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ABSTRACT: The dynamic nature of hydrogen bonding
between a molecular anion, selenocyanate (SeCN−), and
water in aqueous solution (D2O) is addressed using FT-IR
spectroscopy, two-dimensional infrared (2D IR) vibrational
echo spectroscopy, and polarization selective IR pump−probe
(PSPP) experiments performed on the CN stretching mode.
The CN absorption spectrum is asymmetric with a wing on
the low frequency (red) side of the line in contrast to the
spectrum in the absence of hydrogen bonding. It is shown that
the red wing is the result of an increase in the CN stretch
transition dipole moment due to the effect of hydrogen
bonding (non-Condon effect). This non-Condon effect is
similar in nature to observations on pure water and other nonionic systems where hydrogen bonding enhances the extinction
coefficient. The 2D IR measurements of spectral diffusion (solvent structural evolution) yield a time constant of 1.5 ps, which is
within error the same as that of the OH stretch of HOD in D2O (1.4 ps). The orientational relaxation of SeCN− measured by
PSPP experiments is long (4.04 ps) compared to the spectral diffusion time. The population decay at or near the absorption line
center is a single-exponential decay of 37.4 ± 0.3 ps, the vibrational lifetime. However, on the red side of the line the decay is
biexponential with a low amplitude, fast component; on the blue side of the line there is a low amplitude, fast growth followed by
the lifetime decay. Both of the fast components have 1.5 ps time constants, which is the spectral diffusion time. The fast
components of the population decays are the results of the non-Condon effect that causes the red side of the line to be over
pumped by the pump pulse. Spectral diffusion then produces the fast decay component on the red side of the line and the growth
on the blue side of the line as the excess initial population on the red side produces a net population flow from red to blue.

I. INTRODUCTION

Water is a small molecule with unusual properties that arise
from its extended hydrogen bond network. For example,
water’s melting point (273 K) and boiling point (373 K) are
significantly higher than those of methane (91 and 112 K),
even though the two molecules have similar molecular masses
and volumes. The difference is caused by water’s hydrogen
bonds. Water’s hydrogen bond network is not static; it
constantly undergoes rapid rearrangement on the time scale
of picoseconds.1−6 The hydroxyl stretch of water can be used as
a vibrational probe of water dynamics which occur on ultrafast
time scales. Two-dimensional infrared (2D IR) vibrational echo
experiments that measure spectral diffusion, which is caused by
the structural evolution of a system, reveal that the hydrogen
bond dynamics in pure water occur on two time scales of 400 fs
and 1.7 ps (340 fs and 1.4 ps for D2O), which are caused by
hydrogen bond length fluctuations and the complete random-
ization of the hydrogen bond network, respectively.3,5−8 In
addition there are ultrafast motions (∼50 fs) that are
responsible for the homogeneous component of the absorption
spectrum.6

Water exists in a vast number of systems other than pure
bulk water. Water molecules in aqueous ionic solutions,8−12 in
the nanopools of reverse micelle (RM),13−15 mixed with other
solvents,16,17 in ionic liquids,18−20 and in the nanochannels of
polyelectrolyte fuel cell membranes21,22 have altered hydrogen

bond networks with distinct dynamics. Aqueous salt solutions
have attracted a great deal of interest because they are
ubiquitous in our environment, industry, and living cells. A
substantial amount of research, both theoretical and exper-
imental, has been focused on the effects of ions on hydrogen
bonding dynamics. By employing nuclear magnetic resonance
(NMR),23 ultrafast IR spectroscopy,8,24−27 and molecular
dynamics (MD) simulations,28−30 researchers have generally
observed slower hydrogen bond dynamics for water in the
proximity of ions. In the ultrafast IR experiments, the hydrogen
bond dynamics were studied using the hydroxyl stretch as a
probe. To examine anion−water interactions, neutron scatter-
ing was used to characterize the hydration shell structure, and
the existence of hydrogen bonds between water and solvated
halide ions or thiocyanate anions was confirmed.31−33

While dynamics of water interacting with anions has been
studied from the perspective of the water molecules, there is
little information on the anion−water hydrogen bond
interactions from the perspective of the anions, although
there is a recent study of borohydride anion in D2O using the
triply degenerate B−H stretch as the vibrational probe.12 The
heavily studied halide ions in aqueous solutions obviously
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cannot be studied using vibrational experiments, although there
have been X-ray experiments that examined the structure of
water around halides.26,34,35 However, polyatomic anions can
be investigated with the full range of IR experiments. The
selenocyanate ion, SeCN−, distinguishes itself from other
anions by its IR-active CN group that has a long vibrational
lifetime. Indeed, SeCN− has been used as an IR probe in bulk
solution previously, but the aims of these prior studies were to
detect contact ion pair dynamics in very concentrated
dimethylformamide (DMF) solutions36 or to determine the
vibrational energy transfer rate among anions again with very
high SeCN− concentrations.37

