Letter
pubs.acs.org/JPCL

Capturing the Ultrafast Vibrational Decoherence of Hydrogen
Bonding in Interfacial Water
Abdelaziz Boulesbaa and Eric Borguet*
Department of Chemistry, Temple University, 1901 North 13th Street, Philadelphia, Pennsylvania 19122, United States
S Supporting Information
*

ABSTRACT: Vibrational sum-frequency generation (vSFG) measurements in the frequency
and time domains reveal that the interfacial hydrogen bonded OH stretch at the water/
calcium ﬂuoride interface is composed of two populations oriented oppositely. The timeresolved vSFG free-induction decay suggested that, whereas the strongly hydrogen bonded
OH vibrational stretches, centered near 3140 ± 11 cm−1, are oriented toward bulk water and
lose their collective coherence within ∼70 ± 7 fs, the weakly hydrogen bonded OH species,
centered near 3410 ± 12 cm−1, are pointed toward the interface and dephase within ∼50 ± 6
fs.

W

the vibrational lifetime, via the SFG technique,19 the ultrashort
mid-infrared pulse resonantly and coherently drives vibrational
oscillators into the excited state, then another nonresonant
ultrashort pulse upconverts the superposition of the ground and
excited states into an SFG signal. The decay of SFG intensity
versus Δτ, the time-delay between the resonant mid-IR and the
nonresonant upconverting pulses, is called a free induction decay
(FID).20
Although several research eﬀorts have targeted the investigation of ultrafast vibrational dynamics of interfacial water,21−25
most reports concerned the measurements of population
lifetime, T1. In this Letter, we report on the measurement of
the total vibrational dephasing time, T2, of O−H stretches at the
water/calcium ﬂuoride (H2O/CaF2) interface using the FIDSFG technique with an unprecedented temporal resolution of
∼20 fs. The neutral H2O/CaF2 interface was chosen to minimize
the eﬀect of ions26 and to limit the SFG response to the O−H
bonds of interfacial water molecules. Time-domain FID-SFG
measurements suggested the presence of two populations of
hydrogen bonded O−H vibrational modes. One low frequency
species, attributed to strong hydrogen bonds oriented toward
bulk water around ∼3140 ± 11 cm−1, dephases within ∼70 ± 7 fs,
and a second high frequency species around 3410 ± 12 cm−1 that
dephases on a time-scale of ∼50 ± 6 fs attributed to weakly
hydrogen bonded water molecules pointing toward the CaF2.
Prior to investigating the vibrational coherence of the
hydrogen bonded OH stretch modes of interfacial water, we
ﬁrst carried out frequency-domain SFG measurements at the
CaF2/H2O interface to reveal the vibrational modes present at
this interface. The ultrabroadband mid-IR pulse shown in Figure
1A, which covers the frequency range 2900−4000 cm−1 with a
fwhm ∼640 cm−1, is upconverted into Vis-SFG using the

ater is the liquid most investigated by the scientiﬁc
community, not only because it is indispensable for life,
but due to its wide and diverse applications.1−3 In many
circumstances, water is interfaced with diﬀerent materials. In
chemistry, water is widely used as a solvent.4 In biology, it
hydrates cells and biomolecules.1 In solar cells, it is interfaced
with metals and semiconductors to produce hydrogen gas.3,5
Many of the interesting properties arise from the hydrogen
bonding (O−H) network.6 Thus, understanding the ﬂow and
redistribution of vibrational energy through this network is
crucial for the control of O−H bond formation and breaking.7,8 A
physical quantity that is sensitive to this spread of energy within
the O−H network is the total dephasing time, T2, which is
directly related to the inhomogeneous line shape of the
vibrational transition.9,10 Since in the liquid phase water
molecules are surrounded by other molecules that exert forces
on them, they undergo ultrafast structural ﬂuctuations that
randomize the energy over the entire transition spectral line, an
inhomogeneous broadening of the spectral line shape hides the
dynamic information contained in the inhomogeneous line.9,10
The pure dephasing time, T*2 (exclusively due to homogeneous
broadening), of the O−H stretch vibration in liquid water was
measured using the photon-echo technique to be on the order of
90 fs.9,11 This sub-100 fs time-scale for OH dephasing in liquid
water was conﬁrmed by several calculations.12−15
For the case of interfacial water, because the inversion
symmetry is broken at the surface, the approach used to
investigate structural and dynamical behavior of vibrational O−
H stretches is a surface speciﬁc nonlinear technique such as sumfrequency generation (SFG).16−18 In frequency-domain SFG
experiments, a mid-infrared (ωmid‑IR) spectrally broad pulse
resonantly promotes O−H stretches into the excited state, then a
spectrally narrow pulse, in general in the visible (ωVis),
upconverts the excited oscillators into an induced macroscopic
polarization that can radiate at the sum-frequency ωSFG =
ωmid‑IR+ωVis.18 In order to measure the total vibrational
dephasing T2, given that 1/T2 = 1/2T1 + 1/T2*, where T1 is
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Table 1. Amplitude An, Frequency ωn, and Lorentzian HalfWidth at Half Maximum (HWHM) Γn of the nth Mode from
Fit by Eq 1 of the Vis-SFG Spectrum of CaF2/H2O Shown in
Figure 1Ba
An

