8). Ab initio
simulations (9–11) suggest a different scenario in which the
oxygen of the ion primarily accepts 4 hydrogen bonds and the
loss of 1 of these allows the hydroxide ion to accept a proton.
Neutron scattering experiments (12, 13) measure a hydroxide
coordination number between 3 and 4 but are unable to view
time-dependent changes in this value. Ultrafast spectroscopy has

been used to characterize the time scales for hydroxide reori-
entation and hydrogen bond relaxation, but these studies remain
difficult to interpret in terms of the underlying structural evo-
lution (14, 15).

We present the results of femtosecond pump-probe (PP) and
2D infrared spectroscopy (2D IR) measurements of a dilute
solution of HOD dissolved in NaOD/D2O solution. Upon the
addition of NaOD, a new spectral feature appears that relaxes on
a 110-fs time scale. The calculation of spectra from a recently
developed empirical valence bond molecular dynamics (EVB-
MD) simulation model of aqueous NaOH suggests that the
observed spectral feature arises from Zundel-like states, wherein
a proton is delocalized between a water molecule and the
hydroxide ion. Comparison of the measured relaxation time
scale and estimates of the frequency of vibration of shared
protons indicate that this state exists transiently for 2–3 vibra-
tional periods during the transfer of the proton. Electric field
fluctuations are suggested to play a role in the creation of these
Zundel-like states and the translocation of the hydroxide ion.

Infrared Spectroscopy of Isotopically Dilute Hydroxide
The O-H stretching vibration of an HOD molecule dissolved in
D2O is a sensitive reporter of changes in the hydrogen bonding
environment near the proton (16–18). The formation of a
hydrogen bond pulls on the O-H bond, broadening its stretching
potential and decreasing its vibrational frequency, �OH. The
wide breadth of the absorption line shape (Fig. 1) is indicative
of the large distribution of hydrogen-bonding environments
present in the liquid. By exciting molecules within the absorption
line shape with temporally short infrared pulses and then
watching how their frequencies change with time, we can observe
the evolution of water’s hydrogen-bonding structure.

Upon the addition of NaOD, the O-H stretching peak broad-
ens significantly to low frequency. This broadening is similar to
changes that occur in the spectra of H2O upon the addition of
strong acids or bases, which show a continuum absorption that
spans the entire midinfrared spectrum and features a strong
enhancement in the frequency region below the O-H stretch (3).
This continuum absorption is attributed to protons shared
between 2 oxygen atoms whose stretching potentials are rapidly
modulated by changes in the local solvent environment. Also
observed with increasing NaOD concentration is the appearance
of a peak at 3600 cm�1. Although only a shoulder in the infrared
spectra, Raman spectra of alkali hydroxides show this as a strong
and sharp scattering peak that arises from the OH� stretch (19,
20). Because of the negative charge on the hydroxide ion, its
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proton can only act as a weak hydrogen bond donor (12, 13)
leading to a blue shift of its O-H stretching frequency relative to
that of a HOD molecule hydrogen bonded to D2O.

As an initial test of how water dynamics change upon the
addition of NaOD, we performed PP transient absorption
measurements of the O-H stretching transition using 45-fs pulses
with 350 cm�1 bandwidth centered at 3,325 cm�1. In concen-
tration-dependent studies, the addition of deuteroxide leads to
a fast decay component whose amplitude grows monotonically
with hydroxide concentration (Fig. 2). Each of the decay traces
can be fit well by a biexponential function with time constants of
710 and 110 fs. The long time constant is similar to what has been
previously measured for OH vibrational relaxation of HOD in
D2O (21–24). The fast time constant was hinted at in transient
hole-burning measurements of concentrated deuteroxide solu-
tion, where a decay on the order of the experimental time
resolution, �160 fs, was observed (15).