The impacts on an anion of hydrogen bonds with water are
investigated here by studying dilute aqueous solutions of
KSeCN (potassium selenocyanate). The investigations use FT-
IR spectroscopy, two-dimensional infrared vibrational echo
spectroscopy, and polarization selective IR pump−probe
(PSPP) experiments. The linear IR absorption spectrum of
the CN stretch shows a mildly asymmetric peak with a wing on
the red (low frequency) side of the line that is not present in a
system lacking water−SeCN− hydrogen bonding. In bulk water,
the hydroxyl stretch absorption spectrum is asymmetric, again
with a wing on the red side of the line. For example, the wing is
evident in the OD stretch of HOD in H2O.

1−6 In water, the
asymmetry of the hydroxyl stretch is induced by “non-Condon
effect”.38,39 In vibrational spectroscopy, the Condon approx-
imation is frequently applied; that is, the vibrational transition
dipole is constant, independent of the translational and
rotational coordinates of the molecules in the liquid.38

However, in bulk water the strong hydrogen bonds have an
appreciable effect on both the frequency and the transition
dipole of the hydroxyl stretch.39 Stronger hydrogen bonds shift
the absorption frequency to the red and increase the transition
dipole. The result is more absorption on the red side of the line
than the concentration alone would dictate, resulting in the red
wing.
In water, the hydroxyl is the hydrogen bond donor.

Selenocyanate is a hydrogen bond acceptor. Can the red
wing in the selenocyanate CN vibrational spectrum be caused
by the non-Condon effect? This question is answered, and
substantial information is obtained about water−anion hydro-
gen bond dynamics and interactions by applying both 2D IR
experiments and IR pump−probe experiments. The 2D IR
experiments on the CN stretch give a spectral diffusion time
(the time-dependent evolution of frequency of the vibration
mode caused by structural evolution of the medium) that is
identical to the hydrogen bond network rearrangement spectral
diffusion time measured for D2O, within experimental error
(1.5 ± 0.2 ps for CN vs 1.4 ± 0.2 ps for the OH stretch of
HOD in D2O).

7 Polarization selective pump−probe measure-
ments yield a SeCN− orientational relaxation time of 4.04 ps
and a vibrational lifetime of 37.4 ± 0.3 ps. At the center of the
absorption spectrum, the population decay is single exponential
with this lifetime. However, on the blue and red sides of the
line at short time, the decays are not single exponential. On the
red side of the line, the decay is biexponential with the long
component equal to the lifetime. On the blue side of the line,
the data show a growth at short time followed by the lifetime
decay. These fast components can be well modeled using the
spectral diffusion rate measured by the 2D IR experiments.
Because of the non-Condon effect, the red side of the line is
overpumped. Excited state population then undergoes spectral
diffusion. At short time there is a net flow of population from

the red side to the blue side of the line. The population
distribution comes to equilibrium with the spectral diffusion
time and subsequently decays with the vibrational lifetime.

II. EXPERIMENTAL METHODS
A. Sample Preparation. Experiments were conducted on

KSeCN in bulk water and in very small AOT (dioctyl
sulfosuccinate sodium salt) reverse micelles. KSeCN, AOT,
and isooctane were obtained from Sigma-Aldrich and were used
as received without further purification. The bulk water KSeCN
samples were 0.5 M solution in D2O. D2O was used rather than
H2O because of the overlap of the large O−H stretch band of
H2O and the CN stretch band. For AOT reverse micelle
samples, a 1 M isooctane solution of AOT was prepared by
weight, and the water content was determined by Karl Fischer
titration. The proper amount of D2O was added to the AOT
solution to prepare w0 = 1 reverse micelle (one water molecule
per surfactant molecule). Samples were assembled by placing a
portion of the solution between two CaF2 windows separated
by a Teflon spacer of sufficient thickness so that the absorbance
was between 0.1 and 0.2.
Infrared spectra were taken with a Thermo Scientific Nicolet

6700 FT-IR spectrometer. The spectra of identical samples, but
made without adding KSeCN, were subtracted from the sample
spectra to give the spectra of the CN stretch alone.