ωn (cm−1)

Γn (cm−1)

T2,n (fs)

−14.0 ± 1.4
+12.9 ± 0.7

3190.5 ± 0.6
3479.0 ± 19.5

158.6 ± 19.3
203.1 ± 3.3

33.5 ± 5.4
26.1 ± 0.5

The values of ANR and ϕ were 0.3 × 10−3 and π, respectively. T2,n is
the total dephasing time estimated based on T2,n = 1/2πcΓn.29 The
uncertainty values are based on the standard deviation determined
from two independent experiments.
a

attributed to weakly hydrogen bonded OH stretch modes
pointing toward the interface, whereas the low frequency peak
describes the strongly hydrogen bonded OH vibrational stretch
transition dipole pointing toward surrounding bulk water
molecules.27 Based on the half-width at half-maximum
(HWHM), Γn, of each peak, the estimated total dephasing
time, T2, of strongly hydrogen bonding OH stretch is on the
order of ∼34 fs, and the dephasing time of weakly hydrogen
bonding OH stretch is on the order of ∼26 fs.28
Although conventional frequency-domain SFG measurements
can predict the total dephasing time, T2,n, based on the spectral
width of the vibrational transitions via Fourier transform when
suﬃcient spectral resolution is available to accurately determine
lineshapes,30,31 time-domain FID-SFG measurements when they
are carried out with suﬃcient signal-to-noise ratio, delay range,
and more importantly temporal resolution, are preferred due to
their capability not only to extract, T2,n, but also potentially the
relative orientations of the vibrational oscillators that contribute
to the macroscopic polarization. Noting that although phasesensitive frequency-domain SFG is capable of extracting the
orientation information as well, FID-SFG is simpler to
implement when suﬃcient temporal resolution is available.22,26
Based on the estimated values of T2,n (total dephasing times)
listed in Table 1, a temporal resolution at least on the order of
∼30 fs is indispensable in measuring FID-SFG dynamics. To
achieve that, the spectrally broad mid-IR and NIR outputs of
NOPA1 and NOPA2, respectively, were compressed in the timedomain nearly to their transform limit.20,32 Shown in Figure 2A
are the NIR-SFG spectra obtained as SFG cross correlations
between the mid-IR and NIR pulses at the CaF2/Au interface at a
few discrete time-delays. To obtain the instrument response
function (IRF), the average intensity of each NIR-SFG spectrum
at each time-delay is plotted in Figure 2B. The full-width at halfmaximum (fwhm) of the IRF plot is ∼32 ± 4 fs, suggesting that
the pulse duration is on the order of 22 fs.32 This temporal
resolution is suﬃcient to resolve the expected total dephasing
times T2,n, projected to be on the ∼34 and ∼26 fs time-scales for
strongly and weakly hydrogen bonded O−H stretches,
respectively.
After achieving a temporal resolution suﬃcient for resolving
the expected sub-50 fs dephasing dynamics of interfacial water
OH vibrational stretches, FID-SFG measurements at the CaF2/
H2O interface were carried out, and the results are shown in
Figure 3B. At negative time-delays, the growth of the FID-SFG
signal is slower than that of the IRF. In fact, the FID-SFG signal
did not reach its maximum amplitude until about ∼40 fs later.
This eﬀect can be explained by the presence of two vibrational
modes with opposite phases, which suggests the presence of two
distinct types of OH oscillators oriented oppositely, and because
they have comparable strength they cancel each other, leading to

Figure 1. (A) Mid-IR spectrum obtained via Vis-SFG upconversion at
the CaF2/Au interface (shaded area), and Vis-SFG spectrum obtained at
the CaF2/H2O interface (blue symbols). (B) Normalized Vis-SFG
spectrum obtained at the CaF2/H2O interface (symbols) ﬁt to eq 1
(solid line). Shaded areas are the two components of the ﬁt. Each
component is obtained making the amplitude of the other peak zero
while ﬁxing all the other parameters as obtained by the converged ﬁt.

