Letter
pubs.acs.org/JPCL

Vibrational Dynamics of Interfacial Water by Free Induction Decay
Sum Frequency Generation (FID-SFG) at the Al2O3(1120)/H2O
Interface
Abdelaziz Boulesbaa and Eric Borguet*
Department of Chemistry, Temple University, 1901 North 13th Street, Philadelphia, Pennsylvania 19122, United States
S Supporting Information
*

ABSTRACT: The dephasing dynamics of a vibrational coherence may reveal the
interactions of chemical functional groups with their environment. To investigate this
process at a surface, we employ free induction decay sum frequency generation (FIDSFG) to measure the time that it takes for free OH stretch oscillators at the charged (pH
≈ 13, KOH) interface of alumina/water (Al2O3/H2O) to lose their collective coherence.
By employing noncollinear optical parametric ampliﬁcation (NOPA) technology and
nonlinear vibrational spectroscopy, we showed that the single free OH peak actually
corresponds to two distinct oscillators oriented opposite to each other and measured the
total dephasing time, T2, of the free OH stretch modes at the Al2O3/H2O interface with a
sub-40 fs temporal resolution. Our results suggested that the free OH oscillators
associated with interfacial water dephase on the time scale of 89.4 ± 6.9 fs, whereas the
homogeneous dephasing of interfacial alumina hydroxyls is an order of magnitude slower.
SECTION: Liquids; Chemical and Dynamical Processes in Solution
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vibrational modes at the interface, and a second spectrally
narrow pulse in the visible (ωVis), upconverts excited vibrational
modes into an induced polarization in the visible centered at
the sum frequency ωSFG = ωIR + ωVis.21 vSFG studies reported
several vibrational modes of interfacial water in the 3000−4000
cm−1 frequency range; a low-frequency band centered at ∼3200
cm−1 assigned to strongly hydrogen bonded OH stretch modes,
a middle-frequency band centered at ∼3450 cm−1 attributed to
weakly hydrogen bonded OH stretch modes, and a highfrequency mode centered at ∼3700 cm−1 assigned to the free
OH stretch mode.19
Recently, the interface of water with metal oxides, particularly
alumina, has attracted the interest of several research
groups.6,9,22,23 The free OH vibrational mode centered at
∼3700 cm−1 is characteristic of the surface, which makes this
mode a good choice to study for a better understanding of the
interfacial water hydrogen bonding.19 Although the peak
centered at ∼3700 cm−1 in vSFG spectra has largely been
assigned to the free OH stretch of H2O,19 at water/alumina
interfaces such a consensus is not met. In fact, reports by the
Shen and Dhinojwala groups have assigned the mode at ∼3700
cm−1 in vSFG at the water/Al2O3(0001) interface to AlOH
groups.9,23,24 Furthermore, the shape of vSFG spectra from
water/alumina interfaces seems to depend on the surface plane
at which the alumina crystal was cut.9,22 The vibrational mode
at ∼3700 cm−1 in vSFG spectra was pronounced for alumina

ue to the essential role that water plays in life, it has been
and is still one of the most studied liquids.1−3 Interfacial
water, in particular, recently has become of special interest.4
Water is interfaced with biomolecules in living cells,2,3 minerals
in soil,5 metals in industry,6 and semiconductors in photocatalysis.7 In these environments, the formation and breaking of
hydrogen bonding plays a major role in the interfacial
reactivity.8 In particular, at the interfaces of water with charged
metal and semiconductor oxides terminated by hydroxyl
groups, proton exchange via hydrogen bonding is most likely
to occur.9,10 In fact, it has been reported that at pH > 4, silanol
groups (Si−OH) are deprotonated at the water/silica (H2O/
SiO2) interface,10 and at metal oxides surfaces, such as sapphire
(α-Al2O3(0001)), at suﬃciently low pH values, (Al)2OH
groups can be protonated.9 In order to understand these
reactions, investigating the dynamics of hydrogen bonding
network is indispensable. It has been reported that these
dynamics are on the subpicosecond time scale in bulk
water11−13 and on the picosecond time scale in conﬁned
water systems.14−16 The dynamics of water at solid interfaces
still need insightful investigations.
Sum frequency generation (SFG) has become the technique
of choice to investigate interfacial vibrational spectroscopy and
dynamics.17,18 Within the electric dipole approximation, SFG is
forbidden in bulk water due to the presence of inversion
symmetry.19 However, this symmetry is broken at the interface,
which makes SFG a suitable technique to study interfacial water
due to its interface speciﬁcity.4,19,20 In a typical vibrational SFG
(vSFG) experiment, a spectrally broad mid-infrared (mid-IR)
pulse, centered at a frequency ωIR, coherently excites
© 2014 American Chemical Society

