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We present a novel setup to elucidate the dynamics of interfacial molecules specifically, using
surface-selective femtosecond vibrational spectroscopy. The approach relies on a fourth-order
nonlinear optical interaction at the interface. In the experiments, interfacial molecules are
vibrationally excited by an intense, tunable femtosecond midinfrared (2500-3800 cm™') pump
pulse, resonant with the molecular vibrations. The effect of the excitation and the subsequent
relaxation to the equilibrium state are probed using broadband infrared+visible sum frequency
generation (SFG) light, which provides the transient vibrational spectrum of interfacial molecules
specifically. This IR pump-SFG probe setup has the ability to measure both vibrational population
lifetimes as well as the vibrational coupling between different chemical moieties at interfaces.
Vibrational lifetimes of interfacial molecules are determined in one-dimensional pump-SFG probe
experiments, in which the response is monitored as a function of the delay between the pump and
probe pulses. Vibrational coupling between molecular groups is determined in two-dimensional
pump-SFG probe experiments, which monitor the response as a function of pump and probe
frequencies at a fixed delay time. To allow for one setup to perform these multifaceted experiments,
we have implemented several instrumentation techniques described here. The detection of the
spectrally resolved differential SFG signal using a combination of a charge-coupled device camera
and a piezocontrolled optical scanner, computer-controlled Fabry—Pérot etalons to shape and scan
the IR pump pulse and the automated sample dispenser and sample trough height corrector are some

of the novelties in this setup. © 2008 American Institute of Physics. [DOL: 10.1063/1.2982058]

. INTRODUCTION

Molecular interactions at interfaces play a crucial role in
a diversity of chemical, biological, and physical processes
present in our everyday macroscopic world. This makes a
detailed understanding of interfacial molecular properties
very important; interfacial properties are known to be signifi-
cantly different from the bulk of the material itself. It has
been a challenge to elucidate these interface-specific interac-
tions owing to the technical difficulties in observing and
monitoring selectively the response of the few monolayers of
material that define the surface or the interface. The use of
techniques such as atomic force microscopy,”* scanning tun-
neling microscopy,zf4 transmission electron microscopy,5’6
low energy electron diffraction,”® neutron reflectometry,”
neutron scattering,w and x-ray diffraction studies'™* have
greatly improved our understanding of the nature of surfaces
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and interfaces."”” However, the applicability of these tech-

niques is largely restricted to samples in ultrahigh vacuum
conditions. Moreover, these techniques are not fully nonin-
vasive and generally set specific requirements on the
samples. Probing surfaces by optical techniques is, in gen-
eral, more flexible and noninvasive; however existing tech-
niques such as surface plasmon resonance' ™" and reflection
absorption IR spectroscopy”’f""?’ still lack surface or molecu-
lar specificity. In the recent past, the second order nonlinear
optical techniques of second harmonic generation (SHG) and
sum frequency generationlg*z} (SFG) have proven to be a
versatile noninvasive tool for probing interfaces with excel-
lent molecular and surface specificities. In the electric dipole
approximation, even-ordered nonlinear optical processes
such as SHG and SFG are forbidden in media with inversion
symmetry. At surfaces and interfaces, the inversion symme-
try of the medium is intrinsically broken, thus making SHG
and SFG allowed optical processes. This very phenomenon
makes these processes highly surface specific with submono-
layer sensitivities at the interface of centrosymmetric media.
These techniques are further appealing to the surface science
community for the relative simplicity in implementation of a
basic SHG or SFG probe setup.

Although an exhaustive list of literature is available on
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the theory of second order nonlinear processes,m' briefly, the
generation of second harmonic or sum frequency of the prob-
ing incident beams, is a function of the second order suscep-
tibility tensor y'¥ of the material and the incident electric
field strengths, i.e.,

Isg = LY (wsp; 01, 00) P11 L, (1)

where L is the nonlinear Fresnel coefficient of the medium
and /| and I, are the incident field intensities with frequen-
cies w; and w,, respectively. When w;=w,, the nonlinear
optical process is called SHG and otherwise its SFG. The
nonlinear susceptibility of a molecule x® is essentially a
vector sum of all the molecular hyperpolarizabilities B’(lz) as-
sociated with every vibrational mode » in the molecule, av-
eraged over all possible orientations:

X =2 N(BDY, (2)

where W, is the number density of molecules. In centrosym-
metric media, the net value of X(z) is zero and no generation
of second harmonic or sum frequency response is observed.
However, the net value of y' is finite in noncentrosymmet-
ric media and at interfaces, which makes SHG/SFG a highly
selective optical probe for surfaces. N