B. 2D IR and Polarization Selective Pump−Probe
Experiments. Both 2D IR and PSPP measurements were
performed with pump−probe geometry using the same optical
platform. Details of the setup have been reported previously;40

here a brief description is presented. A home-built mid-IR
optical parametric amplifier, which was pumped by a
Ti:sapphire regenerative amplifier, produced ∼170 fs pulses
centered at 2075 cm−1 with ∼8 μJ pulse energy. The mid-IR
pulses were split into a weaker probe pulse and a stronger
pump pulse. The weak pulse was routed through a mechanical
delay line which was used to set the waiting time Tw for the 2D
IR experiments (see below) and the delay time in the PSPP
experiments. The strong pulse was sent to an acousto-optic
mid-IR Fourier-domain pulse shaper.40 The output beam from
the pulse shaper, which generated pulses 1 and 2 in the 2D IR
experiments and the single pump pulse in the PSPP
experiments, was crossed in the sample with the probe pulse.
The probe pulse, which carried the signal in pump−probe and
vibrational echo experiments, was sent to a spectrometer
equipped with a 32-element HgCdTe (MCT) IR array
detector. In the 2D IR experiments, the pulse shaper was
used to make two of the three excitation pulses (1 and 2) and
control their delay and phase (phase cycling). In the PSPP
experiments the pulse shaper was used to chop the pump pulse
and for phase cycling. In both experiments, the phase cycling
removes scattered light from the pump that can interfere with
measurements of small signals on the probe.
In a 2D IR experiment, three excitation pulses impinge on

the sample with controllable time delays. The nonlinear
interaction of the three pulses with the vibrational probe
molecules (SeCN−) generates a fourth pulse, the vibrational
echo. The time between pulses 1 and 2 is τ, and the time
between pulses 2 and 3 is Tw. The vibrational echo pulse is
emitted at a time ≤ τ after pulse 3.
The two pump pulses (1 and 2) label all of the vibrational

oscillators with their initial frequencies. During the time period
Tw, the structure of the system evolves. Then pulse 3 generates
the vibrational echo signal that reads out the frequencies of the
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vibrational oscillators after the system has had the period Tw to
evolve. The vibrational echo signal propagates collinearly with
the pulse 3, which serves as the local oscillator (LO) to detect
the phase of the echo signal.
The 2D IR spectra require two Fourier transforms to go from

the time domain to the frequency domain. The spectrograph
performs one of the Fourier transforms experimentally by
resolving the echo/LO pulse into its composite frequencies
giving the ωm (vertical axis) of the 2D spectrum. The horizontal
axis, ωτ, is obtained by scanning τ; when τ is scanned, the echo
moves in time relative to the fixed LO, producing an
interferogram. The interferogram, recorded at each ωm, is
numerically Fourier transformed to give the ωτ axis of the 2D
spectrum
For each Tw, τ is scanned and a 2D IR spectrum is obtained.

The spectral diffusion (and thus the structural evolution) is
extracted from the evolution of the 2D band shape at each Tw.
At short Tw, the detection frequency (ωm) is approximately the
same as the excitation frequency (ωτ), giving a spectrum that is
elongated along the diagonal (upper right to lower left corners
of the 2D spectrum). The shape of the spectrum becomes more
symmetrical as spectral diffusion (structural evolution)
progresses, which causes the initial and final frequencies to be
less correlated; the spectrum will be completely round when all
structures have been sampled during the period Tw.
The results of the 2D IR experiments are analyzed in terms

of the frequency−frequency correlation function (FFCF),
which quantifies the spectral diffusion in terms of the frequency
fluctuation amplitudes and time constants. The FFCF is the
probability that a vibration with an initial frequency in the
inhomogeneous spectral distribution still has the same
frequency at a later time, averaged over all initial frequencies.
To extract the FFCF from the 2D spectra, the center line slope
(CLS) analysis was employed.41,42 A fit to the CLS vs Tw curve,
which is the normalized FFCF, gives spectral diffusion time
constants and amplitude factors. The FFCF is described with a
multiexponential model:

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

i i1
2

(1)

Here, δω(t) = ω(t) − ⟨ω⟩ is the instantaneous frequency
fluctuation with ⟨ω⟩ the average frequency. Δi is the frequency
fluctuation amplitude of each component, and τi is its
associated time constant. A component of the FFCF with
Δiτi < 1 is motionally narrowed. When a component is
motionally narrowed, Δ and τ cannot be determined separately.
The motionally narrowed homogeneous 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
observed homogeneous dephasing time, T2, also has con-
tributions from the vibrational lifetime and orientational
relaxation:

= * + +
T T T T
1 1 1

2
1

32 2 1 or (2)

where T2*, T1, and Tor are the pure dephasing time, vibrational
lifetime, and orientational relaxation times, respectively. The
total homogeneous line width is Γ = 1/πT2. In our case, the
total homogeneous line width is 26.6 cm−1, while the
contributions from vibrational lifetime and orientational
relaxation are 0.1 and 0.9 cm−1, respectively (see Results and
Discussion). Therefore, pure dephasing is the dominant

contribution. The total homogeneous dephasing time T2 and
the values of Δi in units of frequency are obtained from the
experimental data by a simultaneous fit to the CLS decay and
the experimental linear absorption line shape.40

The polarization selective pump−probe experiments track
the decay of the probe transmission with polarizations parallel
and perpendicular to the pump pulse polarization. The parallel
and perpendicular components of the probe signal, S∥(t) and
S⊥(t), can be expressed in terms of population relaxation, P(t),
and the orientational relaxation correlation function, C2(t),
which is the second Legendre polynomial correlation function.

