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ABSTRACT: Dihydrogen bonding occurs between protonic
and hydridic hydrogens which are bound to the corresponding
electron withdrawing or donating groups. This type of
interaction can lead to novel reactivity and dynamic behavior.
This paper examines the dynamics experienced by both
borohydride and its dihydrogen-bound water solvent using
2D-IR vibrational echo and IR pump−probe spectroscopies, as
well as FT-IR linear absorption experiments. Experiments are
conducted on the triply degenerate B−H stretching mode and
the O−D stretch of dilute HOD in the water solvent. While the
B−H stretch absorption is well separated from the broad
absorption band of the OD of HOD in the bulk of the water
solution, the absorption of the ODs hydrogen bonded to BHs
overlaps substantially with the absorption of ODs in the bulk H2O solution. A subtraction technique is used to separate out the
anion-associated OD dynamics from that of the bulk solution. It is found that both the water and borohydride undergo similar
spectral diffusion dynamics, and these are very similar to those of HOD in bulk water. Because the B−H stretch is triply
degenerate, the IR pump−probe anisotropy decays very rapidly, but the decay is not caused by the physical reorientation of the
BH4

− anions. Spectral diffusion occurs on a time scale longer than the anisotropy decay, demonstrating that spectral diffusion is
not yet complete even when the transition dipole has completely randomized. To prevent chemical decomposition of the BH4

−, 1
M NaOH was added to stabilize the system. 2D-IR experiments on the OD stretch of HOD in the NaOH/water liquid (no
borohydride) show that the NaOH has a negligible effect on the bulk water dynamics.

I. INTRODUCTION

In this paper, we examine the dynamics of borohydride (BH4
−)

in water from the perspectives of both the anion and the water
using ultrafast two-dimensional infrared (2D-IR) spectroscopy
and IR pump−probe experiments. The dynamics of water
molecules interacting with (hydrogen bonded to) anions is a
subject that has received a great deal of attention.1−4

Borohydride provides the opportunity to examine the anion/
water dynamics from the perspective of the anion by studying
the B−H stretch using ultrafast IR experiments. It was also
possible to look at the dynamics from the water perspective by
making measurements on water hydroxyls that are hydrogen
bonded to borohydride anions. In addition to the opportunity
of measuring the dynamics of an anion hydrogen bonded to
water from both sides of the hydrogen bond, the borohydride/
water system is interesting because of the special nature of
borohydride−water hydrogen bonds, that is, dihydrogen bonds.
Hydrogen bonding and hydrogen bond dynamics in liquids

and other media have been under active investigation for
decades because hydrogen bonds are involved in a vast number
of phenomena and processes. Hydrogen bonds are intimately
involved in proton transport in systems ranging from bulk
water5,6 to the nanoscopic channels of fuel cell membranes.7,8

Hydrogen bonds are important in many biological systems.

DNA strands are held together by hydrogen bonds;9enzymes
have hydrogen bonds in their coordination sites;10 sugars are
coordinated by hydrogen bonds.11 Hydrogen bonds in aqueous
solutions govern many dynamical processes. The ability of
water’s hydrogen bonds to rapidly rearrange (∼2 ps time scale)
is important in protein folding,11,12 solvation of ions,13−19 and
many other processes.
Hydrogen bonds occur between a hydrogen bond donor,

typically a hydrogen with a partial positive charge that is
bonded to a more electronegative element such as oxygen, and
a hydrogen bond acceptor which can be a lone pair of an
electronegative element, the π electrons of an aromatic ring or
multiple bond, or a transition metal center. A special case of
hydrogen bonding has also been observed and has been the
subject of recent study, the dihydrogen bond.
The dihydrogen bond was first postulated to explain

vibrational spectra of amine−borane complexes in solution,
which changed with concentration.20,21 Earlier work22,23 had
observed vibrational spectral changes without recognizing that
they were indicative of a special type of hydrogen bonding.
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Because of the relatively low electronegativity of boron, the
borane hydrogens have partial negative charges. This partial
negative charge allows the hydrogens to act as hydrogen bond
acceptors, in contrast to the usual situation of, e.g., a hydroxyl,
which acts as a hydrogen bond donor. The B−H in these
amine−borane complexes interacts with the partial positively
charged hydrogen covalently bound to the nitrogen. This
interaction was confirmed via X-ray diffraction, which showed
short B−H--HN contact. The association energy was measured
to be 1.7−3.5 kcal/mol by variable temperature FT-IR.24 Later
work found that the bond lengths were in the range of 1.7−2.2
Å and occurred with B−H--(HN) angles of 95°−120°.25,26 This
places dihydrogen bonds on the same length and energy scale
as conventional hydrogen bonds, but the geometries are more
bent. When the borane was changed to the negatively charged
borohydride, association energies increased to 2.3−6.5 kcal/
mol.27−29

The phenomenon of dihydrogen bonding, however, is not
unique to boron-containing species. Dihydrogen bonding often
occurs with various transition metal hydrides. Those that have
been studied extensively25,30−33 include iridium, rhenium, and
ruthenium, but dihydrogen bonding has also been seen with
aluminum,34 iron,35 gallium, molybdenum, osmium, tungsten,
and lithium metal centers.36 These bonds are particularly bent,
and the coordinating protonic hydrogen associates more with
the σ-bond electrons rather than the hydridic hydrogen itself.
Dihydrogen bonding with a transition metal hydride has been
shown to contribute to their activity as catalysts. For example,
dihydrogen bonding occurs in intermediates in the reactions of
organoaluminum hydrides.34 Dihydrogen bonding can also
activate the reaction of H2 leaving by leading to the formation
of η2-H2.

30 In some complexes the presence of dihydrogen
bonds may be responsible for stabilization against disproportio-
nation.37 Dihydrogen bonds control the reactivity and the
selectivity of such reactions as hydrogen exchange, alcoholysis,
and aminolysis, hydrogen evolution, and hydride reduction.38

Dihydrogen bonding has also been proposed as a topochemical
control while other reactions occur.39,40 Thus, understanding
the nature and the dynamics of dihydrogen bonds is important
for a wide range of systems.
This paper focuses on the dynamics of borohydride

dihydrogen bonds with water. Given the ubiquity of water as
a solvent and the widespread use of borohydride as a reducing
agent, the borohydride/water system is important in its own
right, but it is also useful in understanding dihydrogen bond
dynamics. It has been shown that reductions with borohydride
can be controlled selectively and the rate can be tuned based on
manipulating the dihydrogen interactions.41,42 Basic aqueous
solutions of borohydride have also been proposed as a
hydrogen storage mechanism43 and for use in fuel cells.44

Thus, the water and borohydride system presents a fairly simple
system to study hydrogen bonding, but it also has direct
relevance to a variety of systems and processes. From neutron36

and X-ray diffraction45 experiments, the structure of water
interacting with borohydride in the crystal NaBH4·2H2O is
known. The hydrogen−hydrogen distances are 1.8−1.9 Å,
which is much shorter than twice the van der Waals radius of a
hydrogen atom (2.4 Å), a characteristic of dihydrogen bonding.
The bonding angles are bent more than is observed in regular
“linear” hydrogen bonding, and the hydroxyls point toward the
middle of the B−H bond.36 However, the hydroxyls are in fact
bonding with the hydrogen itself and not the B−H σ-bond45 as
has been reported for some metal hydrides. These bent angles

might lead to different dynamics in liquid water if they are
maintained in the liquid phase. One MD simulation of the
liquid water−borohydride system46 has suggested that water
does coordinate with a bent B−H−HO angle, although the
simulation did not fully reproduce the experimental NEXAFS
data. Higher level simulations could improve our understanding
of this fascinating system and the nature of these dihydrogen
bonds. Moreover, this paper provides measurements of
dynamics that can be compared to the results of simulations
providing a stringent test of the simulations. Previous work has
looked extensively at the dynamics of water around various
salts1−4,13−19 and the hydrogen bonding in water itself.47−55