To better understand the origin of the 110-fs decay, we carried
out 2D IR measurements of the O-H stretching transition as a
function of NaOD concentration. 2D IR is well suited to the
study of short-lived species that arise and disappear during PT
because it combines the time resolution needed to observe
transient species with the necessary spectral resolution to isolate
their signals. In a 2D IR measurement, a series of femtosecond
pulses infrared pulses drive the O-H vibrations of the sample and
stimulate the emission of a signal field that is interferometrically
characterized. The Fourier transform 2D IR spectrum is related
to the joint probability of exciting a molecule with initial
frequency, �1, and detecting that molecule at a different fre-
quency, �3, after a waiting period �2 (25, 26). In a typical
experiment, at small values of �2, a diagonally elongated line
shape is expected because molecules have not had time to sample
their environments and lose memory of their initial excitation
frequencies. As �2 increases, the excitation and detection fre-
quencies lose correlation, and a circular line shape is observed.
For weakly anharmonic vibrational transitions, peaks in 2D IR
spectra appear as doublets, consisting of a positive peak due to
the photobleach of the v � 14 0 fundamental transition and a
negative anharmonically shifted peak along the �3 axis due to
photoinduced absorption of the v � 2 4 1 transition.

Two-dimensional IR spectra as a function of both waiting time
and NaOD concentration were acquired [see supporting infor-
mation (SI)]. Of these, spectra for 10.6 M NaOD and neat
HOD/D2O are shown in Fig. 3A. Strong off-diagonal broadening
of the spectra whose amplitude scales with NaOD concentration

is observed at short values of �2 at all probed frequencies. As �2
increases, this broadening disappears, relaxing completely
within �100 fs (Fig. 3B). This collapse of intensity with �2 is the
opposite of what is expected in 2D exchange experiments.
Off-diagonal intensity is also observed in a 2D IR spectrum when
a coupling between oscillators exists; however, given that the
solution under investigation is isotopically dilute, the probability
of 2 separate O-H oscillators encountering each other is small.
Instead, the large broadening observed at early waiting times
shows that a subset of OH vibrations samples the entire probed
frequency range within a few tens of femtoseconds. Further-
more, the fast relaxation of the off-diagonal intensity occurs on
a time scale similar to that observed in the PP measurements.
This indicates that the broad off-diagonal component observed
at early times in the 2D IR data are the same as that giving rise
to the fast decay component observed in the PP measurements.

Different scenarios for the rapid spectral relaxation can be put
forward. A fast decay component has previously been observed
in IR transient hole-burning measurements of isotopically dilute
hydroxide solutions (15). The authors of ref. 15 hypothesized
that as a deuterium atom is transferred back and forth between
an OD� ion and a D2O molecule, the hydrogen bonds of the
remaining spectator water molecules in the OD� solvation shell
will be rapidly modulated, leading to the observed relaxation. A
second explanation is that the spectral feature arises from
transferring protons themselves as the O-H stretching potential
f lattens during PT, causing a large decrease in �OH. Such
spectral evolution of shared protons has been invoked as an
explanation for the absorption continua in IR spectra of strong
acids and bases (3).
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Fig. 1. FT-IR spectra of �1% HOD in varying concentrations of NaOD/D2O
with the D2O background subtracted. Spectra are normalized to the absorp-
tion maximum. As the NaOD concentration increases, a new feature appears
at 3,600 cm�1 because of the OH� stretch, and a strong broadening appears
at low frequency because of HOD molecules hydrogen bonded to OD� ions.
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Fig. 2. Pump-probe transients of the O-H stretching region for differing
concentrations of NaOD/D2O. (A) Pump-probe decay traces and biexponential
fits. As the NaOD concentration decreases, the measured decay acquires a fast
component of 110 fs. (B) Relative amplitudes of the fast and slow decay
components to the PP signal.
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Another explanation, which we provide evidence for, recog-
nizes that as the O-H stretching potential broadens during PT,
transitions from the ground state to higher lying vibrational
states can move into resonance with the probing pulses. A
continuum of rapidly evolving structures with different proton
potentials will allow a continuum of excitation pathways involv-
ing these states to contribute to the measured 2D IR spectra.
Given that the v � 24 0 transition of the shared proton stretch
of the H3O2

� ion in the gas phase is predicted to appear as low
as 1,718 cm�1 (27) and that a nonlinear scaling of the O-H
transition dipole with frequency is known to occur (28, 29), it is
reasonable that overtone transitions of such Zundel-like species
absorb strongly in the frequency range of our experiments.