= +S t P t C t( ) ( )[1 0.8 ( )]2 (3)

= −⊥S t P t C t( ) ( )[1 0.4 ( )]2 (4)

Then, the population relaxation and orientational relaxation are

= + ⊥P t S t S t( ) ( ) 2 ( ) (5)

=
−
+

⊥

⊥
r t

S t S t

S t S t
( )

( ) ( )

( ) 2 ( ) (6)

r(t) is the anisotropy. r(t) = 0.4C2(t). In the experiment, the
polarization of the probe was horizontal. A half wave plate and
a polarizer set the polarization of pump to 45° relative to the
probe. Following the sample, the probe pulse was resolved
either parallel or perpendicular to the polarization of the pump
using a polarizer in a computer-controlled rotation mount. Care
was taken to make sure the probe spectra in the parallel and
perpendicular polarizations were identical in amplitude in the
absence of the pump pulse.

III. RESULTS AND DISCUSSION
A. Absorption Spectra. In Figure 1, FT-IR spectra of the

CN stretch of SeCN− in 0.5 M bulk D2O solution (A) and in
w0 = 1 AOT reverse micelles (B) are shown. In contrast to the
bulk water solution, in the w0 = 1 reverse micelles there is so
little water that a negligible number of selenocyanates will have
even one water molecule hydrogen bonded to it. There are not
enough water molecules to hydrate the AOT sulfonate head
groups, which require ∼4−6 water molecules per head group
for complete hydration.43 In addition, according to MD
simulations performed by Ladanyi and co-workers, in the
smallest w0 = 1 reverse micelle, the interfacial region is a
structured arrangement of Na+, H2O, and sulfonate head
groups that only breaks up with increased hydration.44

Therefore, we use the spectrum in the w0 = 1 RM as the
spectrum in the absence of water hydrogen bonding to the
SeCN−.
In Figure 1A, the dashed red curve is a fit to a Voigt line

shape function on the blue side of the spectrum to the peak of
the spectrum. The fit curve is then extended to the red side of
the spectrum. This fit shows that the spectrum of selenocyanate
in water is not symmetrical. It has a small wing on the red side
of the line. The red dashed curve in Figure 1B is a Voigt fit to
the spectrum in the w0 = 1 AOT reverse micelles. The fit is
essentially perfect, showing that the absorption line is
symmetric in the absence of hydrogen bonding to water. As a
further check, the spectrum (not shown) of selenocyanate in a
very dry (∼1 ppm water) room temperature ionic liquid also
has a symmetric Voigt line shape.
Therefore, it is reasonable to assume that the asymmetric

shape of the absorption spectrum in water is caused by the
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hydrogen bonding of water to the anions. As discussed in the
Introduction, the asymmetric line shape of the hydroxyl stretch
of water in bulk water is caused by the non-Condon effect.5,45

In water, stronger hydrogen bonds enhance absorption on the
red side of the line relative to the blue side of the line.
However, for the CN stretch, it is known that hydrogen
bonding shifts the vibrational frequency to the blue.46 This
result suggests that for SeCN− weaker hydrogen bonds will be
associated with the red side of the line. Then, the non-Condon
red wing of the absorption spectrum of SeCN− in water is likely
attributable to weaker hydrogen bonds with water molecules.
This is the opposite of the situation for hydroxyls in water.
A qualitative explanation involves the nature of the bonding

in SeCN−. SeCN− bonds have contributions from two
resonance structures: [Se−CN]− and [SeCN]−. When
hydrogen bonds formed between the lone pair of nitrogen atom
in SeCN− and water, the electron density in SeCN− shifts
toward the nitrogen atom. The hydrogen bonds will cause the
SeCN− structure to have a greater contribution from the [Se−
CN]− resonance structure, and stronger hydrogen bonds will
increase the contribution from the triple bond resonance
structure. [SeCN]− absorbs at lower frequency and, for
SeCN− hydrogen bonded to water, has a stronger transition
dipole than [Se−CN]−. Therefore, weaker hydrogen bonds
produces more double bond character, a red-shift, and a
stronger transition dipole, giving rise to the non-Condon red
wing.
This proposal is supported by examining the vibrational

spectra of CN− and SCN−. In the case of cyanide anion, in
which a pure triple bond exists between C and N, the
absorption peak is at 2080 cm−1 in D2O, which is to the blue of
the CN stretch of SeCN−. The transition dipole of SeCN− was
measured to be 3.4 times stronger than that of CN−. For