With the development of broadband mid-IR pulses,b
frequency-resolved vibrational SFG spectroscopy (VSFG)
has received much attention in the recent past, for its ability
to measure the vibrational spectrum of molecules at the in-
terface with submonolayer sensitivity.z6 In VSFG, an infra-
red (IR) light pulse and a visible light pulse are overlapped at
the interface to produce the SFG light. For VSFG, the non-
linear susceptibility can be expressed as a function of the IR
frequency

An(NO,n - Nl,n)

X? = Age' PR+ 2 .
wRr—w,+ 1,

n

3)

Here the nonlinear susceptibility x'*, and hence the SFG
signal, is enhanced when the IR frequency is resonant with a
vibrational mode, as seen in the second term of Eq. {3). The
amplitude of the resonant SFG signal is given by A,, which
is a function of the population difference between the ground
and first excited vibrational states, AN,=N,,—N;,, o is
the frequency of the incident IR pulse, w, is the vibrational
resonance frequency, and I', is the linewidth of the reso-
nance. Generally, there may also be a nonresonant contribu-
tion to the overall SFG signal, characterized by amplitude
Angr and phase ¢nr. Although the nonresonant signal can
exceed the resonant signal for, e.g., metallic substrates, for
the interfaces studies here, the nonresonant contribution is
generally small.

In the past two decades, much work in frequency- and
polarization-resolved SFG has been devoted to characteriz-
ing and understanding various solid-gas, liquid-gas, and
liquid-liquid interfaces.”’ Despite the apparent impact of
this technique by providing the surface vibrational spectrum,
static SFG spectroscopy falls short of providing direct
information on the dynamics of molecular structures and
intra-/intermolecular vibrational coupling, which evolve at
ultrafast time scales. However, IR pump p1'obe47’48 and
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2D-IR (Refs. 49 and 50) techniques developed in the recent
past, have shown their advantage over static spectroscopy in
their ability to directly probe the ultrafast molecular dynam-
ics and vibrational coupling in bulk systems. Although the
first literature on pump-probe SFG experiments using pico-
second pulses to probe vibrational lifetimes of adsorbates on
semiconductor’” and on metal surfaces™ appeared in the
1990s, the time and frequency resolutions and the applicabil-
ity of the technique to any interface were restricted to pico-
second molecular dynamics. With the development of short
amplified pulses (=100 fs) and better detection techniques,
broadband IR pump-probe SFG experiments with subpico-
second time resolution have now become a possibility. As a
result, subpicosecond surface vibrational dynamics can be
interrogated directly. In the recent past, pump-probe SFG
experiments have been performed to study the mechanisms
of adsorption and desorption of gases on catalytic metals
under UHV conditions.” ™’ Recently time-resolved elec-
tronic SFG studies have interrogated probe molecules in hid-
den interfaces.*® In this paper, we demonstrate a novel time-
resolved SFG (TRSFG) setup that combines static broadband
SFG spectroscopy with IR pump-probe and two-dimensional
vibrational infrared spectroscopy (2D-IR) techniques to
monitor ultrafast structural dynamics and coupling of mol-
ecules primarily at liquid-liquid and model biological inter-
faces, under normal laboratory conditions.

The basic principle of TRSFG is schematically shown in
Figs. I{a)-1{c} and that of 2D-IR spectroscopy in Figs. 1{d)
and I{e). In a pump-probe SFG experiment [experiment
scheme shown in Fig. I{a), energy-level diagram shown
in Fig. 1{b}], the pump IR pulse excites molecules from
the ground vibrational state (v=0) to the first excited state
(v=1) in a two-step process: the high intensity IR pump
pulse first prepares the two-level system by creating a vibra-
tional coherence between the v=0 and v=1 state and then
population is transferred from v=0 to v=1 state. If the an-
harmonicity of the vibration is sufficiently large, the excited
state SFG signal (v=1 to v=2) is shifted out of the frequency
window. Moreover, this signal will be very small, given the
fact that the SFG intensity depends on the square of the
surface population density.