Modeling Based on Empirical Valence Bond MD Simulations
Comparison between simulation and experiment provides a means
to test this hypothesis and interpret the experimental results in
atomistic detail. A number of methods have been developed for the
calculation of nonlinear infrared signals from classical MD simu-
lations, many of which have been applied to the study of aqueous
hydrogen bond dynamics (30). However, no standard methodology
yet exists for the calculation of spectra for reactive systems such as
the one studied here. To aid in the determination of the origin of
the relaxation behavior of the 2D IR spectra, we have devised a
method of calculating nonlinear signals from a recently developed
EVB-MD simulation model of aqueous NaOH. This model is an
extension of a recently developed classical simulation model in
which the negative charge of the OH� ion is spread over a ring 1.3
Å in diameter (31). The EVB-MD model gives an average first
solvation shell size of 3.8 water molecules, consistent with the value
of 3.9 derived from neutron scattering results (13).

The methodology we have developed for the calculation of
vibrational frequencies is derived from semiempirical cluster-
based mapping methods used in simulations of HOD/D2O (32).
Electronic structure calculations are used to map the quantum
mechanical O-H stretching frequency onto a collective coordi-
nate that can be calculated from the simulation at each time step.
From instantaneous MD configurations, we select a cluster
containing an HOD molecule and 16–18 surrounding D2O
molecules and then stretch the O-H bond using DFT calculations
[Gaussian 98: B3LYP 6–311�G(d,p)]. Vibrational frequencies
and transition dipole moments for transitions involving v � 0–4
are obtained from the 1D O-H stretching potential traced out by
this procedure. Although the simulation dynamics are propa-
gated with an entirely protonated sample, in constructing clus-
ters, we assume that one of the hydrogen atoms is that of an
HOD molecule and that all other hydrogens are deuterons.

Recent simulations of a model parameterized to describe PT
in a phenol–amine complex dissolved in chloromethane found a
1:1 mapping between the difference in energy of the reactant and
product wells of the O-H stretching potential and its vibrational
frequencies (33). Fig. 4A shows the correlation between the
frequency of the v � 1 4 0 transition, �10, and the solvent
coordinate, �Esol, calculated from the 1D potentials derived
from the electronic structure calculations. �Esol is defined as the
difference in energy of the O-H stretching potential evaluated at
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Fig. 3. Summary of experimental 2D IR spectra as a function of NaOD concentration and waiting time. (A) Two-dimensional spectra of HOD in 10.6M NaOD
and D2O. (A) Two-dimensional IR spectra for 10.6 M NaOD and neat HOD/D2O as a function of waiting time. At early waiting times a large off-diagonal broadening
is observed that quickly relaxes as �2 increases. (B) The integrated area �1 � 3,050–3,150 cm�1 and �3 � 3,450–3,550 cm�1 normalized by the integrated absolute
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2 points, 1.0 and 1.5 Å, which approximate the positions of the
2 minima of the O-H stretching potential for a proton that is
strongly shared between 2 oxygen atoms. The mapping between
�Esol and �10 is found to behave symmetrically about �Esol � 0.

Unfortunately, the calculation of �Esol with DFT at each
simulation time step for a given hydrogen atom is too costly to
be practical. As an approximation of �Esol, at each time step we
stretch the O-H bond and calculate �Esol using the EVB
potential. Tracing out the full O-H stretching potential in this
fashion is inaccurate because the empirical model used for water
parameterizes the Lennard–Jones force solely in terms of the
oxygen atom positions. Nonetheless, our calculations suggest
that although the computation of �Esol in this manner is a poor
approximation to that derived from DFT, comparison of the 2
quantities shows that they are linearly correlated (� � 0.95).
Vibrational frequencies calculated by using this methodology
give a rms error of 54.8 cm�1 for HOD molecules hydrogen
bonded to D2O, a comparable level of error to that obtained for
a recent electric field-based frequency map for HOD/D2O (32).