thiocyanate anion, which is known to be dominated by [S
CN]−,31 the peak is at 2065 cm−1 in D2O, to the red of the
CN stretch of SeCN−, and the transition dipole was measured
to be 1.4 times stronger than that of SeCN−. The interactions
between SeCN− and water molecules can span a wide range of
configurations with different hydrogen bonding strengths, as
evidenced by the inhomogeneously broadened absorption line.
Various hydrogen bond strengths can lead to the variation of
the transition dipole across the absorption line.
The hydrogen bonding of water to SeCN− plays a role in the

variation in the transition dipole across the absorption line and
in enhancing the transition dipole. SeCN− in aqueous solution
has higher absorption frequency (2075 cm−1) than that in the
w0 = 1 AOT reverse micelle (2065 cm−1) where hydrogen
bonding with water is absent. The red-shift of the absorption in
the reverse micelles suggests more double bond character.
However, the transition dipole of SeCN− in water is ∼1.25 time
greater than it is in the reverse micelles. Two possibilities may
explain the decrease in the transition dipole in the reverse
micelles. The transition dipole depends on the dipole moment
derivative, that is, the change in dipole with bond length. When
the bonding is a mix of double and triple bond character, a
change in bond length can change the double/triple mix to
produce a change in the dipole that is larger than that which
occurs for a pure triple or pure double bond. It is possible that
in the reverse micelle the bonding is so dominated by the
double bond resonance structure that the change in bond
length does not result in a significant change in the mix of
resonance structures. SeCN− and SCN− may be in a sweet spot
where the mix of resonance structures and the associated
change in dipole is particularly sensitive to the bond length.
The other possibility is the participation of the hydrogen
bonded water in the dipole derivative. When the bond length
changes, the hydrogen bonding interactions will change, which
can contribute to a change in dipole that is not possible in the
absence of hydrogen bonding in the w0 = 1 reverse micelles.
In water, the hydroxyl is a hydrogen bond donor. Here, the

SeCN− is a hydrogen bond acceptor. The dynamical experi-
ments presented below confirm that the asymmetry observed
for the selenocyanate spectrum in water is caused by the non-
Condon effect. The results show that an anion acceptor of
water hydrogen bonds can also have its transition dipole altered
through hydrogen bonding to water.

B. Time-Dependent Experiments. Figure 2 shows the
results of the 2D IR experiments on the CN stretch of SeCN−

in D2O. The inset has two of the 2D IR spectra at Tw = 0.5 ps
and Tw = 10.0 ps. One can clearly see that 2D spectrum
changes shape when the time increases, becoming less
elongated along the diagonal (dashed black line in the upper
panel) at the longer Tw. The main part of the figure shows CLS
data (black circles). Each point in the plot is the CLS of a 2D
IR spectrum at one Tw. The CLS decay is the normalized
FFCF. The difference between the value of the CLS curve and
1 at Tw = 0 is a measure of the homogeneous line width. As
discussed in section II, using the CLS and the linear absorption
spectrum, the full FFCF, including the homogeneous
component and the amplitudes (Δi) in frequency units in eq
1, is obtained. The solid red curve is a single-exponential fit to
the data. The decay time, which is the time constant for spectral
diffusion, is 1.5 ± 0.2 ps. Using the CLS analysis, the
homogeneous and inhomogeneous line widths are 26.6 and
15.5 cm−1, respectively. The convolution of these components

Figure 1. FT-IR spectra of the CN stretch of SeCN− in two different
systems. (A) Normalized IR absorption spectrum in bulk D2O
solution. The black solid curve is the measured data while the red
dashed curve is a fit to a Voigt function on the high frequency (blue)
side of the line to the peak of the spectrum. The fit curve is extended
on the red side of the line, revealing the “wing” on the red side of the
line. (B) Normalized IR absorption spectrum in w0 = 1 AOT reverse
micelles. The black solid curve is the measured data, and the red
dashed line is the fit to a Voigt function. In the absence of hydrogen
bonding to the SeCN−, the spectrum is symmetrical.
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gives the total absorption full width at half-maximum (fwhm)
line width of 33.0 cm−1.
Figure 3 displays the PSPP anisotropy decay data, r(t),

obtained using eq 6. The red curve is a single-exponential fit to

the data, which yields an orientational relaxation time of 4.04 ±
0.04 ps. The orientational relaxation is slow compared to the
spectral diffusion. Therefore, orientation relaxation of the
SeCN− is not the source of the 1.5 ps spectral diffusion. The
difference between the value of r(t) and 0.4 at t = 0 is caused by
ultrafast inertial orientational motions, which are not resolvable.
Figure 4A is the population relaxation, P(t), from eq 5 taken