Received: September 12, 2013
Accepted: November 26, 2013
Published: January 24, 2014
528

dx.doi.org/10.1021/jz401961j | J. Phys. Chem. Lett. 2014, 5, 528−533

The Journal of Physical Chemistry Letters

Letter

(0001)9 but not in alumina (110̅ 2) interfaces.22 Additionally, in
the case of alumina (11̅02), a vibrational mode at ∼3490 cm−1
was assigned to one type of hydroxyl group at the surface.22
Could it be possible that the peak seen in the spectral region at
ν > 3600 cm−1 in fact arises from both the AlOH hydroxyl
group and the non-hydrogen-bonded OH stretch of interfacial
water?
Often, vSFG spectral resolution is constrained by the width
of the upcoverting pulse and detection systems, limiting the
ability of the technique to reveal spectrally hidden vibrational
transitions due to their narrow line width and/or coupling with
neighboring oscillators.17,18 This limitation may be overcome if
vSFG experiments are carried out in the time domain, i.e., free
induction decay vSFG (FID-SFG), with the condition that time
domain measurements have higher temporal resolution
compared to the vibrational dynamics of the interface.
Additionally, time domain vSFG is more sensitive to
inhomogeneous broadenings simultaneously present in frequency domain vSFG spectra.25 In a typical vibrational FIDSFG experiment, a short IR pulse coherently excites vibrational
oscillators and creates an initial state of vibrational coherence.
Then, at a controlled time delay, Δτ, a second short pulse
probes the remaining coherence by generating a sum frequency
polarization. The FID-SFG technique was reported for the ﬁrst
time by Guyot-Sionnest in 1991 in a study of the vibrational
dynamics of the Si−H bond on a silicon (111) surface.26
With increasing developments in the technology of noncollinear optical parametric ampliﬁers (NOPAs),27−30 ultra-broadband laser pulses capable of covering the various stretching
vibrational modes of water with one acquisition have become
available.27,31 These ultra-broad-band laser pulses, when they
are temporally compressed to the Fourier transform limit
(FTL), are excellent tools for time-resolved experiments.27,32
Here, we report on the measurement of coherence dynamics of
the free OH stretch vibration at a charged Al2O3(1120)/H2O
interface (pH ≈ 13, KOH). We employ vSFG in the frequency
domain to reveal the nature of the vibrational modes at the
investigated interface and NOPA technology to generate
spectrally broad mid-IR and NIR pulses to carry out FIDSFG measurements with ∼40 fs temporal resolution, suﬃcient
to resolve the vibrational dynamics of the interfacial free OH
vibrational stretch.
In order to reveal the vibrational modes at the charged
interface of alumina/water, we measured the frequency domain
Vis-SFG spectrum. The spectrum (symbols) shown in Figure 1
is normalized by dividing the Vis-SFG spectrum obtained at the

Al2O3/H2O interface by the Vis-SFG spectrum obtained at the
Al2O3/Au interface. It shows two apparent bands, a lowfrequency band at ∼3200 cm−1 representing a strongly
hydrogen bonded OH stretch6,9,22−24 and a high-frequency
band at ∼3660 cm−1 indicating a free OH stretch mode.6,9 The
strongly hydrogen bonded OH stretch peak at this interface is
red-shifted compared to that at the calcium ﬂuoride/water
interface (dashed plot in Figure 1), and the weakly hydrogen
bonded OH stretch peak did not appear. To ﬁt the normalized
Vis-SFG spectrum at the Al2O3/H2O interface, the well-known
equation that describes the SFG process by a broad-band
infrared pulse and a visible pulse is used.17−19
IVis‐SFG ∝