This pump-induced population transfer from v=0 to
v=1, transiently reduces the effective y'¥ of the system
since y'*) ~ AN. This perturbation in the equilibrium popula-
tion distribution is observed as a bleach in the SFG probe
signal, as schematically shown in Fig. i{c}. As the molecules
relax back to the vibrational ground state, the equilibrium
population distribution is regained: the SFG signal returns to
its original magnitude as a function of the delay time be-
tween the IR pump pulse and SFG probe pulse pair. In this
mode, TRSFG is fully analogous to the more widely applied
transient IR absorption spectroscopy, except for the fact that
the latter involves detection of a third-order coherence (two
interactions with the pump IR field and one with the probe
IR field), while the former involves the upconversion of the
third-order coherence created by the pump and probe IR
fields, to a fourth-order coherence by the visible pulse.
Hence the TRSFG technique involves a ) optical interac-
tion while static SFG spectroscopy is a y'*) process. The time
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FIG. 1. (Color online) (a) Schematic representation of broadband pump-
probe SFG spectroscopy of interfacial water at the water-lipid interface. The
scheme represents the broadband probe IR pulse convoluted with a narrow
band visible pulse to generate the vibrational SFG spectrum of water. The
time delay 7represents the delay between the pump pulse and the probe pair.
By scanning the delay and monitoring the modulation in the SFG signal, one
can probe the femtosecond vibrational dynamics of interfacial molecules.
(b) Energy level representation of the pump-probe SFG process. (c) Cartoon
of the dynamics SFG transient showing the modulation of the SFG signal as
a function of the pump-probe delay. (d) Cartoon rtepresenting the 2D-IR
concept; the pump pulse excites v, vibrational mode and the probe pulse
interrogates the vz mode in order to address the vibrational coupling be-
tween these modes. Also shown is a model 2D-IR plot. The one-color IR
pump-probe response lies on the diagonal (dotted line) whereas the two-
color coupling response is shown at the off-diagonals. The blue response is
the bleach signal corresponding to the population excitation from v=0 to
v=1 whereas the red response is the transient absorption of population from
v=1 to v=2. The redshift of the 1 —2 response with respect to the 0—1
response corresponds to the anharmonicity of the system.
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dependence of the fourth-order signal is contained in the
population densities of the ground (N,) and the excited state
(N,), such that, in the absence of intermediate states:

Isg = [No(t) = N\(0) P =[1 = 2N, () =[1 - 4N, (1)
+4N()] =~ 1 —4N,(2). 4)

The observed bleach of the signal is proportional to the
square of the population difference, rather than simply the
difference. This has some interesting consequences: for ex-
ample, when the pump excites 10% of the ground state mol-
ecules to the excited state at zero pump-probe delay, the
population difference amounts to AN=0.9-0.1=0.8. The
signal level thus decreases to (AN)?=0.64 and a bleach of
36% is observed. We further note that, for sufficiently small
N, the signal will decay with 7.

This setup also supports a novel 2D-SFG technique—the
surface-specific analog of the widely known 2D-IR. The ba-
sic idea behind 2D-IR is to transpose the elegant methods
originally developed in multidimensional NMR” to study
coupling of nuclear spins, to coupling of vibrational transi-
tions. In a 2D-IR experiment [see Fig. 1{d}], one specific
vibrational mode A with frequency v, is excited, iLe.,
pumped, and the effect of this excitation is probed at v4, and
also at the frequency vg of a different mode B. If the modes
are completely uncoupled, any effect of exciting mode A on
mode B will be absent, and a spectral response will only be
observed for identical pump and probe frequencies. As plot-
ted schematically in Fig. 1{d), the IR absorption response as
a function of the pump and probe frequencies will give rise
to diagonal peaks. If, in addition, the two modes are coupled
so-called cross peaks will appear on the off-diagonal. In
complete analogy to NMR, strength of the cross peak is de-
termined by the degree of coupling, which is related to the
distances and orientations between the coupled vibrators and
hence the relative molecular structures.’® As such, the 2D-IR
spectrum contains detailed information on the biomolecular
structure and conformational fluctuations.*”** The principle
idea of 2D-IR spectroscopy has now been extended to probe
molecular vibrational coupling of molecules at the interface,
using the recently developed 2D SFG (2D-SFG) technique.”
Here, individual modes are excited using a narrow band
pump IR pulse and the SFG spectrum due to the broadband
probe IR is recorded at every pump frequency. Plotting the
intensities of the pump-probe SFG as a function of pump and
probe IR frequencies at a certain delay, will give rise to
one-color pump-probe SFG bleach signals on the diagonal
and two-color pump-probe SFG cross peaks on the off-
diagonal, indicative of vibrational coupling.

In this paper, we shall present the instrumentation for the
novel pump-probe SFG setup. The merit of the approach will
be illustrated by recently obtained results at the water-air®®
and water—lipid'sl? interfaces. With this instrumentation, we
have also successfully demonstrated the first 2D-SFG experi-
ment on a monolayer of dodecanol on water.”” The state-of-
the-art instrumentation includes generation of high intensity
mid-IR pulses (tunable in 2800-3500 cm™!), shaping the
pump IR bandwidth using a computer-controlled Fabry—
Pérot interferometer, a feedback-controlled trough height
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FIG. 2. (Color online) Scheme for generation of pump and probe IR by
difference frequency mixing of amplified 800 nm and doubled idler pulse.
The difference frequency mixing in the KTP crystals are a type-II process,
with the polarizations of the 800 nm, doubled idler, and the IR pulse being
horizontal, vertical, and horizontal, respectively. The home-built pulse
shaper disperses the 800 nm beam and the frequency components are im-
aged by the lens onto the Fourier plane where a mirror and a slit are placed.
The slit is adjusted to select a narrow band frequency and the 0° mirror
behind the slit causes the selected frequency to retrace the path, back onto
the grating and is coupled out.

corrector for evaporation of sample and a feedback-
controlled sample injector to add fresh sample during an ex-
periment, detection of the spectrally resolved IR pump-SFG
probe dynamics signal using a combination of an intensified
charge-coupled device (ICCD) array and a 500 Hz piezocon-
trolled optical scanner. Software was written in LABVIEW to
control the hardware and the data acquisition.