Through comparisons to these systems, the dynamics of water
associated with borohydride will report on the distinct nature of
dihydrogen bonding.
2D-IR vibrational echo experiments were used to measure

spectral diffusion of the B−H stretch of borohydride and the
hydroxyl stretch of water. Spectral diffusion, which is the time
dependent evolution of the frequency of the vibration under
study, is caused by structural evolution of the system. For pure
bulk water, 2D-IR experiments and simulations show that
spectral diffusion is caused by very local hydrogen bond length
fluctuation (∼0.4 fs time scale) and the total rearrangement of
the hydrogen bond network (∼1.7 ps time scale).47,56

Borohydride in water undergoes chemical decomposition by
reducing water to produce H2 gas. The H2 gas bubbles in the
samples interfere with the experiments. To essentially eliminate
the decomposition on the time scale of the measurements, the
experiments were conducted in aqueous solutions of 1 M
NaOH (pH = 14). 2D-IR spectral diffusion measurements on
the water hydroxyl stretch in the 1 M NaOH solution (no
borohydride) are compared to experiments on pure water. It
was found that the 1 M NaOH solution has the same spectral
diffusion dynamics as pure bulk water within experimental
error. Then 2D-IR experiments are performed on the B−H
stretch at ∼2260 cm−1 and on the hydroxyl of water molecules
hydrogen bonded to the borohydride. The OD stretch (∼2580
cm−1) of dilute HOD in H2O is investigated rather than H2O to
eliminate vibrational excitation transfer.57−61 The results show
that the dynamics of the B−H stretch and the stretch of OD
hydrogen bonded to borohydride are almost the same and very
close to those of bulk water.

II. EXPERIMENTAL PROCEDURES

Sodium borohydride and sodium hydroxide were purchased
from Fisher Scientific and used without further purification. For
the samples in which the water dynamics were monitored, the
vibrational probe was the O−D stretch of 5% HOD in H2O.
The water was prepared by adding a small amount of D2O to
deionized ultra filtered water to produce a solution that was 5%
HOD. This is a low enough concentration to avoid perturbing
the H2O solution dynamics and to avoid vibrational excitation
transfer.58−63 Salt solutions were prepared by weight. Sample
cells were assembled by sandwiching the solution between two
CaF2 windows separated by a Teflon spacer. Infrared spectra
were taken with a Thermo Scientific Nicolet 6700 FT-IR
spectrometer. The spectrum of a sample without the vibrational
probe was also taken, under identical conditions, and is used to
subtract the background. When the B−H stretch was probed,
the concentration of borohydride was kept below 1 M to ensure
that vibrational excitation transfer between molecules was
minimal.

The Journal of Physical Chemistry B Article

DOI: 10.1021/jp512426y
J. Phys. Chem. B 2015, 119, 3546−3559

3547

http://dx.doi.org/10.1021/jp512426y


2D-IR spectra and IR pump−probe measurements were
recorded using an experimental setup, for which the layout and
procedures have been described in detail previously.64 Briefly, a
Ti:sapphire oscillator/regenerative amplifier system was run at
a 1 kHz repetition rate and pumped an optical parametric
amplifier (OPA). The signal and idler output of the OPA were
difference-frequency mixed in a AgGaS2 crystal to create ∼4
μm, ∼70 fs mid-IR pulses. The mid-IR beams propagated in an
enclosure that was purged with air scrubbed of water and
carbon dioxide to minimize absorption of the IR. Despite this,
some carbon dioxide remained in the setup and so data around
its absorption, ∼2350 cm−1, were not included in the data
analysis. The IR light was collimated and then split into two
beams for the pump−probe experiments or four beams for the
vibrational echo measurements. For the pump−probe experi-
ments, the pump was rotated 45° relative to the probe and
chopped. The two beams crossed in the sample, and the probe
was resolved either parallel or perpendicular to the pump beam
by a computer controlled polarizer. In the vibrational echo
experiments, three IR pulses−the third of which is chopped−
impinged on the sample in a box CARS geometry and
stimulated the emission of the vibrational echo in the phase-
matched direction. The echo was heterodyned with a fourth
pulse. The signal (probe or echo) was dispersed by a
monochromator employed as a spectrograph and detected on
a 32 pixel, liquid nitrogen cooled, mercury−cadmium−telluride
array.
Since borohydride in neutral water reacts quite rapidly, the

solutions were adjusted to pH 14 using sodium hydroxide. The
addition of NaOH significantly slows the reduction of water
and subsequent liberation of hydrogen gas so that the
concentrations in solution remain constant and no new species
are produced over the course of the experiment.65,66 However,
the evolution of hydrogen gas still occurs and the formation of
bubbles in the sample cells requires that they be remade every
1−2 days to prevent scattering of the laser beam from the
bubbles. Each individual experiment was completed within this
time scale.

III. RESULTS AND DISCUSSION
Linear and nonlinear time-resolved spectroscopies were used to
interrogate the system of borohydride in water. Two different
vibrational probes were employed: the asymmetric B−H stretch
of the borohydride and the O−D stretch of HOD in H2O with
the ODs bound to the B−H’s. The measurements permitted
the observation of the dihydrogen bond dynamics from the
perspectives of both partners.
A. Absorption Spectra. The O−D stretch of HOD is

essentially a local mode. It gives rise to a broad FT-IR spectrum
because of the large number of hydrogen bonding config-
urations present in water. Stronger hydrogen bonding with the
HOD will result in absorption shifted to the red side of the
band, and HODs with weak hydrogen bounds will absorb on
the blue side of the band.
We want to determine the spectrum of the OD stretch for

ODs that are hydrogen bonded to BHs. To do this, it is
necessary to eliminate the other contributions to the spectrum,
which are ODs bound to H2O and the large tail of the B−H
stretch spectrum of borohydride centered at 2262 cm−1 (see
below). In Figure 1, the blue spectrum is for the OD stretch of
HOD in 1 M NaOH solution. It was obtained by subtracting
the spectrum of water/NaOH from the spectrum with 5%
HOD. Unsubtracted FT-IR spectra can be found in the

Supporting Information. Prior to subtraction, two spectra were
normalized to the water combination band to eliminate path
length differences. The resulting spectrum is centered at the
same frequency, 2509 cm−1, as the spectrum without NaOH,
but it is slightly broader. The amplitude of the spectrum shown
in the figure is from the fit discussed below.
The black spectrum shows the OD stretch region but this

time with borohydride in the solution. It was obtained by
subtracting the spectrum of the solution with borohydride
without HOD from the spectrum with HOD. The sample
without HOD had a slightly higher borohydride concentration,
which after subtraction produced the negative-going region at
frequencies lower than ∼2400 cm−1. The small wiggle in the
spectrum at ∼2350 cm−1 is residual CO2 absorption. The peak
of the total spectrum is shifted well to the blue compared to the
spectrum of OD in water/NaOH (blue spectrum) that does
not have borohydride in the solution.
To obtain the spectrum of the ODs bound to BHs, the

following procedure was used. The black spectrum was fit by
varying only the amplitude of the blue spectrum, adjusting the
parameters of a Gaussian shifted well to red (with peak fixed at
2264 cm−1) to account for the negative going portion of the
black spectrum, and varying the parameters of a Gaussian on
the blue side of the line, which is the desired spectrum of the
ODs bound to BHs. The dashed red line is the resulting fit to
the black spectrum. The fit reproduces the spectrum almost
perfectly. The green curve is the desired spectrum of the OD
stretch for ODs bound to BHs. It should be noted that this fit is
not unique, and slight differences in the center frequency and
width of the green curve can be obtained if other parameters
are varied, but all the fits are very similar and show the same
behavior. The principal use of the extracted green spectrum is
to determine the region of the total spectrum that has a
substantial contribution from ODs bound to borohydride.
Therefore, the small differences that can occur in fitting the
spectrum are not important.
The blue shift of the absorption spectrum of OD hydroxyls

bound to anions has been reported and originates from
hydroxyls that form weaker hydrogen bonds than they would
have in pure bulk water.1−4 The blue shift due to BH4