∑
n

ωmid‐IR

An
+ |ANR |e iφ
− 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 ω n ,
respectively; ωmid‑IR and ΔωVis are the driving mid-IR pulse
frequency components and the bandwidth of the upconverting
visible pulse, centered at 800 nm, respectively.
Several reports have assigned low-frequency peaks (ν < 3300
cm−1) in vSFG spectra of interfacial water to a strongly
hydrogen bonded OH stretch.9,23,24 Consequently, the peak
centered at 3165.6 cm−1 in Figure 1 is assigned to strongly
hydrogen bonded OH stretch modes. However, the highfrequency peak (ν > 3600 cm−1) was not always assigned to the
free OH stretch of interfacial water. In fact, despite the
assignment of the peak centered at ∼3700 cm−1 in vSFG
spectra obtained from the air/water interface33 and alumina/
water6 to the free OH stretch, several reports have assigned the
peak with ν > 3600 cm−1 in vSFG spectra obtained at alumina/
water interfaces to the hydroxyl group of Al2O3.9,23,24
Additionally, in one report by the Shen group, one type of
hydroxyl group (AlOH2) appeared at 3490 cm−1 in the vSFG
spectrum.22 This variability in assignments makes the
interpretation of frequency domain vSFG measurements open
for debate.
In order to assign the high-frequency peak centered at 3650
cm−1 in Figure 1, we carried out time domain vSFG
measurements to probe the nature of these vibrational
modes, using two independently tunable ultrabroadband optical
parametric ampliﬁers (NOPA1 and NOPA2). Because the lowfrequency peak (ν < 3500 cm−1) is spectrally separated from
the high-frequency peak (ν > 3500 cm−1) in the frequency
domain vSFG spectrum (Figure 1), an independent measurement of the dephasing times of high-frequency vibrational
modes can be made by tuning the sub-40 fs mid-IR pulse, the
idler output of NOPA1, to excite only the high-frequency
modes displayed in the vSFG spectrum (Figure 1). After a
controlled time delay, Δτ, a short upconverting NIR pulse, the
signal output of NOPA2, probes the remaining coherence by
generating a polarization at the NIR sum frequency (ωNIR +
ωmid‑IR).
In order to characterize the temporal resolution of the FIDSFG, NIR-SFG cross-correlation traces between the mid-IR
pulse and the NIR upconverting pulse were recorded (Figure
2). Qualitatively, the NIR-SFG spectra at diﬀerent time delays
(Figure 2a) show negligible temporal chirp. Quantitatively, this
is expressed by the nearly constant position of the center of
mass (CoM) at ∼930 nm in NIR-SFG spectra when the time

Figure 1. Normalized Vis-SFG spectrum obtained at the Al2O3/H2O
(pH = 13, KOH) interface (symbol plot) ﬁt to eq 1 (solid line).
Normalized Vis-SFG spectrum obtained at the CaF2/H2O (pH = 13,
KOH) interface (dashed plot).
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Figure 2. NIR-SFG spectra and IRF from the reference sample
(Al2O3/Au). (a) NIR-SFG spectra at diﬀerent time delays as indicated.
The vertical line with circles indicates the CoM of each NIR-SFG
spectrum as a function of time delay. (b) NIR-SFG cross correlation of
mid-IR with NIR pulses.