Il. EXPERIMENTAL
A. Generation of mid-IR and upconversion pulses

A conventional broadband SFG setup45 typically re-
quires a pair of probe laser pulses, i.e., the weak broadband
IR [~10 wJ, full width at half maximum (FWHM)
~150 cm™!] and the narrow band visible upconversion pulse
(~1 wJ, FWHM <10 cm™!), to generate SFG at the sur-
face. However, for the TRSFG experiments, an additional
high intensity (~40 wJ) mid-IR pump pulse is required to
excite ground state molecules to a higher vibrational state. In
this section, we shall present a scheme to generate high
(pump) and low (probe) intensity mid-IR pulses and a home-
built pulse shaper for generating the narrow band visible
upconversion pulse.

The laser system consists of a Verdi-pumped
(Nd:YVO,) oscillator (Mira 900, Coherent) to generate
800 nm pulses with sub-100-fs pulse duration. This pro-
vides the seed pulses for a regenerative multipass amplifier
(Titan, Quantronix), that is pumped by a high energy
Nd:YLF (yttrium lithium fluoride) laser (DQ-527, Quan-
tronix). The multipass amplifier produces ~3.5 m]/pulse
centered at 800 nm with a bandwidth of ~12 nm with rep-
etition rate of 1 kHz and ~100 fs pulse duration. The pump
and probe IR generation scheme™ is shown in Fig. 2. A
commercial optical parametric amplifier (TOPAS, Light
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Conversion) is pumped by 30% (1 mJ) of the amplified
near-IR (NIR) (~800 nm) beam to generate 330 wJ] of
tunable signal (~1250 nm) and idler (~2200 nm) beams.
The idler is doubled in a type-I SB-barium borate crystal
(BBO) (5X5X%X3 mm? ¢=90°, #=22.2°) to generate
~45 pJ of ~1100 nm pulses. Difference frequency mixing
(DFM) of the doubled idler beam with the remaining 70%
(2.5 mJ) of the amplified NIR beam in a type-II KTiOPO,
(potassium titanyl phosphate) crystal (10X 10X3 mm?,
$=0° 6=41.8°) produces ~100 pJ mid-IR pulses
(~3000 nm). Frequency tuning of the mid-IR pulse requires
changing the fundamental idler frequency at the OPA and
subsequently optimizing the phase matching angles of the
idler doubling crystal (BBO) and the DFM crystal (KTP).
Using this approach of DFM, the center frequency of
the generated high intensity mid-IR pulses is limited by the
tuning curves of the KTP and the BBO crystals correspond-
ing to the doubled idler and the NIR frequencies; generated
mid-IR frequencies range from 2860 nm (3496 cm™) to
3570 nm (2801 cm™'), with pulse energies in the order of
80—100 wJ. Typical FWHM bandwidths of the mid-IR pulse
~200 cm™!. This is used as the IR pump pulse; the intensity
is typically attenuated using a neutral density filter to
~40 wpJ to prevent cumulative heating of the interface
which may affect the lipid phase and cause irreversible
chemical changes in some of the lipid samples. The residual
NIR 800 nm pulse and the amplified doubled idler pulse after
the pump IR generation, are mixed in a second type-II KTP
crystal (5X5X3 mm®, ¢$=0° #=41.8°), to generate
~25 uJ of probe IR (FWHM ~ 150 cm™). In this manner,
the probe IR wavelength can be tuned independently of the
pump IR wavelength to a limited extent—the pump and the
probe IR frequencies can be detuned by 200 cm™. As such,
two-color pump-probe SFG experimentsh9 without using a
second OPA are possible. The limited detuning is caused by
the fact that the doubled idler frequency which is used for IR
pump generation is also used to generate the probe IR fre-
quency. Hence the phase matching angle of the KTP crystal
in the probe path, cannot be very different from that of the
KTP crystal in the pump path.