spectrally narrow visible pulse centered at ∼804 nm. Based on its
bandwidth of ∼600 cm−1, it is compressible to a transform limit
of ∼25 fs considering a Gaussian shaped pulse. In order to
account for the mid-IR spectral proﬁle, the Vis-SFG spectrum
obtained from the CaF2/H2O sample is divided by that obtained
from the reference sample (CaF2/Au). The resulting normalized
Vis-SFG spectrum is shown in Figure 1B. To reveal the
vibrational oscillators contributing to this signal, the normalized
Vis-SFG spectrum is ﬁt to the following equation
IVis ‐ SFG ∝

∑
n

ωmid ‐ IR

An
+ |ANR |eiϕ
− ωn + i(Γn + Δω Vis /2)

2

(1)

where ANR, φ, An, and Γn are the vibrationally nonresonant
susceptibility amplitude, the phase between the resonant and
nonresonant contributions, and the amplitude and damping
constant of the surface vibration with frequency ωn, respectively;
ωmid‑IR and ΔωVis are the driving mid-IR pulse frequency
components and the bandwidth of the upconverting visible pulse,
centered at 804 nm, respectively.20
The converged ﬁt returned the parameters listed in Table 1,
which suggests the presence of two vibrational modes; one
centered around 3190 cm−1 with negative amplitude, and the
other centered around 3480 cm−1, with positive amplitude. Based
on the reported assignments of SFG peak components at the air/
H2O and CaF2/H2O interfaces,27 the high frequency peak is
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Figure 3. (A) Normalized Vis-SFG spectrum of the OH vibrational
stretch at the CaF2/H2O interface (symbols) with the intensity axis on
the left side. The two shaded areas indicate the two spectral components
of the ﬁt with the intensity axis on the right side. Each component is
obtained making the amplitude of the other peak zero while ﬁxing all the
other parameters as obtained by the converged ﬁt. (B) FID-SFG
dynamics at the CaF2/H2O interface (symbols). The shaded area is the
instrument response function. The solid lines in A and B are the result of
a simultaneous ﬁt to spectral and time domain data.

Figure 2. (A) NIR-SFG spectra at diﬀerent time-delays between the
mid-IR and NIR pulses as indicated. (B) The intensity average of NIRSFG spectra versus time-delays describing the instrument response
function at the CaF2/Au interface (symbols). The solid line is a Gaussian
ﬁt with a full width at half-maximum of ∼32 ± 4 fs, corresponding to a
pulse duration of ∼22 ± 3 fs.

a negligible signal at time zero that increases as the oscillators
move out of phase opposition due to their distinct natural
frequencies.20,33 It is important to note that the information
extracted here concerns the relative but not the absolute phases.
Thereafter, the FID-SFG signal decays nonexponentially after
reaching its maximum amplitude, which can be a manifestation of
inhomogeneous contribution to the broadening of the linewidth.20,30,34
To account for an additional contribution to the broadening of
the vibrational line width, an inhomogeneous term (Γinh,n) was
added to the homogeneous line-width (Γn) for each vibrational
mode in eq 1. To correlate time and frequency domain SFG
measurements, a simultaneous ﬁt of the normalized frequencydomain Vis-SFG spectrum (shown in Figure 1B) and timedomain FID-SFG dynamics20,29,34 was performed, the results of
which are shown in Figure 3A,B. In carrying out this ﬁt, the
function describing the Vis-SFG spectrum is expressed in eq 2
and contains a convolution (conv) of a Gaussian and a
Lorentzian to account for the inhomogeneous broadening
ISFG

∞

IFID ‐ SFG(Δτ ) ∝

(3a)

P(2)(t , Δτ ) ∝ E NIR (t − Δτ )P(1)(t )
P(1)(t ) =

(3b)

∞

∫−∞ dt′Emid‐IR (t − t′)R(t′)

(3c)

where the second-order polarization, P(2), at a given time-delay,
Δτ, expressed in eq 3b is created by mixing the ﬁrst-order
polarization P(1) induced by the mid-IR (Emid‑IR) excitation and
the polarization induced by the NIR upconverting ﬁeld (ENIR) as
expressed in eq 3c.20,30,34
R(t ) = {δ(t )|ANR | exp(iϕ) − iθ(t ) ∑ AR, n
n

exp[2πc(−iωnt − Γnt )] × exp[− (2πc Γinh, nt )2 ]}
+ c.c.