Figure 3. (a) Vis-SFG spectrum of the free OH stretch at the charged
Al2O3/H2O (pH ≈ 13, KOH) interface (symbols) and FID-SFG
simultaneous ﬁt (solid line). Each of the spectral components of the
simultaneous ﬁt using two oscillators is plotted by setting the
amplitude of the other peak to be zero as an indication of its
contribution to the spectrum. (b) FID-SFG dynamics in the spectral
region of the free OH stretch at the charged Al2O3/H2O (pH ≈ 13,
KOH) interface (symbols) and FID-SFG simultaneous ﬁt (solid line).
The dotted line represents the simultaneous ﬁt using one oscillator; its
corresponding ﬁt for the spectrum is shown in Figure S2a (Supporting
Information). The thin solid line is the IRF, as indicated.

delay, Δτ, changes (vertical plot in Figure 2a). The area under
each NIR-SFG spectrum was plotted as a function of Δτ to
produce the instrument response function (IRF) plotted in
Figure 2b. The IRF has fwhm = 67 ± 2.5 fs and is ﬁt well by a
sech2 function (solid line in Figure 2b). Assuming that the midIR and NIR pulses have similar durations,27 the extracted pulse
durations are on the order of ∼39 fs, assuming sech2 shaped
pulses.
In principle, the frequency domain and time domain SFG
measurements are equivalent and are related to each other by
Fourier transform.25,34 Due to spectral resolution limitations,
time domain measurements (FID-SFG) are desirable when
suﬃcient temporal resolution, signal-to-noise ratio, and delay
range are available. The spectral width of the high-frequency
peak, centered at ∼3650 cm−1, in the frequency domain vSFG
spectrum (Figure 1 and Table 1) suggests that the dephasing
time is on the order of 70 fs. This time scale is longer than the
IRF extracted from NIR-SFG cross correlation shown in Figure
2b.
The measured FID-SFG dynamics at the Al2O3/H2O (pH ≈
13, KOH) interface in the high-frequency range (ν > 3500
cm−1) are shown in Figure 3b. In order to correlate these

measurements with the frequency domain vSFG spectrum
(Figure 3a), we carried out a simultaneous ﬁt17,18 of the two
sets of data (Figure 3). The nonexponential decay in the
experimental FID-SFG dynamics shown in Figure 3b is an
indication of the broadening of the homogeneous line width by
an inhomogeneous contribution.18,25 This suggests the addition
of an inhomogeneous line width (Γinh) to the homogeneous
line width (Γn) for each vibrational mode. The new ﬁt function,
eq 2, for the Vis-SFG spectrum used in the simultaneous ﬁt
contains a sum of convolutions (conv) of a Gaussian and a
Lorentzian for each resonant feature to account for the
inhomogeneous broadening and can be written as18
ISFG ∝

a

ωn (cm−1)

Γn (cm−1)

+77.5
+22.0

3165.6
3644.6

77.5
76.9

An
⎝ ωmid‐IR − ωn + i(Γn + Δω Vis /2)

n

2 ⎫⎞
⎧ ⎛
ωmid‐IR − ωn ⎞ ⎪⎟
ANR | iφ
⎜
⎟
⎨
⎬ +
e
× exp −⎜
⎟⎪
⎟
⎪
Γinh, n
⎠ ⎭⎠ Δωmid‐IR
⎩ ⎝

2

⎪

Table 1. Amplitude, Frequency, and Line Width of the nth
Mode from a Fit by Equation 1 of the Vis-SFG Spectrum of
Al2O3/H2O (pH ≈ 13, KOH) Shown in Figure 1a
An

⎛

∑ conv⎜

2⎫
⎧ ⎛
ωmid‐IR − ω0 ⎞ ⎪
⎨−⎜
⎬
× exp⎪
⎟⎪
⎩ ⎝ Δωmid‐IR ⎠ ⎭
⎪

(2)

with ω0 and Δωmid‑IR as the center frequency and width of the
mid-IR pulse, respectively.