− is larger
than observed for ODs in sodium bromide solution.67 The
bromide anion is similar in size to borohydride, as it has a
calculated radius for the isolated anion of ∼2.0 Å versus ∼1.9 Å

Figure 1. FT-IR spectrum of the OD stretch of HOD in 8:1 H2O/
NaBH4 in pH 14 aqueous solution (black curve). The spectrum is fit
to the sum of a scaled spectrum of the OD stretch in a solution
without borohydride (blue curve), a Gaussian for the borohydride
associated ODs (green curve), and a Gaussian for the residual portion
of the B−H stretch (not shown, center frequency 2262 cm−1). The
dashed red curve is the fit.
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for borohydride. The larger shift for ODs bound to BHs could
be due to the different charge distributions of the two anions,
but may also arise from the nature of the dihydrogen bond.
Dihydrogen bonds in some cases have been found to be as
much as 20% weaker than similar hydrogen bonds.68 However,
dihydrogen bonds can also become shorter when heavier
isotopes of hydrogen are involved,69−71 which may also affect
the magnitude of the blue shift. Regardless of the mechanism,
ODs bound to borohydride are shifted substantially blue from
ODs bound to H2O in bulk water. It should be noted that the
green curve shown in Figure 1 was taken to be Gaussian in
shape in the fit. With this assumption the resulting fit to the
total spectrum is excellent (red dashed curve). However, the
2D-IR data discussed below show that there is a sizable
Lorentzian component. The true line shape is a Voigt that is
dominated by the Gaussian contribution.
Figure 2 presents the background-subtracted FT-IR spectrum

of the B−H stretching region of 1 M sodium borohydride. To

obtain the B−H spectrum, the spectrum of pH 14 water was
subtracted from that of a pH 14 water solution with 1 M
sodium borohydride. There are four B−H stretches. Because of
the tetrahedral symmetry, three linear combinations of the
stretches give rise to the triply degenerate asymmetric IR active
modes (ν3) and one to the Raman active mode (ν1). There is a
central peak in the spectrum shown in Figure 2 and two large
shoulders. Only the central peak is of interest in this paper, as it
corresponds to the triply degenerate asymmetric stretch of
borohydride. The side peaks are most likely a 2-quanta
overtone of the bend (2ν4) and a combination band of the
bend and a Raman active mode (ν4 + ν2). This assignment is
made in analogy with the assignment of the crystal
spectrum72,73 and borohydride in liquid ammonia.74 The
transitions that give rise to the shoulders would not have
strong enough absorptions to be readily observed, but they
have Fermi resonances with the very strong IR active
asymmetric stretch, which gives them oscillator strength.73

Because every molecule in solution can contribute to the
absorption spectrum, the effect of the hydroxide (which was
added to stabilize the borohydride) was considered. Figure 3
shows the spectrum of the OD stretch of HOD in 1 M NaOH
solution (red curve) and in pure bulk water (black curve). The
spectra of the corresponding solutions but with no HOD were
subtracted from the spectra with HOD. The shift in frequency

of the spectrum with NaOH is negligible, but the addition of
hydroxide does cause a small broadening. No extra peaks or
shoulders appear because the hydroxide is at a fairly low
concentration. At higher concentrations the effect of the
hydroxide on the spectrum as well as on the dynamics of the
water molecules is significant.75,76 It was also determined if the
hydroxide affected the borohydride B−H spectrum. FT-IR
spectra were taken at pH 13 (0.1 M NaOH) with and without
sodium borohydride and subtracted as above. The spectrum at
pH 13 is identical within error to the spectrum at pH 14 (data
not shown). Therefore, the NaOH does not influence the
borohydride spectrum.

B. Population Relaxation. The population relaxation
(vibrational lifetime) data are extracted from the pump−
probe signal by setting the polarization of the pump pulse at
45° relative to the horizontal probe and then resolving the
polarization of the probe signal parallel S∥(t) and perpendicular
S⊥(t) to the pump. These signals can be expressed in terms of
population relaxation, P(t), and the second Legendre
polynomial orientational correlation function, C2(t).

= +S P t C t( )[1 0.8 ( )]2 (1)

= −⊥S P t C t( )[1 0.4 ( )]2 (2)

The normalized population relaxation is given by

= + ⊥P t S t S t( ) ( ( ) 2 ( ))/3 (3)

The background sodium hydroxide produces a small signal,
and this is subtracted from the data before the parallel and
perpendicular signals are combined.77,78 Because vibrational
relaxation deposits a small amount of heat into the sample,
there is a constant isotropic signal at a long time due to a
temperature-dependent spectral shift. This heating term is
removed to yield heating-free data.54,79 At early times, the decay
of the nonresonant signal interferes with the signal from the
resonant vibrations. Thus, only the data after 200 fs is used.
Figure 4A shows the population decays for the OD stretch of

HOD in three solutions: pure water, water with NaOH (1 M),
and water with NaOH (1 M) and NaBH4 (8 molecules of water
per borohydride, ∼7 M). In bulk water the lifetime of HOD is a
single exponential decay with a time constant of 1.8 ps.79−81

When the sodium hydroxide is added, the lifetime becomes
biexponential with a fast time constant of 0.3 ± 0.1 ps and a
long time constant of 2.1 ± 0.1 ps. When the borohydride is
added the lifetime again fits to a biexponential with a long time
constant of 2.1 ps, but the amplitude of the short time constant

Figure 2. FT-IR spectrum of the B−H stretching region of
borohydride (black curve) fit (red dashed curve) with three Gaussians
(green, red, and blue solid curves). Borohydride has a triply degenerate
vibration centered at 2262 cm−1, with Fermi resonance enhanced
shoulders from two quanta of the bend (2v4) and a mixing of the bend
with a Raman active mode (v4 + v2).