at the line center. The solid red curve is a single-exponential fit
to the data, which yields a vibrational lifetime of 37.4 ± 0.3 ps
(see more below). From eq 2, the orientational relaxation
contributes 0.9 cm−1 and the vibrational lifetime contributes 0.1
cm−1 to the homogeneous line width of 26.6 cm−1. Therefore,
the homogeneous line width is dominated by pure dephasing,
that is, ultrafast structural fluctuations that are motionally
narrowed.
The 1.5 ps spectral diffusion time constant measured, with

the CN stretch of SeCN− as the vibrational probe, is the same,
within experimental error, as the slowest component of
hydrogen bond dynamics of the OH stretch of HOD in
D2O, which is 1.4 ± 0.2 ps.7 A small amount of HOD in D2O

does not change the D2O dynamics.47 Since the spectral
diffusion is determined by all of the dynamic hydrogen bond
interactions with the D2O molecules that surround the HOD,
this measurement is a determination of the D2O dynamics.47

The slowest component of the spectral diffusion has been
shown via MD simulations to be associated with the complete
randomization of the hydrogen bond network.5,6 Given that the
SeCN− spectral diffusion is essentially identical to the OH
stretch of HOD in D2O spectral diffusion, and the reorientation
of SeCN− itself is negligible on this spectral diffusion time scale,
it is reasonable to conclude that the spectral diffusion sensed by
the anion is caused by the randomization of the D2O hydrogen
bonding network.
Hydroxyls in water are hydrogen bond donors. In contrast,

SeCN− is a hydrogen bond acceptor. The selenocyanate
hydrogen bond acceptor senses the frequency fluctuations
caused by the hydrogen bond network randomization as does
the hydroxyl of HOD. However, there are major differences in
how OH and SeCN− experience their D2O environments. The
CN stretch of SeCN− absorption spectrum in D2O has a fwhm
of 33 cm−1 while the OH stretch of HOD in D2O has a fwhm
of 260 cm−1.7 Thus, the hydroxyl stretch frequency is much
more sensitive to differences in the hydrogen bond network
structure than the CN stretch of selenocyanate. The 2D IR
experiments on OH of HOD in D2O and OD of HOD in H2O
both show large amplitude fast spectral diffusion of ∼400 fs.5−7
The experiments on HOD in D2O and H2O used very short IR
pulses of ∼50 fs. Here the pulse duration was 170 fs, but it
should still have been possible to observe an ∼400 fs large
amplitude component. In the experiments on the hydroxyl
stretch, the MD simulations show that the fast component is
caused by very local hydrogen bond fluctuations, mainly
hydrogen bond length fluctuations.6 The hydroxyl donor

Figure 2. CLS (the normalized FFCF) decay (black circles) extracted
from the 2D IR spectra of the CN stretch of SeCN− in D2O solution.
The solid red curve is a single-exponential fit to the data that yields a
spectral diffusion time constant of 1.5 ps. The inset shows 2D IR
spectrum at Tw = 0.5 ps and Tw = 10.0 ps.

Figure 3. Anisotropy (orientational relaxation) decay (black circles) of
SeCN− in D2O solution obtained from polarization selective pump−
probe measurements. The solid red curve is a single-exponential fit to
the data that yields an anisotropy decay time constant of 4.04 ps.

Figure 4. (A) Population decay of the CN stretch of SeCN− (black
circles) taken at a frequency near the center of the absorption line. The
red curve is a single-exponential fit to the data and yields a vibrational
lifetime of 37.4 ± 0.3 ps. (B) The short time pump−probe decays at
three wavelengths (circles). The solid curves are single 37.4 ps
exponentials. On the red side of the line (red circles) there is a fast
decay component. On the blue side of the line (blue circles) there is an
increase in signal at short time.
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frequency is very sensitive to the strength of the hydrogen bond
which is directly correlated with the length of the hydrogen
bond. The apparent absence of a very fast component in the
selenocyanate spectral diffusion may indicate that SeCN−

hydrogen bond acceptor is not sensitive to the hydrogen
bond lengths but is sensitive to the global rearrangement of the
entire hydrogen bonding network.
It is also possible that the hydrogen bond length fluctuations

of water bound to SeCN− are much faster than 400 fs and too
fast to resolve with the pulse duration used here. Another
possibility is that the fluctuations are fast relative to the range of
frequencies associated with them. If this is the case, the
sampling of these frequencies will be motionally narrowed (Δτ
< 1), and the frequency fluctuations are part of the
homogeneous line width. The width, Δ in eq 1, of the fast
spectral diffusion component of the hydroxyl stretch in water is
∼60 cm−1. For heuristic purposes, if we scale this value down
by the ratio of the absorption line widths, 33/260, and use the
time constant for the fast spectral diffusion component of OH
in D2O of 340 fs, Δτ = ∼0.5. Thus, the fast component of the
fluctuations for selenocyanate would be part of the homoge-
neous line width and not show up as a component of the
spectral diffusion.
Returning to the pump−probe data, it provides direct