The values of ANR and ϕ were 0.24 and −π/2, respectively.
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Table 2. Amplitude, Frequency, Homogeneous Line Width, Homogeneous Dephasing Time, and Inhomogeneous Broadening
Extracted from the Simultaneous Fit of the SFG Spectrum and the FID-SFG of Al2O3/H2O (pH ≈ 13, KOH) in the ν > 3500
cm−1 Spectral Regiona
An

ωn (cm−1)

Γn (cm−1)

T2,n (fs)

Γinh,n (cm−1)

−0.26 ± 0.02
+0.24 ± 0.03

3644 ± 15
3679.4 ± 8.0

5.8 ± 0.5
59.7 ± 4.7

924 ± 79
89.6 ± 6.9

35.2 ± 4.6
41.6 ± 0.5

Homogeneous dephasing time T2,n is extracted from Γn as T2,n = 1/(2πΓn).17 Errors bars are based on the standard deviation determined from
multiple experiments.
a

For ﬁtting the FID-SFG dynamics, the following equation
was used

octadecyltrichlorosilane/silica (H2O/OTS/SiO2) interface.19
Therefore, it is likely that the peak centered at 3679 cm−1
(Figure 3 and Table 2) is due to the free OH stretch of
interfacial water. The fact that its broadening is dominated by a
homogeneous line width, unlike the peak centered at 3644
cm−1, suggests that the interfacial water species that contribute
to the free OH stretch are relatively well ordered. Its
homogeneous dephasing time is on the order of 90 fs, which
is surprisingly fast compared to the estimated value, T2 ≈ 300
fs, based on frequency domain measurements at H2O/OTS/
SiO2.35 The peak centered at ∼3644 cm−1 has negative
amplitude (Table 2), which indicates, following arguments by
Shen et al. based on phase-sensitive vSFG measurements, that
this O−H is pointing away from the bulk alumina.9
Consequently, we assign it to the dangling OH stretch of an
alumina hydroxyl group, for example, Al2OH. Its line width is
dominated by inhomogeneous broadening, and it dephases on
the 0.9 ps time scale.
According to reports by the Shen group9,22 and the
Dhinojwala group,23,24 there are several types of AlOH groups
that show up at several frequencies in vSFG spectra. In fact, the
Shen group reported that at the protonated interface of air/
alumina (110̅ 2), there are three types of hydroxyl groups, one
from Al3OH at 3365 cm−1 and two from AlOH2 at 3670 and
3520 cm−1, corresponding to dangling and H-bonded OHs,
respectively.22 In another report by the Shen group,9 the
(Al)nOH hydroxyl group peak is assigned at 3700 cm−1 in the
vSFG spectrum of the water/alumina(0001) interface.
Furthermore, in two reports by the Dhinojwala group,23,24
the hydroxyl group shows up at 3720 cm−1 in the vSFG
spectrum of the water/alumina (0001) interface. On the basis
of these diﬀerent reports,9,22−24 it seems that OH vibrational
stretches of alumina hydroxyl groups appear at diﬀerent
frequencies depending on the plane of alumina under
investigation. In this work, we used an alumina surface,
(1120), that had not been investigated previously. Therefore, it
is not unexpected that the dangling OH stretch of the Al2OH
hydroxyl group appeared at a diﬀerent frequency.
Surface SFG was employed in both the frequency and the
time domains to study the free OH vibrational stretching mode
at Al2O3/H2O (pH ≈ 13, KOH) interface. Frequency domain
studies suggested the presence of two vibrational modes, a
strongly hydrogen bonded OH stretch centered at 3166 cm−1
and a high-frequency band centered at ∼3660 cm−1. NIR and
mid-IR pulses with durations on the order of 40 fs were
employed to carry out time domain vSFG studies. Simultaneous ﬁt of the time domain and the frequency domain vSFG
data suggested that the high-frequency band (ν > 3500 cm−1) is
actually composed of two vibrational modes, one mode
centered at ∼3679 cm−1, attributed to a free OH stretch of
interfacial water, which dephases in the ∼90 fs time scale, and
one mode assigned to one type of aluminum hydroxyl group,
centered at ∼3644 cm−1, which is characterized by homoge-

∞

IFID‐SFG(Δτ ) ∝

∫−∞ dt |P(2)(t , Δτ)|2

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

(3a)
(3b)

∞

∫−∞ dt′ Emid‐IR (t − t′)R(t′)

(3c)