Figure 3. FT-IR spectrum of the OD stretch of HOD in 1 M NaOH
(pH 14) in water (red curve) is slightly broader than that of the OD
stretch in bulk water (black curve).
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(0.2 ± 0.1 ps) goes from positive to negative across the band.
We attribute this short time constant to spectral diffusion
appearing in the population decay. In the presence of unequal
pumping the isotropic signal is no longer the pure population
relaxation. The addition of both NaOH and NaBH4 broadens
the spectrum and means that the laser bandwidth will be less
able to pump all wavelengths evenly, leading to underpumped
wings. These wavelengths will become filled in as spectral
diffusion occurs and so their “population” will appear to grow
while the wavelengths at the center of the band will lose
amplitude and appear to undergo a faster additional population
decay process. Figure 4B shows the OD stretch population
decays as a function of wavelength in the solution of water with
NaOH and NaBH4, which is the system used in the 2D-IR
experiments. There is a very small wavelength dependence, due
to the varying amplitude of the fast time component. However,
the bulk of the P(t) decay (population relaxation) is wavelength
independent. Looking at the decomposed spectrum in Figure 1
(green curve and blue curve), the wavelengths in Figure 4B
move from the red side where the population is dominated by
ODs hydrogen bonded to water molecules through the region
to the blue where the spectrum has a large contribution from
ODs bound to BHs. The addition of sodium borohydride has
little effect on the OD lifetime. Thus, the relaxation of the OD
stretch of this concentrated sodium borohydride solution is
unexpectedly similar to that of bulk water.
The vibrational population relaxation depends on the

environment in which a molecule is located. The medium
surrounding a molecule influences the coupling and the density
of states of the modes that will take up the energy from the

initially excited vibration.82 In bulk water the OD stretch energy
quickly dissipates into many combinations of lower frequency
modes, including bending, torsion, and bath modes, which sum
to the initial vibrational energy.83 If there are two distinct
environments for the molecules of interest in solution, these
environments will give rise to different lifetimes unless, by
coincidence, different environments produce the same lifetime.
Generally, distinct environments will produce different
absorption spectra. For systems that have broad absorption
spectra, the spectral shifts can be too small to be resolved.
However, the existence of different environments can be
manifested in the wavelength dependence of the population
relaxation. If there are two environments that give rise to two
different lifetimes, the pump−probe decays will be biexponen-
tial and the amplitude of the two components will change with
the detection wavelength across the vibrational line.
In Figure 4B there is at most a very small wavelength

dependence and the population decays appear to be single
exponential after the initial fast spectral diffusion contribution.
However, we know there are two environments, ODs bound to
water molecules and ODs bound to B−H’s from the spectral
decomposition in Figure 1 and the 2D-IR spectra discussed
below. The conclusion is that the vibrational lifetime of an OD
bound to a B−H is almost the same as that of an OD bound to
water. If the time constants of a biexponential are similar
enough, it becomes difficult to distinguish the two time
constants in a fit: the data will be well described by a single
exponential with a intermediate decay time. So the borohy-
dride-associated water may have a slightly different lifetime than
the water-associated water, but we cannot distinguish the two
populations in the fit because the time scales are so similar.
The similarity between the OD vibrational lifetimes when

OD is bound to water or to borohydride is unusual. Frequently,
when water is bound to anions, the hydroxyl stretch vibrational
lifetime changes significantly. Studies of the OD stretch in
sodium bromide aqueous solutions show a combined water-
associated and salt-associated population decay with a
relaxation time constant of 6.7 ps.67 A study of a wider range
of halide salts saw the lifetime increase 3−6 times depending on
ion.84 However, a vibrationally excited hydroxyl hydrogen
bonded to a halide anion cannot deposit vibrational energy into
it. Borohydride is quite different. Like water itself, borohydride
provides a collection of vibrational modes that can accept
vibrational energy from the initially excited OD stretch. This
availability of borohydride accepting modes may account for
the similarity of the OD−water and OD−borohydride
vibrational lifetimes.
The same type of pump−probe measurements were made on

the B−H stretch of borohydride in a more dilute solution (1
M), which is also used for the 2D-IR experiments on the B−H
stretch. The population relaxation data were taken over a range
of wavelengths and are shown in Figure 5. The vibrational
lifetime is independent of wavelength. The laser bandwidth was
sufficient to pump the entire band, and thus a spectral diffusion
short time decay is not observed. The black dashed curve is a
single exponential fit. The B−H stretch lifetime is 2.9 ± 0.1 ps.
Data were taken over a wide enough wavelength range that the
side lobes of the main peak would contribute if they decayed as
separate populations. No wavelength dependence was
observed. The side lobes gain their oscillator strength through
mixing with the light state, the triply degenerate B−H
stretching mode. The mixing is sufficient to make the coupled
system decay with a single lifetime.

Figure 4. (A) Normalized P(t) decays of the OD stretch of HOD in
pure water (black curve), in 1 M NaOH solution (red curve), and in
NaBH4 (8 water molecules per NaBH4) and 1 M NaOH solution
(green curve). The decays are almost the same. (B) Normalized P(t)
decays of the OD stretch of HOD in 8:1 H2O/NaBH4 in pH 14
solution at various wavelengths across the absorption band. There is
very little wavelength dependence of the vibrational lifetime. There is a
very fast low amplitude component caused by spectral diffusion. See
text.
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C. Spectral Diffusion. 2D-IR vibrational echo experiments
on both the O−D stretch of hydroxyls bound to borohydride in
water and the B−H stretch of borohydride in water provide
information on the systems’ structural dynamics from the
perspectives of water dihydrogen bonded to the anion and the
anion itself. In vibrational echo experiments, three excitation
pulses are crossed in the sample. A much weaker fourth pulse
serves as a local oscillator (LO). The time between pulses 1 and
2 is the coherence time, τ; the time between pulses 2 and 3 is
the population time, Tw. The third order nonlinear interaction
of the three excitation pulses gives rise to a fourth pulse, the
vibrational echo, at a time ≤τ after the third excitation pulse.
The echo propagates in a unique direction because of wave
vector matching. The LO is then spatially and temporally
overlapped with the vibrational echo. This heterodyne
detection amplifies the vibrational echo and provides phase
information through the temporal interference between the LO
and echo pulses. At a given Tw, data were collected by scanning
τ, which causes the phase of the vibrational echo pulse to evolve
in time relative to the temporally fixed LO pulse. The resulting
temporal interferogram was frequency resolved and detected on
the 32-element array, providing the vertical axis, ωm, of the 2D-
IR spectra. At each ωm the interferogram is numerically Fourier
transformed to give the horizontal axis, ωτ, of the 2D-IR
spectra.
The change in shape of the 2D-IR spectrum as a function of

Tw is caused by spectral diffusion, which reports on the
structural dynamics. Inhomogeneous broadening of both the
O−D stretch spectrum (see Figure 1) and the B−H stretch
spectrum (see Figure 2) gives rise to a range of transition
frequencies. The liquid structure interacting with an individual
molecular vibration determines the center frequency of its
Lorentzian line that has a width from homogeneous broad-
ening. The total absorption line is the collection of the
individual molecules’ Lorentzians with an essentially Gaussian
distribution of center frequencies. Structural evolution of the
medium causes the vibrational frequencies to change. Thus, as
the liquid structure changes, the frequency of a particular
molecule will change in time (spectral diffusion). At sufficiently
long Tw, the vibrational probe will have sampled all liquid
structures; hence all of the frequencies present in the
inhomogeneously broadened FT-IR absorption spectrum will
have been sampled as well.