With the methodology in place to calculate vibrational tran-
sitions, we can determine the spectral signatures associated with
PT events. Fig. 4B shows a sample of a frequency trajectory
where the HOD molecule undergoes multiple attempted PT
events with a neighboring OD� ion. During these events, �10 is
observed to undergo an extremely strong and rapid red shift as
the O-H stretching potential broadens. However, as �10 de-
creases in value, so too do the higher transitions within the
vibrational potential. The shaded area of Fig. 4B represents the
frequency range probed in our 2D IR experiments. During
proton transfer events, the direct overtone transition, �20, moves
into this range when the proton becomes shared between the
HOD molecule and the OD� ion. This suggests that excitation
pathways exist wherein the first pulse interacts with the v � 24
0 transition of a transferring proton in a Zundel-like state, but
because of shifts in the shape of the vibrational potential as the
proton localizes, subsequent pulses probe the fundamental tran-
sition of the hydroxide- and hydrogen-bonded water.

For a weakly anharmonic system, the transition dipole for the v �
24 0 overtone transition is often orders of magnitude smaller than
that of the fundamental. However, the shape of the vibrational
potential during PT events is highly anharmonic, leading to a
nonlinear dependence of transition dipole intensities on the solva-
tion coordinate (34). When �20 tunes into resonance with the laser
in the 2D IR measurement, its transition dipole is �2/3 that of the
fundamental transition at equilibrium (see SI). This supports the

hypothesis that excitation pathways involving mixed excitation of
the fundamental and overtone transitions will be strong enough to
be observed in the 2D IR and PP experiments.

The calculation of 2D IR spectra from fluctuating frequency
trajectories by using a semiclassical perturbative approach has
been described in refs. 35 and 36. Typically, the calculation of
spectra for weakly anharmonic systems neglects 2 quantum
transitions, but these transitions are included here to determine
their contribution to the measured 2D IR data. To isolate the
spectral features due to HOD molecules interacting with D2O,
we identify molecules that remain outside of first solvation shell
of both the OH� and the Na� ions for the full simulation run.
To identify analogous spectral features for hydrogen atoms in the
course of proton transfer, we locate each point in the trajectory
where the proton of a water molecule in the OD� solvation shell
becomes equidistant from its own oxygen atom and the OD�

oxygen. By using such a geometric criterion, a number of back
transfer events occur. We select against these by only counting
a PT event as successful if the next subsequent PT involves a
different hydrogen atom. By using such a criterion, 370 individ-
ual PT events were identified. Two-dimensional IR spectra of the
transferring species are then calculated by evaluating the ex-
pressions for the 2D IR response with a time origin that precedes
the PT by 1 ps and then stepping the time origin up to the PT.

Fig. 5A shows the calculated 2D IR spectral components as a
function of �2, emphasizing the spectral region probed in our
experiments. The component representing HOD/D2O appears
similar to that which has been calculated from classical simulation
models (32, 35, 37). The spectra of HOD molecules undergoing PT
are quite broad, with positive intensity peaked at 3,300 cm�1 but
covering the majority of the OH frequency region. Moreover, the
PT peak is observed to rapidly decay and has nearly disappeared
within 200 fs. Fig. 5B compares the integrated intensity of the 2
spectral components in the same off-diagonal region examined in
Fig. 3B. The HOD/D2O response shows some changes in this region
as the calculated spectra broaden and rotate because of hydrogen
bond exchange but remains largely constant. In contrast, the
component because of molecules engaging in proton transfer
relaxes rapidly with a time constant of 110 fs, consistent with the
measured PP data. Because our simulation model does not include
any effects due to population relaxation of excited HOD molecules
or their reorientation, the calculated decrease in intensity is only the
result of ultrafast spectral sweeping.

Using the simulation, we can analyze each quantum mechan-
ical pathway that contributes to the 2D IR line shape to more
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finely discern which dynamics are observed in experiment.
Rather than spectral evolution of the v � 1 4 0 excitation, we
find that �80% of the calculated decrease of off-diagonal
intensity is the result of excitation of pathways involving the v �
2 4 0 transition and its subsequent spectral shifting out of the
experimentally accessible frequency window. These calculations
suggest that the experimentally observed decay measures how
long a delocalized proton in a Zundel-like configuration takes to
localize on one of the oxygen atoms.

We have also calculated the spectra of the spectator water
molecules hydrogen bound to the OD� ion about the formation of
a Zundel-like state. These spectra, provided in the SI, are somewhat
broader but very similar to the bulk water response shown in Fig.
5A, indicating that the spectral shifts experienced by spectator water
molecules are not significantly different from fluctuations experi-
enced by HOD molecules distant from the ion.