Also shown in Fig. 2, is a homebuilt pulse shaper, which
is used to reduce the bandwidth of the visible upconversion
pulse, to maintain high frequency resolution of the SFG
spectrum. The input of the pulse shaper is the residual NIR
(FWHM ~ 12 nm) after pumping the OPA. The grating in
the homebuilt pulse shaper disperses this NIR pulse (Fourier
decomposition of pulse from time to frequency domain) and
the frequency components are spatially separated by the lens
onto the Fourier plane where a mirror and a slit are placed.
The slit is adjusted to spatially select a narrow band fre-
quency and the 0° mirror behind the slit causes the selected
frequency to retrace the path, back onto the grating and is
coupled out (Fourier recomposition of pulse from frequency
to time domain). The output of the pulse shaper is typically a
narrow band (FWHM ~ 0.6 nm, 10 cm™!) visible pulse.

The 2D-SFG instrumentation involves placing a piezo-
controlled Fabry—Pérot etalon (Thor Laboratories) in the
pump IR path of the existing TRSFG scheme (see Fig. 3). By
adjusting the voltage on the piezoelectric actuators, one can
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FIG. 3. (Color online) Instrumentation at sample (see text for details).

control the parallelism and the distance between the mirrors
of the etalon, thus controlling the center frequency and width
of the pulse. The etalon shapes the broadband pump IR pulse
(FWHM ~200 cm™!) into a narrow band pulse (FWHM
~20 cm™'). Typical energies of the shaped pump IR pulses
is ~10 uJ, due to inherent losses in the Fabry—Pérot etalon.
As shown in Fig. 3, a small part (1%) of the pump IR and the
visible upconversion pulse are mixed in a lithium niobate
crystal (LiNbO;) to generate a sum frequency signal which is
used to calibrate the excitation frequency.

B. Instrumentation at sample

In Fig. 3, the schematic for the instrumentation at the
sample is shown. The pump IR, probe IR, and the visible
beams are kept in the same vertical plane of incidence and
focused down to 150, 100, and 100 um, respectively. The
beams are overlapped at the sample interface, making inci-
dence angles of 56°, 46°, and 50° with respect to the surface
normal. The probe IR and the visible beam generate the SFG
spectrum at the interface when the two incident fields are
temporally and the spatially overlapped. The temporal over-
lap can be achieved by scanning the delay of the visible
pulse. The spatial and temporal overlaps of the pump IR with
the SFG probe pair can be optimized by monitoring the
third-order nonlinear optical process of infrared-infrared-
visible-SFG (IIV-SFG),”" which occurs only when all the
three incident fields overlap. The sample is held in a home-
built Teflon™ trough (~5 cm radius) which is rotated at
~5 rpm to reduce cumulative heating. The sample is effec-
tively refreshed every approximately five laser shots. This
trough is supported on a motorized labjack, specially de-
signed to damp mechanical vibrations while rotating the
trough or while moving the trough vertically. To account for

the evaporation of the water subphase, the vertical position
of the SFG spectrum on the CCD chip is monitored by the
measurement program throughout the experiment. Due to
evaporation of the water subphase over long data acquisition
times, the surface height changes and moves out of the foci
of the incident beams. As a result, the SFG signal decreases
in intensity and is displaced vertically on the CCD chip. The
latter effect is used as a feedback to correct the trough height
for evaporation, by a motorized (Standa stepper motor con-
troller 8SMC1-USBh) labjack, to restore the signal (and in-
tensity) at the original position on the CCD. Some of the
experiments require hours of SFG signal acquisition. Over
this period, the surface pressure of the lipid monolayer tends
to drop, leading to a drop in signal intensity. One possible
reason for this is that the Teflon™ trough becomes coated
with lipids. The effect of the pressure drop can be circum-
vented by the addition of fresh surfactants onto the mono-
layer. We verified that the shape of the SFG spectra of a
“repaired” monolayer was identical to that of a freshly pre-
pared one. The monolayer repair during data acquisition was
performed when the probe SFG signal intensity drops by
20% of the original SFG intensity at the start of the experi-
ment. The computer-controlled feedback program uses a mo-
torized lipid sample injector (syringe filled with the lipid
solution in chloroform, attached to a Standa stepper motor)
to add a few drops of the lipid solution onto the water sub-
phase, and allowing the system to equilibrate. This automa-
tion of sample control allows us to perform many hours of
scanning without human presence.

C. Detection and data acquisition

The pump-probe SFG signal generated from the inter-
face is collected and collimated by a 150 mm positive lens
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FIG. 4. (Color online) Scheme for the detection path, including the galva-
nometric scanning mirror to spatially separate the pump-on and pump-off
SFG spectra. Cylindrical lenses are used to facilitate focusing of the pump
reference SFG, pump-on and pump-off SFG beams onto the spectrometer
slit. The lenses on the left focus on the vertical plane whereas the lens on the
right, close to the spectrometer slit, focuses the pump reference SFG and
collimates the pump-on and pump-off SFG beams onto the slit. The focal
lengths of the two cylindrical lenses on the left are different since the SFG
beam paths are different. The scanning mirror is used only when the data
acquisition is in the spectral mode (CCD mode) and not in the photon-
counting mode (PMT mode).