In effect, the first and second pulses of the vibrational echo
pulse sequence “label” the initial probe frequencies. Then
during the waiting time, Tw, between pulse 2 and 3, the
structure of the liquid evolves, causing the vibrational
frequencies to shift. This period is ended by the arrival of the
third pulse, which also stimulates the emission of the vibrational
echo pulse. The echo contains information on the final
frequencies of the vibrational oscillators. When Tw is short, the
structure of the liquid is relatively unchanged from when the
vibrations were first labeled, producing final frequencies that
differ little from the starting frequencies. At longer Tw, the
liquid structure has had more time to evolve, and the final
frequencies are less correlated with the initial frequencies. The
loss of correlation as Tw increases is manifested as a change in
shape of the 2D-IR spectrum. At short Tw, the 2D spectrum is
elongated along the diagonal (the slope = +1 line which bisects
the vertical and horizontal frequency axes). As Tw increases and
frequencies are less correlated, the shape of the spectrum
becomes more symmetrical. If the population relaxation time is
long enough to permit all of the environments to be sampled
within the experimental time window, which is limited by the
vibrational lifetime, the spectrum will become round. Thus, the
structural dynamics of the liquid can be extracted from the
change in shape of the 2D-IR spectra as a function of Tw.
The amplitudes and time scales of spectral diffusion are

quantified by the frequency−frequency correlation function
(FFCF). The FFCF is the joint probability that a vibrational
oscillator with an initial frequency will have that same frequency
at a later time, averaged over all of the initial frequencies in the
inhomogeneous spectral distribution. The Center Line Slope
(CLS) method85,86 is used to extract the FFCF from the Tw
dependence of the shape of the 2D-IR spectra.
The FFCF was modeled with the form

∑δω δω τ= ⟨ ⟩ = Δ −C t t t( ) ( ) (0) exp( / )
i

i i
2

(4)

where Δi and τi are the frequency fluctuation amplitude and
time constant, respectively, of the i-th component. A
component of the FFCF is motionally narrowed and a source
of homogeneous broadening in the absorption line if τ Δ < 1.
In this instance, it is not possible to determine Δ and τ
separately. The motionally narrowed contribution to the
absorption spectrum has a pure dephasing line width given
by Γ* = Δ2τ = 1/πT2*, where T2* is the pure dephasing time.
The total homogeneous dephasing time that is measured, T2,
also depends on the transition dipole orientational relaxation
and vibrational lifetime and is given by

= * + +
T T T T
1 1 1

2
1

32 2 1 or (5)

where T1 and Tor are the vibrational lifetime and orientational
relaxation time. The CLS has been previously shown to be
mathematically equivalent to the normalized Tw-dependent
portion of the FFCF.85,86 Combining the Tw dependence from
the CLS with the linear absorption spectrum of the vibrational
probe enables the determination of the homogeneous
contribution and the resulting full FFCF to be obtained.85,86

The CLS decays have the same time constants as the FFCF and
can be used to discuss the time scales of the dynamical
processes in the sample. Computing the FFCF allows these
processes to be assigned their respective contributions to the
line width. FFCF parameters are given in Table 1.

Figure 5. Normalized P(t) for the B−H stretch of 1 M sodium
borohydride in pH 14 water at various wavelengths and a single
exponential fit (dashed black curve). There is no wavelength
dependence of the 2.9 ± 0.1 ps vibrational lifetime.
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The CLS decays for the O−D stretch of dilute HOD in water
and in 1 M NaOH solution are shown in Figure 6. Data for the

two samples are identical within experimental error. The blue
line is a biexponential fit, with decay time constants of 0.3 ± 0.1
ps and 1.8 ± 0.1 ps. These are the same decay times, within
experimental error, that have been obtained previously in
studies of water.67 The spectral diffusion of the OD stretch in
the two liquids is identical within experimental error. Water is
55 M in H2O molecules, which means it is 110 M in hydroxyls.
Therefore, only a small fraction of the ODs will be directly
associated with the hydroxides. In the results shown in Figure 6,
we are looking at the total solution, not the ODs specifically
interacting with the hydroxides. The important point is that for
the studies involving borohydride, which require the 1 M
NaOH to slow the borohydride chemical decomposition, the
medium has virtually the same dynamics as water with little
impact from the NaOH.
Extracting the CLS from the 2D-IR spectra for only the O−

D’s that are dihydrogen bonded to borohydrides requires
careful processing of the data. As can be seen in Figure 1, the
absorption spectrum of the O−D’s bound to borohydrides
(green curve) is blue-shifted but still subsumed in the total
spectrum that is dominated by O−D’s hydrogen bonded to
water molecules. Nonetheless, it is clear from Figure 1 that
there are two distinct populations in solution. The 2D-IR
spectra have the appearance of two overlapping bands (Figure
7B) with centers that approximately correspond to the peaks of
the blue curve (O−D bound to water) and the green curve
(O−D bound to borohydride) in Figure 1. However, the two
2D-IR bands are not sufficiently separated that CLS analysis
can be performed on them individually. For overlapping spectra
that are essentially on top of each other, the two-component

CLS method can be applied.87 However, here the two bands
are too separated to apply that method, but not separated
enough to treat them as distinct spectra.
A subtraction method was used to extract the 2D data for

ODs bound to borohydride so that the CLS can be obtained.
The method is somewhat similar to that applied by Roberts et
al. to subtract out a large diagonal band to see off-diagonal
bands,76 but they were not trying to obtain line shapes from a
band masked by another band. Figure 7A and B show 2D-IR
data taken at 200 fs on the OD stretch of HOD in the solution
of HOD/water/NaOH without and with NaBH4

−, respectively.
The spectrum in Figure 7B (with borohydride) has significant
amplitude in the region around 2600 cm−1, while the spectrum
in Figure 7A (no borohydride) has little amplitude in this
region. This difference is consistent with the decomposition of
the absorption spectrum shown in Figure 1. To obtain the
desired time dependent 2D spectra of the ODs bound to
borohydride, at each Tw the spectrum like that in Figure 7A is
subtracted from the spectrum like that in 7B. However, it is
necessary to have the correct amplitude of the borohydride-free
spectrum when it is subtracted from the spectrum with
borohydride. This is accomplished by selecting a region of the

Table 1. FFCF Parameters

pH vibration/sample Γ (cm−1) Δ1 (cm
−1) τ1 (ps) Δ2 (cm

−1) τ2 (ps)

7 OD bound to H2O
a 76 ± 14 41 ± 8 0.4 ± 0.1 34 ± 11 1.7 ± 0.4

14 OD bound to H2O 78 ± 4 45 ± 3 0.3 ± 0.1 38 ± 4 1.8 ± 0.4
14 OD bound to BH4

− 42.3 ± 0.8 18.8 ± 0.5 0.3 ± 0.1 22.8 ± 1.3 2.2 ± 0.5
14 BH bound to H2O 54.5 ± 0.3 10.1 ± 0.3 0.28 ± 0.06 5.3 ± 0.7 1.8 ± 0.5

aNumbers reproduced from ref 67.

Figure 6. Spectral diffusion represented by the CLS experimental
observable of the OD stretch of HOD in 1 M NaOH (pH 14) solution
(black squares) and in pure water (red circles). The data points are the
average of six measurements, and error bars are the standard error.
The data in the two solutions are indistinguishable. The blue curve is a
biexponential fit to both data sets.