(2)

where the second-order polarization P 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 excitation (Emid‑IR) and
the polarization induced by the NIR upconverting ﬁeld (ENIR)
as expressed in eq 3c
R(t ) = {δ(t )|ANR |exp(iφ) − iθ(t ) ∑ AR, n
n

× exp[2πc( −iωnt − Γnt )] × exp( −2πc Γinh, nt )2 } + c.c.
(3d)

Equation 3d describes the response of the system, R(t),
where δ(t) is the delta function, θ(t) is the Heaviside step
function, and c is the speed of light. Γn and Γinh are the halfwidth at half-maximum (HWHM) of the homogeneous and
inhomogeneous line widths, respectively, of the nth vibrational
mode.17 During the simultaneous ﬁt of the Vis-SFG spectra and
the FID-SFG dynamics, the result of which is shown in Figure
3, the phase, homogeneous line width, inhomogeneous line
width, and center frequency of each vibrational mode in eqs 2
and 3a are linked to each other.
As the frequency domain vSFG results suggested, we tried to
carry out the simultaneous ﬁt using one peak. Although the
simulation described well the vSFG spectrum (Figure S2a in
the Supporting Information), it did not account for the FIDSFG dynamics (Figure 3b). However, a two-peak simultaneous
ﬁt described well both the vSFG spectrum and the FID-SFG
dynamics (Figure 3). The converged ﬁt returned the
parameters listed in Table 2.
The FID-SFG dynamics shown in Figure 3b and the
simultaneous ﬁt parameters listed in Table 2 suggest the
presence of two oscillators close in frequency that oscillate with
opposite phases, implying two distinct types of OH groups
oriented in opposite directions to each other. This is manifested
in the behavior of the rising side of the dynamics. At early delay,
the increase in FID-SFG intensity is rapid; it follows the
instantaneous IRF. Then, at about Δτ ≈ 40 fs, the rate of NIRSFG intensity increase slows down. This is due to the fact that
the two oscillators, which are close in frequency and of
comparable strength and opposite phases, begin to cancel each
other.
On the basis of several reports, the free OH stretch of
interfacial water appears at 3700 cm−1 at the water/air
interface33 and red shifts by 20 cm−1 at the water/
531
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oxide phosphate (KTP) crystal using a 250 mm focusing BK7
lens. To pump the crystal, about 100 μJ of the 800 nm
fundamental was focused onto the KTP crystal with a 500 mm
BK7 lens at a noncollinear angle of 7° with respect to the WLC
seed.27 The signal output of NOPA2, tunable in the 1100−
1600 mm spectral range, was collimated by a 250 mm CaF2
lens, and residual WLC and fundamental (800 nm) were
ﬁltered out using silicon wafers (1 mm total thickness) set at
the Brewster angle (73°). The collimated signal of NOPA2 was
temporally compressed using two Brewster fused silica prisms
(P1 and P2) set at their Brewster angle (69.6°) and separated
by a distance of 290 mm. The dispersion in the signal of
NOPA2, caused by propagation through optics before reaching
the studied interface, was compensated for by the appropriate
distance between P1 and P2 and the amount of P1 and P2
inserted in the beam.27 The spectrum and autocorrelation
traces of the NIR signal output of NOPA2 are shown in Figure
S1 (Supporting Information).
Depending on the experiment, an ultrashort NIR pulse or
narrow-band visible pulse was sent through a motorized delay
stage before it was focused with a 100 mm CaF2 lens and
overlapped with the mid-IR pulse at the Al2O3/H2O interface at
a 55° angle of incidence. At the sample, pulse energies were 4,
2, and 10 μJ for mid-IR, NIR, and 800 nm pulses, respectively.
The reﬂected Vis-SFG or NIR-SFG (depending on the
experiment) beam was collimated and then focused into a 200
μm core ﬁber coupled with a spectrograph-CCD (Andor
Shamrock/iDus) detection system. The Vis-SFG and FID-SFG
signals were recorded using a custom-built program based on
Labview software (National Instruments). Using half-wave
plates and polarizers, the SFG, the NIR, the 800 nm
upconverting pulses, and the mid-IR were p-polarized relative
to the interface. We checked that p-polarized input beams
emerge essentially p-polarized after reﬂection from the sample,
suggesting that, despite the birefringence of sapphire, the
polarization is maintained.
Time zero, Δτ0, for FID-SFG (measured at the Al2O3/H2O
interface) measurements was deﬁned as the time delay where
the IRF (measured at the Al2O3/Au interface) intensity is
maximum.