Discussion and Conclusions
Our findings concerning the structural diffusion of the hydroxide
ion are consistent with the free-energy surface shown in Fig. 6A.
The 2 wells on either side of the potential correspond to a proton
covalently bonded to a different oxygen atom of an HO���H���OH�

pair and the saddle point in the middle of the surface corresponds
to a Zundel-like shared proton. The vertical axis represents a slow
solvent coordinate that controls the barrier for the PT reaction.
Once the system has evolved to the saddle point, the proton can
undergo multiple recrossing events before relaxing into either well.
Given the gas-phase value of 697 cm�1 for the shared proton stretch

of the H3O2
� ion (38) (vibrational period of 49 fs), we can estimate

a lower bound of 4.6 for the average number of times that the proton
crosses the saddle point (2.3 vibrational periods) before localizing
on a particular oxygen. This compares well with the value of 5.9
obtained from the EVB-MD simulation.

The potential shown in Fig. 6A represents a view of PT in
hydroxide solutions very similar to that found by Car–Parrinello
MD simulations. These simulations found 2 principal time scales
that contribute to the proton transfer rate, a fast time scale of 180
fs that corresponds to ‘‘proton rattling’’ events in which the
proton returns to the original oxygen atom after a series of PT
events within a Zundel-like state, and a slower 1.7-ps process that
acts to gate the formation of a Zundel-like configuration (10).
Given that the simulations use a fully deuterated bath, the time
scale for proton rattling agrees well with our experimentally
observed value of 110 fs. The identity of the slow solvent
coordinate that gates the structural diffusion of the OD� ion was
found to be the number of hydrogen bonds accepted by the ion,
which oscillates between 3 and 4 (9, 10). Proton transfer events
involving a 4-coordinate hydroxide ion were found to be rare
because the water molecule created in such an exchange would
accept 3 hydrogen bonds. The rate-limiting step for PT is
postulated to be the breakage of a hydrogen bond to the OD�

ion, which symmetrizes the transition state and allows PT.
In the EVB-MD simulation, we find some support for this

mechanism. During PT, the average solvation shell size de-
creases from �3.66 to 3.26. However, the observation that the
solvation shell does not decrease uniformly to 3, reflects the fact
that �25% of the PT events occur from 4-coordinate states in
this simulation model. This suggests that although the coordi-
nation number of the hydroxide ion is correlated with PT events,
it may not be the best reaction coordinate. Because the vibra-
tional spectroscopy of the proton is inseparable from the proton
transfer coordinate, a meaningful variable would describe both.

Simulations of autoionization in water have found that this
process is driven by strong transient electric fields (39) arguing that
molecules outside of the first solvation shell play a role in PT.
Zundel has also proposed that the motion of a proton between a
donor and acceptor molecule responds adiabatically to fluctuations
of the electric field because of the surrounding solvent (3). In
addition, our spectral calculations show that the frequency of the
O-H stretching transition is well correlated with proton exchange
events. At frequencies �3,000 cm�1, a near 1:1 correlation between
the O-H stretching frequency and the projection of the collective
electric field because of the surrounding solvent molecules along the
O-H bond is found (18). These observations argue that the collec-
tive electric field coordinate serves to describe both the OH
spectroscopy and the PT reaction.

Fig. 6B plots the projection of the electric field onto the
shifting proton along the donor and acceptor O��H bonds due to
all molecules within the simulation box but excluding the field
contributions from the donor and acceptor atoms. About PT
events, the total field projected along these directions changes
sign, implying that the solvent is rearranging in such a way as to
destabilize the donor bond in favor of the acceptor bond. In this
model, the fluctuating field is a better predictor of proton
transfer events than 4-to-3 coordinate switching, although these
processes will naturally be correlated because the first solvation
shell of the hydroxide ion and the proton donor necessarily make
the largest contributions to the fields. In addition, the recent
findings that water structure reorganizes in concerted hydrogen
bond rearrangements that lead to large electric field shifts (18,
24, 40) suggests that these same hydrogen bond dynamics are
dominant contributors to the field during proton transfer events.