(3d)

During the simultaneous ﬁt, the center frequency of each
vibrational mode, the phase, homogeneous line width, and
inhomogeneous line width in eqs 2 and 3a are linked to each
other, and Δωmid‑IR and ΔωVis are ﬁxed at 600 and 16 cm−1,
respectively, based on their experimentally determined values.
We considered the hypothesis that the spectrum describes one
chemical species and attempted to perform the simultaneous ﬁt
using one vibrational oscillator. Although the resulting converged
ﬁt, shown in Figure S1 in the Supporting Information, acceptably
describes the frequency-domain Vis-SFG spectrum, it did not
well ﬁt the time-domain FID-SFG dynamics. Mainly, at negative
time-delays, the rise of the simulated signal was similar to the IRF

⎛
An
⎜
∝ ∑ conv⎜
⎜ ωmid ‐ IR − ωn + i(Γn + Δω Vis /2)
n
⎝
2 ⎫⎞
⎧
⎪ ⎛ω
− ωn ⎞ ⎪⎟
|ANR | iϕ
⎟⎟ ⎬ +
e
× exp⎨−⎜⎜ mid ‐ IR
⎪
⎪⎟
ωmid ‐ IR
Γ
Δ
⎠ ⎭⎠
inh, n
⎩ ⎝

∫−∞ dt|P(2)(t , Δτ)|2

2

(2)

where Δωmid‑IR is the width of the mid-IR pulse. For ﬁtting the
FID-SFG dynamics, the following equation is used:20,30,34
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Table 2. Amplitude An, Frequency ωn, Lorentzian Half-Width at Half Maximum (HWHM) Γn, Dephasing Time T*2,n, and
Inhomogeneous Broadening Γinh,n Extracted from the Simultaneous Fit of the SFG Spectrum and the FID-SFGa
An

ωn (cm−1)

Γn (cm−1)

T*2,n (fs)

Γinh,n (cm−1)

−0.43 ± 0.04
+0.53 ± 0.11

3138.9 ± 11.1
3408.3 ± 11.9

75.1 ± 6.1
102.1 ± 9.4

70.7 ± 6.8
51.9 ± 5.9

107.3 ± 17.9
137.5 ± 15.2

The dephasing time T*2,n is extracted from Γn as T*2,n = 1/(2πcΓn),29 and the values of nonresonant susceptibility ANR and phase φ were 0.1 and 0,
respectively. Error bars are based on the standard deviation determined from two independent experiments.

a

but faster than the experimental data, which suggests including a
second vibrational oscillator but with an opposite phase to slow
down the FID-SFG signal growth. Indeed, after including
another oscillator in the simultaneous ﬁt, both frequency and
time-domain data were well described by the simulation. Based
on these results, shown in Figure 3 and listed in Table 2, it
appears that one can indeed separate interfacial water into
strongly and weakly hydrogen bonded O−H vibrational
populations, with frequencies centered around 3140 cm−1 and
∼3410 cm−1, respectively, that are oriented oppositely to each
other by having amplitudes with diﬀerent signs. We note that
although these results indicate that there is more than one
vibrational oscillator; one cannot exclude the possibility of having
more than two peaks in the SFG spectrum. A similar set of data
for an independent experiment is shown in Figure S4 and the
corresponding ﬁt results in Table S4 of the Supporting
Information.
Because the two oscillators are oriented oppositely to each
other, the growth of the FID-SFG signal at negative time-delays
was slower than the IRF because the two oscillators cancel each
other initially. While the low frequency mode has negative
amplitude, indicating that its dipole is pointing away from the
interface (toward bulk water), the high frequency mode has
positive amplitude, implying that it is oriented toward the
interface, in agreement with recent phase-sensitive frequencydomain SFG studies.26
Based on the homogeneous broadening values extracted from
the simultaneous ﬁt, one can estimate the pure dephasing times
T*2,n to be on the order of 51.9 ± 5.9 fs and 70.7 ± 6.9 fs for the
weakly and strongly hydrogen bonded O−H vibrational
stretches, respectively. These values are about half the total
dephasing time previously reported for D2O/CaF2, where the
FID-SFG decay was on the order of 100−150 fs,35 but the
excitation did not cover both the weakly and strongly hydrogen
bonded O−H stretches.35
The pure dephasing time values extracted from the
simultaneous ﬁt of frequency and time domain SFG measurements are longer than those estimated based on the spectral
width of vibrational transitions listed in Table 1. One possible
reason for this discrepancy is the contribution of inhomogeneous
broadening to the line widths. To test this hypothesis, we
performed the simultaneous ﬁt while keeping all the parameters
listed in Table 2 ﬁxed, but we excluded the inhomogeneous
broadening terms in eqs 2 and 3d. The resulting simulations ﬁts
shown in Figure S2 did not describe either the frequency or the
time-domain SFG measurements. Next, we performed the
simultaneous ﬁt with the inhomogeneous broadening terms in
eqs 2 and 3d excluded but we left the other parameters free. The
ﬁt plots are shown in Figure S3 and the returned parameters are
listed in Table S3. Although the simulation described the
frequency-domain SFG spectrum, it did not describe timedomain FID-SFG dynamics. Speciﬁcally, at negative time-delays,
the rise of the calculated signal was faster than that of the
experimental data; in addition, at positive time-delays, the ﬁt