(see Fig. 4) and then sent to either a photomultiplier tube
(PMT) (Acton Research, PD438) or a monochromator/ICCD
camera (Princeton Instruments, PI-MAX2:512 Gen III), de-
pending on the application. The PMT is used to record the
spectrally integrated pump-probe SFG signal in the photon-
counting mode.” The electronics used for the PMT detection
is shown in Fig. 5 with green lines. The PMT signal is aver-
aged on a boxcar integrator, with typical electronic gate
widths of ~3 us. The averaged PMT signal is then sent to
the PC through an analog-to-digital coverter (ADC) (Na-
tional Instruments, 16 bits). To separate the pump-on and
pump-off SFG photons, a diode laser (continuous wave) is
transmitted through the same hole in the chopper as the
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FIG. 5. (Color online) Scheme for the electronics in the setup. The green
channels are in use only when experiments are done with the PMT. For the
chopper output signal, a cheap diode laser is used and is aligned through the
same hole as the pump IR beam and is detected by a PD. The signals from
the PD and from the function generator are sent to an oscilloscope for tuning
the phases.
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FIG. 6. (Color online) Image of the CCD camera, corrected for large spikes
presumably caused by cosmic radiation. The upper and lower traces depict
the broadband SFG signal with and without pump, respectively, and the
lower trace shows the spectrum of the pump pulse.

pump beam and onto a photodiode (PD) as schematically
shown in Fig. 5. The PD signal is sent to the PC via the
ADC; this provides the information as to which laser shot
corresponds to pump-on and which one to pump-off SFG
signal.

For obtaining spectral information during a pump-probe
SFG experiment, the SFG signal is dispersed by a monochro-
mator (Acton SpectroPro300i) and the image is recorded on
a CCD chip (512X 512 pixels, 24 wm/pixel). In order to
record the SFG spectra with and without the effect of the
IR excitation, before sending the SFG signal to the mono-
chromator, the pump-on and pump-off SFG signals are
spatially separated using a galvanometric servocontrolled op-
tical scanning mirror (GSI Lumonics, VM2000) synchro-
nized with the 1 kHz laser repetition rate, following the
scheme shown in Fig. 4. The galvanomirror is supplied with
a 500 Hz sinusoid voltage from a function generator (Agilent
Technologies, 20 MHz/arbitrary waveform generator), by
which the mirror oscillates with an angle of ~1° about the
mirror axis. This translates to a spatial separation of ~4 mm
on the CCD chip (total chip size: 12 mm=512 pixels) be-
tween the pump-on and pump-off SFG signal. To ensure that
the pumped shot always falls onto the same position on the
chip, the phase of the scanning mirror is synchronized with
the phase of the chopper output signal. By binning the indi-
vidual pump-on and pump-off SFG spectra, vertically on the
CCD chip, we can obtain the spectral information with and
without the IR excitation. A typical screenshot (see Fig. 6)
includes the pump-on SFG and the pump-off SFG images on
the CCD chip with the galvanomirror in action, which spa-
tially separates the two images. For the 2D-SFG experi-
ments, the reference SFG [ generated by mixing a small frac-
tion of the narrow band visible and the narrow band pump
beams in a LiB;Os (lithium triborate) crystal] is sent to the
monochromator and the CCD via the detection path shown in
Fig. 4). The image of this reference SFG on the CCD chip
can also be seen in Fig. 6; the computer program uses this
image as a feedback for the piezocontroller of the Fabry—
Pérot etalons to adjust the bandwidth and center frequency of
the IR pump pulse.

D. Electronics

The electronics for this setup are shown schematically in
Fig. 5. A small fraction of the 76 MHz 800 nm seed pulses
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from the oscillator is detected by a fast PD. This PD signal is
then divided by an electronic frequency divider to generate a
1 kHz signal which is used to trigger the Nd:YLF laser and
all the electronics in the setup, including the phase-locked
optical chopper, the boxcar integrator, the ADC, the function
generator for the galvanomirror and the CCD camera.

E. Software

The data acquisition software was written in LABVIEW 8.
Typical CCD readouts such as presented in Fig. & contain the
spectrally dispersed pump-on, pump-off, and pump reference
SFG signals. The software controls the pump-probe delay
line and analyzes the CCD images in real time to establish
whether specific action should be taken, such as trough
height modification or adjustment of the Fabry—Pérot piezo-
voltage.