Figure 7. 2D-IR spectra of the OD stretch of HOD at short Tw = 0.2
ps. (A) In 1 M NaOH solution. (B) In 1 M NaOH with 8:1 H2O/
NaBH4. The squares in A and B are in regions of the spectra where
there is essentially no contribution from ODs bound to borohydride
(see green curve in Figure 1). The two spectra are matched in
amplitude in the boxed regions, and the spectra are subtracted. (C)
The subtracted spectrum, which is the 2D-IR spectrum of ODs bound
to borohydride.
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2D-IR spectra in which there is essentially no contribution from
ODs bound to borohydrides. These are the black rectangles in
Figure 7A and B. The spectrum in Figure 7A was scaled until
the difference between the two spectra in this region was
minimized. Then the subtraction was performed. Note that we
carried out the same procedure using different choices of the
region on the red side of the spectra, and the results were the
same. Figure 7C shows the results of the subtraction, which is
the 2D-IR spectrum of the ODs bound to borohydride. It is
important to mention that the CLS method uses the central
region of the 2D spectrum to extract the dynamics. Therefore,
small errors in subtraction, which can affect the low amplitude
contours in the resulting spectrum, will not affect the analysis of
the dynamics. Spectra at a series of Tw’s both before and after
subtraction are given in the Supporting Information.
Figure 8 shows CLS data for the O−Ds bound to

borohydride obtained using the subtraction method (green

squares) and a biexponential fit to the data (green curve). Also
shown for comparison are the data from Figure 6 that are the
CLS data for O−D’s in water (red squares) and in water with
NaOH (black squares). It is clear from the plot that the spectral
diffusion of the O−D stretch of HOD for O−D’s dihydrogen
bonded to B−H’s is very similar to that of O−D’s bound to O−
H’s of water. The CLS decay constants for O−D’s bound to
borohydride are 0.3 ± 0.1 and 2.2 ± 0.5 ps. The decay
constants for O−D’s bound to the O−H’s of water are 0.4 ±
0.1 and 1.7 ± 0.5 ps.67 The full FFCF parameters are given in
Table 1. While the data for the OD/BH shown in Figure 8 are
somewhat slower than the other data, the decay times are
within the error bars of the fits. Additionally, even though the
curves look different, part of this is caused by a difference in the
relative amplitudes of the decays rather than a substantial
difference in the time constants. The ODs associated with the
borohydrides have a narrowed and shifted spectrum (see Figure
1, green curve). Differences in the spectral width and shape will
result in different relative amplitudes in the CLS, but the time
constants will remain the same if the dynamics are the same.
The clear message is that O−D’s bound to borohydride and

O−D’s bound to water hydroxyls experience little difference in
their structural dynamics.
Detailed comparisons of 2D-IR vibrational echo experiments

and molecular dynamics (MD) simulations of the OD stretch
of HOD in water showed that the fast component of the
spectral diffusion is associated with very local hydrogen bond
motions, in particular hydrogen bond length fluctuations.47,56

The slow component is caused by the randomization of the
hydrogen bond network that involves hydrogen bond breaking
and formation. Assuming that the fast and slow components of
the spectral diffusion of ODs dihydrogen bonded to
borohydride involve the same physical processes as ODs
bound to water, then the local hydrogen bond length
fluctuations may be slightly faster for the OD−HB bond, but
the error bars of the measurements overlap. The slow
component of the spectral diffusion of the OD stretch of
HOD in water is caused by the concerted hydrogen bond
rearrangement of the water molecules that are hydrogen
bonded to the HOD and surrounding water molecules. The
slow component of the spectral diffusion for OD-HB is slightly
slower, but again within the error bars of ODs bound to water.
The results suggest that the spectral diffusion of the ODs
bound to borohydride is caused by the hydrogen bond
dynamics of the surrounding water molecules, and the water
dynamics in the vicinity of the borohydride anion are not
significantly affected by the presence of the anion.
Further information can be obtained by considering the

spectral diffusion of the borohydride asymmetric stretching
mode with the B−H’s hydrogen bonded to water molecules.
Figure 9 displays the CLS data for the B−H stretch (circles)

and a biexponential fit to the data (solid curve). The full FFCF
parameters are given in Table 1. The spectral diffusion decay
time constants are 0.28 ± 0.06 and 1.8 ± 0.5. These decays are
the same as those found for the OD stretch of HOD in bulk
water and the OD stretch of HOD bound to borohydride
within experimental error, although the OD/borohydride
spectral diffusion appears to be somewhat slower as can be
seen in Figure 8. One major difference in the B−H dynamics is
that there is a much larger homogeneous component relative to
the inhomogeneous component. This can be seen clearly from

Figure 8. Spectral diffusion CLS decay of the ODs dihydrogen bonded
to the B−H’s of borohydride (green squares) and the biexponential fit
(green curve). The data points are the average of four measurements,
and error bars are the standard error. The data from Figure 6 are
displayed for comparison. The spectral diffusion of ODs dihydrogen
bonded to the B−H’s of borohydride is almost the same as the spectral
diffusion in the solutions without borohydride. The fits (Figures 6 and
8) yield time constants that are the same within the error bars.

Figure 9. Spectral diffusion CLS decay data (black circles) of the B−H
stretch of 1 M sodium borohydride in pH 14 water. Note the large
initial difference from 1, which indicates a substantial homogeneous
component. The blue curve is the biexponential fit to the data, which
yields decay time constants of 0.3 and 1.8 ps. These time constants are
the same within error as the time constants for the OD stretch of
HOD in pure water, 0.4 and 1.7 ps.
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the CLS plots in Figures 8 and 9. The Tw = 0 values from
extrapolation of the fit curves for the OD stretch in water,
water/NaOH, and bound to borohydride are all ∼0.6 (Figure
8). In contrast, the Tw = 0 value for the B−H CLS curve
(Figure 9) is ∼0.15. The difference of the Tw = 0 value from 1 is
directly related to the fraction of the absorption line width that
is the result of homogeneous broadening. The homogeneous
broadening from pure dephasing is caused by ultrafast
fluctuations that produce a motionally narrowed Lorentzian
contribution to the absorption spectrum. The B−H stretch
homogeneous component will be discussed further below.
The fact that the B−H stretch spectral diffusion is almost

identical to that of the O−D stretch of HOD in bulk water and
the OD stretch bound to borohydride is highly suggestive. The
sample used for these measurements was a 1 M borohydride
solution; so, there are no issues of ion pairing or incomplete
solvation as the sample is relatively dilute, 55 water molecules
per borohydride. The borohydride dynamics are presumably
caused by dihydrogen bonded water molecules and the
surrounding water. Borohydride is experiencing the same
structural fluctuations as its solvating water. Borohydride is
tetrahedral. It has a calculated radius for the isolated anion of
∼1.9 Å compared to water’s ∼1.35 Å. Therefore, borohydride is
larger than water. However, the tetrahedral arrangement of the
B−H bonds may permit water to dihydrogen bond to it
without greatly perturbing the nominally tetrahedral hydrogen
bonding structure of the surrounding water. The results suggest
that the hydrogen bonding does not enforce strained structures
on the dihydrogen bound waters but rather can allow the water
to coordinate at angles native to the bulk water structure.
D. Anisotropy. From the same pump probe data used to

obtain the vibrational lifetimes discussed above, the anisotropy
can be extracted. The anisotropy is equal to the transition
dipole orientational correlation function (second Legendre
polynomial correlation function, C2(t)) scaled by 0.4. It has the
form

=
−
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The anisotropies were obtained for both the B−H and O−D
stretches in pH 14 water. The O−D anisotropy decay was also
collected for the 1 M NaOH solution and pure HOD in H2O
for comparison.
First we consider the anisotropy of the triply degenerate

asymmetric stretch of borohydride. Data are shown in Figure
10. The main body of the figure shows the data (circles) and a
single exponential fit to the data (solid curve) on the full
vertical scale where the maximum initial anisotropy can be as
great as 0.4 (see eq 4). The inset shows the data on a greatly
expanded vertical scale. By 200 fs, the time at which meaningful
data can start to be collected, the anisotropy is already at
∼0.065. Fitting the curve from this point on gives a decay time
constant of 200 fs. In less than a picosecond, the anisotropy has
decayed to zero. Most of the anisotropy decay occurs on a time
scale much faster than this 200 fs decay. The ultrafast
anisotropy decay can be compared to a Debey−Stokes−
Einstein (DSE) equation88 calculation of the orientational
relaxation time of borohydride in the water/NaOH solution,
which has a viscosity ∼30% greater than that of water. This
calculation gives the orientational relaxation time of ∼8 ps. The
DSE decay is for physical orientational relaxation of the
borohydride anion, taking it to be spherical with stick boundary

conditions. Although there will be some error in calculating the
orientational relaxation time with the DSE equation, the results
show that the ultrafast loss of the anisotropy cannot occur
through physical reorientation of the molecule.
The anisotropy decay of the asymmetric B−H stretch of BH4