missed the decay of the experimental data. Furthermore, the
extracted total dephasing times T2,n listed in Table S3 were
indeed comparable to those estimated based on frequency
domain SFG measurements and faster than the pure dephasing
times listed in Table 2.
Surface-speciﬁc vSFG was employed in both the frequency and
the time domains to study the vibrational dephasing of hydrogen
bonded OH stretches in interfacial water. Frequency domain
studies revealed two vibrational modes: a low-frequency
oscillator representing strongly hydrogen bonded OH stretches
that are pointing toward bulk water molecules, and high
frequency oscillators representing weakly hydrogen bonded
OH stretches that describe the bonds pointed toward the
interface. In performing SFG studies in the time-domain, FIDSFG dynamics were captured using an unprecedented temporal
resolution of ∼20 fs. The simultaneous ﬁts of frequency and time
domain SFG measurements suggested that the strongly and
weakly hydrogen bonded OH oscillators centered around 3140
and 3410 cm−1 and have pure dephasing times on the order of
∼70 fs and ∼50 fs, respectively.

■

EXPERIMENTAL SECTION
Sample Preparation. CaF2 hemicylindrical prisms (13 mm
diameter, and 27 mm length) were purchased from Meller
Optics. Before the experiment, the prism was cleaned in
concentrated sulfuric acid for 3 min and rinsed with deionized
water (>18.2 MΩ·cm resistivity) continuously for 5 min.
Immediately after rinsing, the prism was dried for 5 min under
continuous exposure to compressed nitrogen gas. A similar
hemicylinder CaF2 prism was coated with ∼100 nm thick gold
ﬁlm36 and used for spectral and temporal characterization of midIR and NIR pulses.
Frequency and Time Domain SFG Measurements. The
experimental setup for carrying out SFG measurements in the
frequency and time domains has been described elsewhere in
detail.20,32 Brieﬂy, a regeneratively ampliﬁed Ti:sapphire laser
system operating in femtosecond mode37 produces pulses
centered at 800 nm with 150 fs duration at 1 kHz repetition
rate that are used to pump two home-built noncollinear optical
parametric ampliﬁers (NOPA1 and NOPA2) to generate
ultrabroadband mid-infrared (mid-IR) and near-infrared (NIR)
pulses, respectively.20,32 For frequency domain SFG measurements, the mid-IR pulse is upconverted into an SFG response in
the visible (Vis-SFG) using a spectrally narrow portion of the
output of the ampliﬁer at 804 nm with fwhm ∼1 nm. For timedomain FID-SFG measurements, the mid-IR pulse is upconverted into an SFG in the NIR (NIR-SFG λ∼ 980 nm) using the
temporally compressed NIR signal output of NOPA2 centered at
∼1500 nm.32 Depending on the experiment, the 1500 nm pulse
or the narrowband 804 nm pulse is sent through a motorized
stage-delay before it is focused with a 100 mm CaF2 lens and
overlapped with the mid-IR pulse at the CaF2/H2O interface at a
55° angle of incidence. The mid-IR angle of incidence on the
sample is ∼75°. At the sample, pulse energies were 4 μJ, 2 μJ, and
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10 μJ for mid-IR, 1500 nm, and 804 nm pulses, respectively. The
reﬂected Vis-SFG or NIR-SFG (depending on the experiment)
beam was collimated then focused into a 200 μm core ﬁber
coupled with a spectrograph-CCD (Andor Shamrock/iDus)
detection system. The Vis-SFG and NIR-SFG signals were
recorded using a custom built program based on Labview
software (National Instruments). Using half-wave plates and
polarizers, the Vis-SFG, the 1500 nm, the 804 nm upconverting
pulses, and the mid-IR were p-polarized relative to the interface.
Time-zero for the FID-SFG measurements is deﬁned as the timedelay where the instrument response function (IRF) intensity,
measured at the CaF2/Au interface, is maximum.
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