The ratio between the pump-on/pump-off spectra is in-
stantaneously calculated to monitor in real time any spectral
shifts during a pump-probe SFG experiment. The pump-
probe delays for the TRSFG, the Fabry—Pérot voltages for
the 2D-SFG, the spectrograph settings, and the function gen-
erator settings for the galvanic mirror can all be set in spe-
cific panels in the software. The spectrograph settings in-
clude the grating, the center wavelength of detection, the
pixel-wavelength calibration, intensifier gain, and the signal
acquisition times. A function generator is included to set
phase, the amplitude of the oscillation and the offset position
of the scanning galvanomirror. The number of scans, the
sample height control, and the pump polarization (control-
ling the motorized half wave plate in the pump IR path) may
also be adjusted in the software. The ratio between the inte-
grated pump-on and pump-off SFG spectra is plotted as a
function of pump-probe delay during the scan, for online
monitoring purposes. The feedback to the sample control
program is taken from the CCD image (Fig. 6) after every
scan. The signals are fit to Lorentzians as a function of the
vertical pixel position to reliably determine the vertical po-
sition of the spectra on the CCD camera. As soon as the
spectrum is observed to have been shifted vertically by a
preset number of pixels (typically 10), the feedback control
program moves the trough height motors to reposition the
signal. As discussed earlier, to account for sample degrada-
tion over long acquisition times, when the amplitude of the
Lorentzian falls by ~30% of the original amplitude, the
sample injector dispenses a precalibrated number of drops
required to restore the original signal amplitude. This way
the SFG signals are maintained at their initial conditions
before every scan, throughout the experiment, typically
consisting of 100 scans. A typical scan is performed from
—1.8 to 100 ps, in linear steps of 50-500 fs and logarithmic

thereafter.

lll. RESULTS

A. Instrument response

The spatiotemporal overlap of the pump and probe
beams and the instrument response were determined by scan-
ning the delay of the pump IR with respect to the probe SFG
pair and recording the I[IV-SFG intensity.70 Figure 7(a} shows
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FIG. 7. (Color online) (a) Schematic for the third-order IIV-SFG process
generated by overlapping the pump IR and the probe pulse pair at the inter-
face. In this process, only the probe IR is resonant with the fundamental
vibrational transition. By scanning the pump pulse in time with respect to
the probe pair, one can obtain a cross-correlation trace (b) as a function of
the pump-probe delay. The narrow band visible pulse is about 2-3 ps long,
so the cross-correlation trace is determined by the temporal convolution of
the two IR pulses. These results demonstrate that the typical time resolution
of the TR-SFG experiment amounts to ~120 fs. The time resolution of the
2D-SFG experiment is longer (~1 ps) and asymmetric around time-zero
(Gaussian rise and exponential decay) since the pump IR pulse is shaped to
a narrow band by the Fabry—Pérot etalon.

the energy-level schematic for the IIV-SFG process, while
Fig. 7¢(b} shows a typical pump-probe IIV-SFG cross-
correlation trace at the 1,2 dimyristoyl Glycero-3-phospho-
L-serine (DMPS)-water interface. The pump and probe IR
are reasonably described as Fourier-limited pulses with typi-
cal widths of ~120 fs.

B. TR-SFG experiments

Time-resolved SFG experiments were performed at the
water-air and water-lipid interfaces. For both systems, ultra-
pure water was used (Millipore filtered, 18 M resistivity)
as the subphase supported in a home-built Teflon trough. For
the water-lipid studies, the lipid used was DMPS (sodium
salt) purchased from Avanti Polar Lipids. A solution of
DMPS was prepared in 90% chloroform and 10% methanol
(Sigma Aldrich) and a Langmuir monolayer film of lipid
molecules was prepared by careful addition of drops of the
lipid solution in steps of 0.5 wl on the water subphase while
monitoring the surface pressure of the monolayer with a
Wilhelmy-plate based tensiometer (model Kibron DeltaPi).
The surface pressure was maintained such that all experi-
ments were performed in the liquid condensed phase of the
lipid monolayer.

In the time-resolved pump-probe SFG experiment, the
vibrational lifetimes of the interfacial water molecules were
determined by scanning the delay of the pump IR pulse in
time with respect to the probe pair, while monitoring the
modulation in the generated SFG spectrum. In order to gen-
erate a pump-on and pump-off SFG signal, the 1 kHz pump
IR pulse is chopped to 500 Hz with a phase-locked optical
chopper synchronized with the laser repetition rate. The ef-
fect of excitation on the SFG spectrum of the ground state
molecules due to the pump IR pulse, is observed as a ratio
between the “pump-on” and the “pump-off” signals at every
pump-probe delay. This way, for every laser shot, a reference
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FIG. 8. (Color online) Time-resolved SFG trace. Figure 6(a} shows the
vibrational dynamics of the neat water/interface; ™ (b) water/lipid

. . &7
interface.”’