−

is not caused by normal molecular reorientation. The B−H
stretch is triply degenerate. The excitation pulse projects out a
superposition of the three modes that results in the initially
excited transition dipole being along the pump pulse electric
field, in contrast to the usual initial cosine squared distribution
of dipole directions.89 Structural fluctuations of the environ-
ment that cause the relative amplitudes of the three
components of the initial superposition to change produce a
change in the direction of the transition dipole without physical
reorientation of the molecule.89 Therefore, the anisotropy
decay does not provide the type of information that normal
orientational relaxation measurements do and cannot be
interpreted in terms of shape factors, hydrodynamic boundary
conditions, or friction coefficients.
The vast majority of the anisotropy decay is occurring much

faster than the very low amplitude very fast 200 fs decay. This
ultrafast anisotropy decay is the result of the evolution of the
initial superposition of degenerate modes. Consequently, on
times that are long compared to a few hundred femtoseconds,
the direction of the transition dipole has randomized. The
structural fluctuations that contribute to the dynamic B−H
stretch line shape occur on three time scales (see Table 1).
There are the ultrafast fluctuations that are associated with the
pure dephasing contribution to the homogeneous line and the
0.28 and 1.8 ps spectral diffusion components. It is likely that
the ultrafast pure dephasing fluctuations are responsible for
inducing the bulk of the dipole direction randomization, while
the final complete randomization is caused by the same
fluctuations that give rise to the fast component of the spectral
diffusion. On the time scale of the slow component of the
spectral diffusion, the transition dipole direction has completely
randomized.
These results show that there is a portion of the

inhomogeneous line that is sampled on a time scale that is
much longer than the randomization of the transition dipole

Figure 10. Anisotropy decay, r(t), for the B−H stretch of 1 M sodium
borohydride in pH 14 water (blue circles) and an exponential fit (red
curve). The inset is an expanded view of the data. The anisotropy
decay is wavelength independent. Note by the beginning of the
measurement at 200 fs there is almost no anisotropy and the
remaining anisotropy decays with a 200 fs time constant. The
anisotropy decay is not caused by reorientation of the molecule. See
text.
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direction. Because the transition dipole direction randomizes
on a time scale much faster than the slow component of the
spectral diffusion, the inhomogeneous frequency sampling
associated with the slow component cannot depend on the
direction of the transition dipole. Therefore, the slow
component of the spectral diffusion is not caused by
fluctuations of the electric field projected along the vibrational
transition dipole direction, a mechanism that has been invoked
in a number of spectral diffusion studies of other types of
systems.90−93 These considerations suggest that the 1.8 ps
component of the spectral diffusion is associated with evolution
of specific hydrogen bonding configurations of water directly
bound to the B−H’s and possibly the water molecules in the
next solvation shell. Changes in water configurations modify
the intermolecular interactions with the B−H’s, producing
changes in the B−H internuclear potential, and therefore the
vibrational transition frequency.
Figure 11 displays orientational anisotropy decays for the O−

D stretch of HOD in water (blue), water with 1 M NaOH

(red), and water with 1 M NaOH and NaBH4 with 8 water
molecules per borohydride (green). The dashed curves are
single exponential fits to the data. In these data, the difference
between 0.4 and the initial values of the curves at t = 0,
obtained by extrapolating the curves to t = 0, is caused by
inertial motion of the HOD.94 The data were taken as a
function of wavelength, and within experimental error, there is
no wavelength dependence. The water (blue) and the water/
NaOH (red) curves shown were for data taken at the peak of
the O−D stretch spectra (see Figure 3), while the data shown
for the solution with borohydride was taken near the peak of
the green curve in Figure 1, that is, around the maximum of the
spectrum from ODs bound to borohydride. The HOD in water
data requires the standard heat subtraction to obtain the
anisotropy.54,79 The extraction of the OD anisotropy decay for
the samples with OH− requires a different procedure. The
water solution of 1 M NaOH with no HOD has very broad
background absorption which includes the spectral region of
the O−D stretch.78 Relaxation then produces heat in the
sample that grows in and produces a pump−probe signal. The
initial portion of the heating signal displays an anisotropy,
which has been discussed by Bakker and co-workers.77,78To
obtain the anisotropy decays of the O−D stretch caused by

orientational relaxation of HOD, the S∥ and S⊥ were measured
on samples with no HOD, and the contributions from the
“solvent” were removed from the S∥ and S⊥ data taken on the
samples with HOD. The data shown in Figure 11 have the
solvent anisotropy and heating contributions removed.
The HOD in pure water anisotropy decays as a single

exponential with a time constant of 2.6 ± 0.1 ps (Figure 11,
data - blue solid curve, fit - blue dashed curve).94 The addition
of 1 M NaOH has little influence on the time scale of the HOD
anisotropy decay. The data are fit with a single exponential
function (data, red solid curves; fit, red dashed curve). The
decay constant is 2.5 ± 0.1 ps, which is the same as pure water
within experimental error. While the anisotropy decay times for
HOD in water/NaOH solution showed no wavelength
dependence within experimental error, the initial amplitude
does change with wavelength. The difference between 0.4 and
the t = 0 value becomes larger as the measurements are made
further to the blue; that is, the magnitude of the initial inertial
orientational relaxation increases. This behavior has been
discussed in detail for pure bulk water and was attributed to
weaker hydrogen bonding as the frequency shifts to blue.94 The
weaker hydrogen bonds enable a larger inertial angular cone to
be sampled. The fact that the observed orientational relaxation
of HOD in water with 1 M NaOH is essentially the same as
that found in pure water is not surprising. It has been suggested
that ∼4−5 water molecules are associated with each
hydroxide.78,95 These water molecules may have orientational
relaxation that is distinct from pure water. However, the
anisotropy signal arises from all HOD molecules, bulk-like and
hydroxide associated. Because the vast majority of the water is
not affected by the hydroxide, the measurements yield an
anisotropy decay that is essentially that of pure water.
The solid green curve is the data for the sample with

borohydride. The fit is the dashed green curve. While the
signal-to-noise ratio is not as good for these data as for the
other decays, it is clear that the orientational anisotropy decay is
almost identical to that found for pure water. Again, the data
are not wavelength dependent within experimental error. The
fit yields 2.4 ± 0.2 ps. Therefore, the orientational relaxation of
HOD in all three samples is the same within experimental error.
The 2D-IR spectra at longer times (∼2 ps) may show

evidence of chemical exchange between O−D’s dihydrogen
bonded to borohydride and O−D’s hydrogen bonded to water
molecules. Chemical exchange would be manifested through
the growth of off-diagonal peaks as Tw is increased.4,96

However, because of the method used to extract the 2D
spectra for the O−D’s bound to borohydride, the possible
appearance of off-diagonal peaks is not definitive. The peaks
would be caused by ODs that are initially bound to
borohydride that break the dihydrogen bond and make a
hydrogen bond with water, and vice versa. Chemical exchange
was observed previously for the system of sodium tetrafluor-
oborate in water.4 The switching of ODs of HOD from being
bound to the tetrafluoroborate anion to being bound to water
has a time constant of 7 ps in the tetrafluoroborate system.4