evidence for the non-Condon effect that was proposed to
explain the asymmetric absorption line shape shown in Figure
1A. As discussed above, Figure 4A shows P(t) and a single-
exponential fit to the data taken at approximately the line
center, 2075.6 cm−1. As can be seen in Figure 4A, the decay is a
single exponential. Figure 4B shows the short time P(t) data at
three wavelengths. The black points are the same data as in
Figure 4A. The lines through the data are single-exponential fits
that start after 10 ps. All of these fits give the same decay time
within experimental error, 37.4 ps. However, it is clear that the
data on the blue side of the line (blue points) and on the red
side of the line (red points) are not single exponentials at short
time, <∼6 ps. On the red side of the absorption spectrum, there
is an initial fast decay, and on the blue side of the spectrum
there is an increase in the signal before it goes into the lifetime
decay.
Figure 5 shows the same data as in Figure 4B but with fits

that include the short time portions. The black points, taken
near line center, are fit well at all times with a single-exponential
decay. The data on the red side of the line (red circles) and the
data on the blue side of the line (blue circles) are fit with the
following two equations, respectively.

τ τ= − + −P t A t A t( ) exp( / ) exp( / )r 1 1 2 2 (7)

τ τ τ= − − − + −P t A t t A t( ) (1 exp( / )) exp( / ) exp( / )b 1 1 2 2 2
(8)

where the subscripts r and b stand for red and blue. The fitting
procedure fixed the two time constants at the spectral diffusion
value, 1.5 ps, and the lifetime, 37.4 ps, with only the amplitude
factors, A1 and A2, allowed to float. As can be seen in Figure 5,
this procedure reproduces the curves extremely well. If the fast
component τ1 is also allowed to float, the results yield the
spectral diffusion time within the experimental error.
The IR frequency was tuned to the peak of the CN stretch

absorption spectrum, and the pulse bandwidth, 110 cm−1, is
large enough to be considered uniform across the CN stretch
spectrum, which has a line width of 33 cm−1. The non-Condon
effect can explain the data and the fitting results. Prior to

vibrational excitation by the pump pulse, the system is in the
ground state and in thermal equilibrium. There are a wide
variety of liquid configurations that give rise to different
transition energies. These configurations have equilibrium
populations that are determined by their probability of
occurrence. Any selenocyanate will see its surrounding D2O
configuration change with time, but the probabilities of finding
the various configurations for the ensemble is time
independent. The number of ground state molecules moving
from blue to red transition frequencies is the same as the
number moving from red to blue.
In the discussion of the wing on the red side of the

absorption line seen in Figure 1A, it was proposed that the wing
is caused by molecules with lower transition frequencies having
larger transition dipoles than molecules with higher transition
frequencies. Because molecules on the red side of the line have
larger transition dipoles than those on the blue side, they are
“over pumped” by the pump pulse; the number of molecules
excited on the red side of the line is greater than it would be
based solely on the probability of having structural config-
urations that give rise to these transition frequencies. Thus, the
pump pulses produces a nonequilibrium situation in which,
relative to the blue side of the line, there is excess excited state
population on the red side of the line. Then initially spectral
diffusion will cause more molecules to flow from red to blue
than from blue to red. This is necessary to reestablish
equilibrium. This flow from red to blue will occur with the
spectral diffusion time constant of 1.5 ps. The data in Figure 5
(red circles) have an initial fast decay with the spectral diffusion
time constant as the excess excited state population moves from
red to blue. The population moving from red to blue initially
causes the blue population to increase with the spectral
diffusion time constant (blue circles in Figure 5). Near the
middle of the line, the red drop and the blue rise cancel, and the
decay is a single exponential. The system will establish the
equilibrium excited state population distribution after a
temporal interval that is several times longer than the spectral
diffusion time constant; so for times greater than ∼6 ps, the
decay at any wavelength is single exponential with the 37.4 ps
vibrational lifetime.

Figure 5. Same data as in Figure 4B (circles) and fits to the data. At
the center frequency (black circles and black solid curve fit), the data
are a single-exponential decay with the lifetime. On the red side of the
spectrum, the fit (red curve) is a biexponential. On the blue side, the fit
is a growth and decay (see eqs 7 and 8). In both of these, the time
constants are fixed at the spectral diffusion time (1.5 ps) and the
lifetime (37.4 ps). Only the relative amplitudes of the two components
were allowed to float in the fits.
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The phenomenon of spectral diffusion producing fast decays
and buildups in pump−probe experiments with the spectral
diffusion times has been observed previously for water and
alcohols in room temperature ionic liquids in which the
hydroxyl stretch (OD) was excited and probed.20 It is well-
known for hydroxyls that the strength of the hydrogen bond
made by the hydroxyl hydrogen bond donor has a strong
influence on the transition frequency.48 Stronger hydrogen
bonding in water produces a red-shift and an increase in the
transition dipole.38,39 The spectrum in Figure 1A and the data
and fits in Figure 5 provide strong support for the proposition
that the hydrogen bond acceptor, SeCN−, also exhibits the non-
Condon effect induced by hydrogen bonding, but in a modified
manner compared to water. The hydrogen bonds to
selenocyanate have a substantially weaker influence on the
CN stretch frequency than the hydrogen bonds in bulk water
have on the hydroxyl frequency.31,33,47 The results demonstrate
that inhomogeneous broadening of the CN stretch is caused, at
least in part, by the strength of hydrogen bonding and that the
transition dipole depends on the strength of hydrogen bonding.
Weaker hydrogen bonds to SeCN− shift the frequency to the
red and increase the transition dipole, producing the red wing
on the absorption line.