neous dephasing on the 900 fs time scale. A full understanding
of the vibrational dynamics of hydrogen bonding at the
interface of alumina/water may require a systematic study, such
as the alumina surface plane dependence.

■

EXPERIMENTAL SECTION
Sample Preparation. Alumina 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. The solution
was prepared by adding potassium hydroxide (KOH, purchased
from Fisher scientiﬁc) to deionized water until a pH of 13 is
achieved. The KOH salt was previously baked for 24 h at a
temperature of 260 °C.
The alumina prism plane identiﬁcation was done following
the reported procedure using X-ray diﬀraction.36,37 A similar
hemicylinder alumina prism was coated with a ∼100 nm thick
gold ﬁlm31 and used for spectral and temporal characterization
of mid-IR and NIR pulses.
Frequency and Time Domain SFG Setup. The experimental
setup for carrying out SFG in the frequency domain and the
time domain has been described elsewhere in detail.27 Brieﬂy, it
is based on a Ti:sapphire oscillator (MIRA, Coherent) laser
source, which is regeneratively ampliﬁed with a BMI Thales
(Alpha 1000) laser system operating in fs mode, as described
elsewhere.38 The output pulse is centered at 800 nm with a 150
fs duration at a 1 kHz repetition rate and an energy per pulse of
600 μJ. The regenerative ampliﬁer output is used to pump two
NOPAs; NOPA1 is used to generate ultrashort mid-IR pulses,
and NOPA2 is used to generate ultrashort upconverting pulses
in the NIR for FID-SFG measurements. As described in detail
elsewhere,31 NOPA1 generates a mid-IR idler in a two-stage
ampliﬁcation sequence; the ﬁrst stage uses a lithium niobate
(LNB) crystal, and the second stage is potassium niobate
(KNB)-based. The mid-IR output of NOPA1 was collimated by
a 50 mm CaF2 lens, passed through a 1 mm thick Si long pass
ﬁlter to cutoﬀ residual signal and white light continuum (WLC)
after the second stage, and then focused onto the Al2O3/H2O
interface using a 50 mm CaF2 lens at a 73° angle of incidence.
Because the mid-IR is spectrally broad (fwhm > 600 cm−1), its
propagation through these optics causes temporal chirp. In
order to compensate for this chirp and temporally compress the
mid-IR pulse to sub-40 fs duration, a 5 mm thick Si window
was introduced into the optical path of the mid-IR pulse.27
For frequency domain SFG measurements, the 800 nm
output of the regenerative ampliﬁer was used to upconvert the
mid-IR pulses into the visible by sum frequency generation
(Vis-SFG). For better spectral resolution, the 800 nm beam was
passed through a narrow-band ﬁlter (NBF) to spectrally narrow
it down to ∼2−2.3 nm (∼30−37 cm−1), consequently
stretching its pulse duration to ∼500 fs.39
In order to carry out time domain SFG measurements (FIDSFG) with temporal resolution suﬃcient to resolve sub-50 fs
vibrational dynamics, a NIR ultrashort pulse was generated in
NOPA2 and used to upconvert mid-IR pulses into a NIR sum
frequency ﬁeld (NIR-SFG).27 Brieﬂy, less than 10 μJ of the
fundamental laser was focused using a 100 mm focal length
BK7 lens on a 2 mm thick sapphire window for WLC
generation; the WLC was collimated using a 100 mm focal
length BK7 lens before being focused on a potassium titanium
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Spectral and temporal characterization of the NIR signal output
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