pump-off SFG spectrum was recorded along with the
pump-on SFG spectrum. At zero pump-probe delay, the ex-
citation pulse depletes population from the equilibrium
ground vibrational state to an excited vibrational state. This
results in a bleach in the SFG signal intensity of the ground
state. The recovery of the SFG signal as a function of the
pump-probe delay time is a signature of the mechanism of
vibrational relaxation of the excited state molecules back to
the equilibrium ground state. We demonstrate this by per-
forming the TRSFG experiments at fixed frequencies of the
pump and probe IR pulses, resonant with the fundamental
vibrational modes in hydrogen-bonded regime of the SFG
spectrum of water. The typical TRSFG transients for the
water-air and water-DMPS interfaces are shown in Figs. &(a)
and 8(b) respectively, with the normalized differential SFG
signal plotted as a function of the pump-probe delay time.
We observe that at the neat water-air interface, the relaxation
dynamics of the excited water molecules are identical in dif-
ferent hydrogen bond environments and can be described by
the model used to describe the dynamics in bulk water,
which is dominated by an ultrafast Forster-type energy trans-
fer between neighboring water molecules. This led us to con-
clude that the Forster-type energy transfer also dominates at
the neat water-air interface and there is an ultrafast energy
exchange between surface and bulk water molecules.”® At
the water-lipid interface, however, we found that the relax-
ation dynamics depend critically on the hydrogen bond en-
vironments being probed and no evidence for a fast Forster
energy transfer was found. This led us to conclude that there
is no significant communication between different hydrogen-
bonded environments at the water-lipid interface®” and water
molecules interfacial with the lipid monolayer have a more
heterogeneous environment than those at the neat water-air
interface. These differences in water structure at different
interfaces could not be elucidated by the static SFG spectra
on these systems whereas clearly demonstrated by the
TRSFG experiments.
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FIG. 9. (Color online) 2D pump-probe SFG plot of dodecanol on D,O
su‘bphasc.Sj The IR spectrum of dodecanol is shown in Fig. &{a}, which the
narrow band pump IR interrogates through a frequency scan. The SFG spec-
trum of dodecanol due to the broadband probe IR is plotted in Fig. 8{b},
which indicates only three SFG active modes. Figures 8{c} and &{d} show a
plot of the pump-probe signal as a function of the pump and probe IR
frequencies, at p- and s-polarizations of the pump IR pulse, respectively.

C. 2D-SFG experiments

In our first 2D-SFG study, we investigated a dodecanol
monolayer on water—a model system for biological
membranes—in the region of the C-H stretching modes of
the alkyl chains. The sample was prepared by placing a small
crystal of 1-dodecanol (Sigma Aldrich) in contact with water
(D0, to suppress interferences with the O-H stretch vibra-
tion of H,0). In the 2D-SFG experiment, changes in the SFG
probe spectra are recorded, at a certain pump-probe time
delay, as the narrow band pump IR frequency is scanned
across the bandwidth of the probe IR and thereby sequen-
tially exciting all the IR-active CH; and CH, modes of the
dodecanol molecules at the interface. Figure @ shows the
2D-SFG spectra of the self-assembled dodecanol monolayer,
at 0.7 ps pump-probe delay, at parallel [Fig. 9{c})] and per-
pendicular [Fig. 9{d}] polarizations of the pump IR pulse
with respect to probe IR pulse. In addition to the diagonal
peaks, several off-diagonal peaks appear (indicated by or-
ange arrows) that indicate mode coupling. As SFG selection
rules apply for the probe process, off-diagonal peaks report-
ing on vibrational coupling, appear at the two frequencies
corresponding to the two peaks in the static SFG spectrum.
We observe that in addition to the expected coupling be-
tween the CH;(ss) and CH;(as) modes (being two modes of
the same functional group), there exists a remarkably strong
coupling between the CH,(as) and CHj,(ss) vibrational
modes; suggesting a strong mechanical coupling between
these otherwise weak transition dipole coupled C-H modes.
Hence, with this novel 2D-SFG instrumentation we have
thus successfully demonstrated the first surface irnl)lernenta—
tion of an ultrafast 2D-IR spectroscopy technique.“5

IV. CONCLUSION AND SCOPE

We have successfully developed and implemented novel
instrumentation to perform time-resolved and 2D-SFG spec-
troscopy on interfacial molecules in a spectrally resolved
manner. This instrumentation has allowed us to study the
dynamics of water molecules at the neat water/air” and the
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Water/lipid{"‘7 interfaces and also the dynamics of energy flow
in biological model membranes.”” This instrumentation has
also allowed us to perform the first proof-of-principle 2D-
SFG experiment to study the vibrational coupling between
the symmetric and antisymmetric/Fermi resonance modes

of the —CH; group in dodecanol at the dodecanol/D,0O

interface.”” The setup has recently been extended to study

time-dependent polarization anisotropy at interfaces, by re-
cording the SFG probe signal with different pump polariza-
tions at different pump-probe delays.
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