To summarize, our results show the fleeting existence of
Zundel-like H3O2

� states that arise in the course of structural
diffusion of the hydroxide ion. Spectral signatures of these states
were found by using 2D IR and PP spectroscopy. The develop-
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Fig. 6. Collective reaction coordinate for proton transfer. (A) Illustration of
the free-energy surface for proton transfer suggested by the measured dy-
namics. The picosecond evolution of a solvent coordinate prepares a Zundel-
like state at the saddle point of the potential. Once at this point, multiple
recrossing events occur over the course of �110 fs before the shared proton
forms a stable covalent bond. (B) The projection of the electric field along the
donor bond that breaks during PT and the acceptor bond that is formed.
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ment of a methodology to calculate vibrational frequencies for
the reactive system studied here from an EVB-MD simulation
model allowed confirmation of the spectral assignments. Once
formed, these states persist for only 2–3 vibrational periods
before forming a new hydrogen bond. The transient nature of
these states suggests that the motion of the proton is coupled to
the surrounding solvent environment through dielectric f luctu-
ations that originate in hydrogen bond rearrangements.

Materials and Methods
Samples. Stock solutions of 2.6, 5.3, 7.9, and 10.6 M NaOD were prepared by
dilution of a 40% NaOD solution (99.5% deuteration; Cambridge Isotope
Laboratories) with D2O. A small amount of H2O was then added to give an
absorbance no greater than 0.3. The amount of H2O needed to achieve this
was �1% of the solution volume. Solutions were held between two 100-nm-
thick Si3N4 windows (Norcada) within a Teflon sample cell with a path length
of 100 �m. The Si3N4 windows were found to give no nonresonant signal when
the 3 excitation pulses overlap.

Pump-Probe Acquisition. Pump-probe experiments were performed by using
45-fs pulses with 350 cm�1 of bandwidth centered at 3,325 cm�1. The polar-
ization of each beam was controlled with �/2 wave plates (Alphalas) and
wire-grid polarizers (Molectron). The pump was oriented at the magic angle
(54.7°) with respect to the probe to remove effects due to the reorientation of
molecules. The probe was passed through an analyzing polarizer and a narrow
band filter (FWHM �50 cm�1) centered at 3,400 cm�1 after the sample to
reduce interference with the v � 2 4 1 transition. To reduce noise from
fluctuations of the pump intensity, a weak reflection of the pump pulse before
the sample was used for shot-to-shot normalization.

Two-Dimensional IR Acquisition. Similar to the PP measurements, the pulses used
for the 2D IR experiments were 45 fs in duration and centered at 3,350 cm�1.

Spectra were recorded at ZZZZ (parallel) polarization. The design of the inter-
ferometer used for the measurements has been described in ref. 41. In lieu of
time–frequency detection using a spectrometer and IR array detector, surfaces
were measured in the time domain by scanning the local oscillator stage at
constant velocity while stepping �1 for rephasing and nonrephasing experiments.
The value of �3 for each laser shot was determined by making use of the He/Ne
tracer that copropagates with the infrared pulses for alignment purposes. The
tracerofthethirdexcitationpulseandthatofthe localoscillatorwereoverlapped
after the sample and their interference was detected in quadrature. Unwrapping
of the He/Ne phase allowed accurate determination of �3. After the signal and
local oscillator are combined on a beam splitter, both the transmitted and
reflected signal–local oscillator pairs are measured and differenced for balanced
detection. With such a procedure, a single 2D IR surface for a given waiting time
can be obtained within �8 min. The spectra shown in Fig. 2A are the average of
between 2 and 5 surfaces collected in the time domain that were separately
Fourier transformed before averaging.

Simulation Methodology. The MD simulation was performed on a single Na�

OH� ionpair solvatedby214H2Omolecules inacubicboxwithperiodicboundary
conditions (density � 1.01 g/cm3) by using the MS-EVB model developed from a
classical simulationmodelofaqueousNaOH(31). Thesystemwasequilibratedfor
100 ps by using velocity rescaling (T � 303 � 8 K) before making a production run
900 ps in length in the NVE ensemble with the velocity Verlet integrator and a
0.5-fs time step. Ewald summation was used to account for long-range electro-
static forces. The kinetic energy was rescaled every 10 ps to compensate for minor
energy drift. This energy rescaling does not disturb the dynamical properties of
the system over the time scale of interest.
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