IV. CONCLUDING REMARKS
We have examined the nature of the dynamical interactions
between a small polyatomic anion and D2O using time-
independent and time-dependent IR spectroscopy of the CN
stretch of SeCN−. SeCN− is a hydrogen bond acceptor for the
D2O hydroxyls. In many respects, the SeCN− anion has
dynamical interactions that are similar to those of a hydroxyl
(OH of HOD) in D2O. Both have asymmetric absorption
spectra with a wing on the red side of the absorption line. The
combination of absorption experiments and pump−probe
experiments show that the red wing on the CN absorption of
SeCN− is caused by the non-Condon effect as is the case for
hydroxyls in water (D2O or H2O). The SeCN− anions with
weaker hydrogen bonds have lower absorption frequencies and
stronger transition dipoles. The transition dipole of the CN
stretch increases in magnitude going from the blue side of the
line to the red side of the line. These results indicate that the
anion, which is a hydrogen bond acceptor, has its absorption
frequency and transition dipole influenced by the strengths of
the hydrogen bonds to D2O. The hydroxyl of water is a
hydrogen bond donor that is strongly affected by the hydrogen
bond strength. The absorption line width of OH of HOD in
D2O is 260 cm−1. The line width of the CN stretch of SeCN−

in D2O is 33 cm−1. The variation of hydrogen bond strengths to
the anion acceptor has much less influence on the vibrational
frequency than it does on the hydroxyl hydrogen bond donor.
Nonetheless, both the vibrational frequency and transition
dipole of the anion acceptor are influenced.
An important result is that the spectral diffusion time

reported by the CN stretch of SeCN− in D2O is the same as
that reported by the OH stretch of low concentration HOD in
D2O. The measurements on the OH stretch in D2O report on
the structural dynamics of the D2O hydrogen bond network
because the low concentration HOD will not change D2O or
H2O dynamics and MD simulations yield the same dynamics
for water with or without HOD.6,47 The spectral diffusion time
measured here, 1.5 ps, corresponds to the randomization of the
D2O hydrogen bond network based on the water simulations.
Therefore, the hydrogen bond network dynamics of D2O

surrounding the SeCN− anion are apparently the same as those
of pure D2O within experimental error. The results imply that
the presence of this small polyatomic anion does not
substantially change the dynamics of the hydrogen bond
network in the vicinity of the anion.
In studies of the influence of ions on water dynamics in

which HOD is used as the vibrational probe, high
concentrations of ions (salts) are used otherwise the signal is
overwhelmed by the bulk water signal.8,9,11,49 In these types of
experiments, the signals are generally a mix of signals from bulk
water (if any exists) and water influenced by ions. A typical
concentration for which water dynamics significantly deviate
from that of bulk water is 6 M. As the concentration is
decreased, the measured dynamics approach those of bulk
water. For example, in a 2D IR study of NaBr in H2O solutions
using the OD stretch of HOD as a probe and 6, 3, and 1.5 M
NaBr concentrations, the slowest spectral diffusion time
constants are 4.6, 3.5, and 2.6 ps, respectively. The pure bulk
water time constant is 1.7 ps.8 The approach to the bulk water
value at lower concentration is almost certainly due to a larger
fraction of the signal coming from water molecules that are not
in the vicinity of an anion and are essentially bulk water. Six
water molecules are required to solvate a bromide anion. So in
6 M NaBr solution, the vast majority of the water molecules are
in the first solvation shell of an anion. These experiments
provide information on how water behaves in concentrated
solutions in which there is little or no bulk-like water.
The 0.5 M solution of SeCN− has about 110 water molecules

per anion. (Experiments conducted with 0.25 M SeCN− give
the same results.) Thus, there is plenty of water to solvate the
anion and to provide a substantial amount of water outside of
the solvation shell. Since the signal comes from the SeCN−, the
measured dynamics are caused by the solvating water
molecules, which are themselves part of the bulk-like water
hydrogen bonding network. The results show that at least for
this anion its presence does not significantly change the
hydrogen bond network randomization dynamics of water.
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