The OD stretching mode of ODs bound to BF4
−’s occurs as a

distinct peak that is relatively well separated from the OD/
water band, which makes the off-diagonal peaks relatively easy
to observe. In addition, the lifetime of ODs bound to BF4

−’s is
significantly longer than the lifetime of ODs bound to BH4

−,
which makes it possible to observe slower exchange processes.
Chemical exchange of HOD between an anion and water is
accompanied by a change in dipole direction, i.e., orientation

Figure 11. Anisotropy decay of the OD stretch of HOD in pure water
(blue solid curve), in 1 M NaOH solution (red solid curve), and in 1
M NaOH and 8:1 H2O/NaBH4 (green solid curve). The
corresponding dashed curves are single exponential fits to the data.
The orientational relaxation time constants are the same for all three
samples within experimental error.
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relaxation.3The possible appearance of off-diagonal peaks in the
borohydride sample occurs on the correct time scale of the
orientational relaxation, but again, the data are not definitive.
The combination of all of the results for the dynamics of

dihydrogen bonded water to borohydride is surprising. The
spectral diffusion of the O−D stretch of HODs that are
dihydrogen bonded to borohydride is only slightly slower than
HOD in pure bulk water, but the error bars of the
measurements overlap. The spectral diffusion of the B−H
stretch of borohydride dihydrogen bonded to water (1 M
solution) is the same as that of the O−D stretch of pure bulk
water. Furthermore, the orientational relaxation of HOD in the
borohydride solution (8 water molecules per borohydride) is
essentially identical to HOD in pure bulk water.
Similar experiments have been conducted on solutions of

NaBr.67 Bromide has about the same volume as borohydride.
Measurements of the HOD orientational relaxation time scale
in the NaBr solution with 8 water molecules per bromide anion
(which is the same concentration as the NaBH4 solution) yield
6.7 ps in contrast to 2.4 ps for the borohydride solution. The
high concentration of NaBr in water slows the orientational
relaxation of water significantly. Recall that the NaBH4 solution
had approximately the same spectral diffusion time constants as
bulk water. In the same concentration NaBr solution (8 water
molecules per ion pair), the biexponential O−D stretch CLS
decay time constants (spectral diffusion) are 0.63 ± 0.09 ps and
4.8 ± 0.6 ps, which are significantly slower. In the 2D-IR
experiments on the borohydride solution, we were able to
measure the spectral diffusion of OD bound to borohydride,
eliminating the contribution from OD bound to other water
molecules. In the NaBr solution this separation was not
possible because the spectra of OD in water and OD in the
NaBr solution overlap too much. Therefore, the spectral
diffusion measured for NaBr is a combination of ODs bound to
Br− and ODs bound to water. It is likely that the spectral
diffusion of ODs directly bound to Br− is even slower than the
measured numbers obtained on the total solution.
In both the NaBH4 and NaBr solutions there are 8 water

molecules per ion pair. Perhaps a better way to think about this
is that there are 16 water hydroxyls per anion. Br− is solvated by
6 water molecules in aqueous solution, which means that 6
hydroxyls are making hydrogen bonds to the bromide in a
nominally octahedral arrangement.14,97 Thus, the waters
solvating Br− will not have the tetrahedral arrangement of the
hydrogen bonding network in pure water. The octahedral
structure will not match well with the normal tetrahedral
hydrogen bonding network of water. It is reasonable to assume,
and ref 46 suggests, that water will make 4 dihydrogen bonds to
the B−H’s of borohydride in a tetrahedral geometry.
Borohydride is bigger than water, so the tetrahedron of
dihydrogen bonded waters around the borohydride will be
expanded relative to the tetrahedral hydrogen bonds in bulk
water. For two borohydrides there are 32 hydroxyls, of which 8
will be dihydrogen bonded to the borohydrides. The rest of the
water hydroxyls may form a bridging network between the
borohydrides, and the tetrahedral borohydride geometry may
make it possible for the bridging networks to have relatively
normal water hydrogen bond arrangements. This postulated
relatively normal hydrogen bond arrangement gives rise to the
observed hydrogen bond dynamics that are virtually the same
as those of bulk water. In contrast, octahedral arrangement
around bromide might produce very distorted water hydrogen
bond structures bridging the anions. In bulk water, the slowest

component of the spectral diffusion is associated with hydrogen
bond structure randomization,47,56 which occurs through a
concerted jump reorientation mechanism.98 A highly distorted
hydrogen bond geometry in the concentrated bromide solution
could inhibit the jump reorientation and produce slower
orientational relaxation and spectral diffusion compared to pure
water. In contrast, a tetrahedral geometry in the concentrated
borohydride solution might permit normal jump reorientations
and, therefore, orientational relaxation and spectral diffusion
indistinguishable from pure water.

IV. CONCLUDING REMARKS
We have examined the dynamics of dihydrogen bonds between
borohydride and water using ultrafast 2D-IR vibrational echo
spectroscopy and polarization selective IR pump−probe
experiments. In the experiments we were able to measure the
dynamics from the perspectives of the water hydroxyls bound
to borohydride and the B−H’s of the borohydride anion bound
to water. Structural evolution of the systems is reflected in
spectral diffusion measured with 2D-IR. Spectral diffusion of
hydroxyls that were bound to borohydride was made possible
by a new data analysis procedure that removed the
contributions to the data from water hydroxyls bound to
other water molecules. The spectral diffusion of the B−H
stretch could be measured directly, as the absorption band is
well separated from strong water absorptions. In addition,
orientational relaxation of water was measured with the pump−
probe experiments in the concentrated NaBH4 solutions.
The remarkable results are that the B−H stretching mode

and the hydroxyls (OD stretch of HOD) bound to the B−H’s
show virtually identical spectral diffusion dynamics that are in
turn identical to those of the OD stretch of HOD in pure bulk
water within relatively small error bars. In bulk water, detailed
comparisons of molecular dynamics simulations to 2D-IR data
have shown that spectral diffusion, which occurs on two time
scales, is associated with hydrogen bond dynamics.47,56

Ultrafast dynamics, ∼0.4 ps, are caused by hydrogen bond
length fluctuations, while slower dynamics, ∼1.7 ps, are caused
by randomization of the hydrogen bonding network. Although
the hydroxyls and BHs form dihydrogen bonds, the ultrafast
fluctuations observed for both the B−H stretch and O−D
stretch, which are presumably length fluctuations as in pure
water, occur with the same time constants as pure water within
error. In addition, the orientational relaxation of HOD in the
concentrated NaBH4 solution (8 water molecules per ion pair)
is the same as it is in pure water within a small experimental
error. The fact that the dynamics in borohydride solution is the
same as in pure water is in contrast to results on other
concentrated salt solutions, where generally both the spectral
diffusion and the orientational relaxation are considerably
slower.1,67

The results presented here are a detailed examination of the
dynamics and strength of dihydrogen bonds to water. In Figure
1, the decomposed spectrum (green curve) shows that a water
hydroxyl dihydrogen bonded to B−H makes a weaker
hydrogen bond than a water hydroxyl hydrogen bonded to
another water molecule. The average dihydrogen bond falls
within the broad range of strengths of water hydrogen bonds,
but is on the weak side of the distribution. As described above,
the dihydrogen bond, although somewhat weaker than the
average water hydrogen bond, has dynamics that are virtually
identical to those of water hydrogen bonds. Therefore, at least
for the borohydride anion dihydrogen bonding in water, the
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nature of these dihydrogen bonds is very similar to that of water
hydrogen bonds.
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