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ABSTRACT

Sub-1 cm™! high-resolution broadband sum-frequency generation vibrational spectrometer (HR-
BB-SFG-VS) using synchronized picosecond and femtosecond lasers at 1 kHz was first reported over
a decade ago, and many advantages of the HR-BB-SFG-VS over the conventional BB-SFG-VS have
been well-documented. A high-efficient and low-cost version of the HR-BB-SFG-VS is needed for
broader adoption of this powerful interface specific spectroscopic technique. Here, we report the
realization of such a sub-1 cm™! HR-BB-SFG-VS with a tunable repetition rate around 100 kHz.
Instead of synchronization of an additional expensive 90 picosecond laser for enough power to
achieve high spectral resolution SFG measurement, a chirped volume Bragg grating (CVBGQG) is
implemented with the second harmonic band compression (SHBC) unit to generate an intense 90
picosecond laser pulse at 517 nm with a bandwidth of about 0.16 cm™ from a 150-fs laser pulse at
~1034 nm, with an efficiency of ~26%. The effectiveness of this new SFG system is demonstrated
through the SFG spectra obtained with a spectral resolution of 0.6 cm™ and excellent lineshape from
the air/DMSO aqueous solutions interfaces, and the air/water interface, without apparent surface
heating effect. This development provides a low-cost and easy-to-implement powerful HR-BB-SFG-
VS instrumentation for broad applications in structure and dynamics studies on the illusive molecular

surfaces and interfaces.
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1. Introduction

Sum-frequency generation vibrational spectroscopy (SFG-VS) have been proven the powerful
spectroscopic technique to interrogate the spectroscopy, structure, and dynamic interactions on the
molecular surfaces and interfaces, particularly liquid interfaces, in the past three dozen years.'™
Quantitative information of molecular interfaces can be analyzed in details with the ability to obtain
higher quality SFG-VS spectra with spectral, polarization, incident angle and phase resolutions. **

Sub-1 cm™! high-resolution broadband sum frequency vibrational spectroscopy (sub-1 cm™' HR-
BB-SFG-VS) with a spectral resolution of 0.6 cm™, the highest spectral resolution so far, was
achieved in 2011 by synchronizing a ~90 picosecond (ps) laser and a ~35 femtosecond (fs) laser at
the repetition rate of 1 kHz.!° In this apparatus, the ~90 ps 800 nm laser pulse with pulse energy up
to 3.5 mJ has a less than 0.2 cm™ bandwidth, and the ~35 fs 800 nm laser pulse up to 7 mJ was used
to generate broadband middle IR pulses with more than 260 cm™ FWHM (full width at half-maximum)
bandwidth.!° Taking the advantages of the multiplexing measurement in the conventional BB-SFG-
VS and sub-1 cm™! spectral resolution, the sub-1 cm™! HR-BB-SFG-VS provides accurate and nearly
intrinsic SFG spectral lineshape with much better signal-to-noise ratio (SNR), and without spectral
distortion as in the conventional BB-SFG-VS.!%!!

The advantages of the sub-1 cm™ HR-BB-SFG-VS over the conventional BB-SFG-VS, typically
with ~10 cm™! or more spectral resolution, has been well demonstrated and understood.” '>!8 In
conventional BB-SFG-VS, the visible pulse usually has a pulse width of 1-2 ps and therefore a
spectral resolution of ~10 cm™! or more. Such visible pulses of a few picoseconds cannot effectively
cover the coherence time of the molecular vibrational motions typically last for many picoseconds.
This leads to the truncation of the up-converted SFG field in the time domain, and unavoidably
translates into lineshape distortion and spectral broadening in conventional BB-SFG-VS.!” Not only
does such visible pulse lead to significant spectral broadening and distortion of the SFG spectra, but

also the uncontrolled chirping in such visible pulse can lead to additional spectral peak shifts and



distortion, further complicating the analysis of the SFG spectra.* ¥ Supposedly, with these advantages,
sub-1 cm' HR-BB-SFG-VS should have replaced the conventional BB-SFG-VS in practice. Despite,

the requirement of the sub-1 cm™ HR-BB-SFG-VS to synchronize an additional long picosecond laser
to the sub 100 fs laser makes the sub-1 cm™' HR-BB-SFG-VS system not only much more costly
(usually close to 1M USS$), but also requires much more laboratory space, i.e. the optical table needs

to be more than twice as big as that for the conventional BB-SFG-VS. These factors made the sub-1

cm™ HR-BB-SFG-VS hard to be adopted in most laboratories. So-far, there are only two known sub-
1 cm™! HR-BB-SFG-VS systems using the synchronization approach as reported.'®2° In comparison,

the SFG-VS field is still dominated with the conventional BB-SFG-VS, and with a few systems with
somewhat improved spectral resolution closer to 1 cm™, despite its lower resolution and less desirable

spectral lineshape broadening and distortion due to the lower spectral resolution of the conventional
BB-SFG-VS, since it was first introduced in 1998.'3

Up to now, most conventional BB-SFG-VS employed laser systems with repetition rate of 1 kHz.

21-24 BB-SFG-VS with 5 kHz with about 1.4 cm™' resolution, and 10 kHz with about 5 cm™ resolution
was also reported. >>2° There were also a few reports of BB-SFG-VS spectrometers operating at a
repetition rate around 100 kHz on air/solid interface, with spectral resolution around 3 cm™.27-28 Most
recently, EKSPLA reported a ready-to-announce commercial fiber laser and dual-amplifier based
high-resolution BB-SFG-VS with a ~3 c¢m! spectral resolution running at 10 kHz with a dual
amplifier.”” Modelling of laser heating effects on liquid surface showed that when the repetition rate
is above 1 kHz, the heating effects essentially resembles the case of the CW laser with the same

power.>® Heating up the liquid interface has always been a practical issue in SFG-VS experiment.’!

As far as we have known, there has been no 100 kHz SFG-VS measurement reported for measurement
on liquid interface,*® except for the phase-resolved heterodyne measurement on the charged
silica/water interface with a spectral resolution about 25 cm™.>* It is possibly due to the fact that
heating effects need additional attention and harder to control in the experiments with higher IR laser

powers, as the average IR laser power for a 100 kHz system is usually 100 or 10 times higher than
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that of the 1 kHz system with similar or one order higher energy per pulse, respectively.

The principles and advantages for sub-1 cm™' HR-BB-SFG-VS has been fairly well understood
and firmly established.* 7> 3% An effective sub-1 cm™! HR-BB-SFG-VS system needs a sub-1 cm!
visible laser pulse for the spectral resolution and a broad enough infrared (IR) laser pulse for spectral
coverage.'® 1> 1° The key for the success is to generate sub-1 cm™ visible (or near-infrared) laser pulse
with strong enough pulse energy to generate detectable SFG signal. If the visible and IR pulses are
generated from the same laser source, they can be directed to the surface simultaneously to generate
the SFG signal. This is the case in the conventional BB-SFG-VS, and the scanning SFG-VS. However,
to generate a sub-1 cm™ visible laser pulse, which is with a time width of ~15 ps for a transform-
limited Gaussian pulse, or much longer than 15 ps if not transform-limited,** from a broad sub 100 fs
laser pulse (usually more than 150 cm™ broad), is very inefficient energy-wise. Typically, with the 4f
pulse-shaping scheme as used in many conventional BB-SFG-VS, only about 1/150 of the total
energy can be used to take a less than 1 cm™ band from the broadband of 150 cm™! of the stretched
100 fs visible pulse, not enough to generate SFG signal for effective detection in most cases. This is
why the spectral resolution in the conventional BB-SFG-VS is typically 10 cm™ or more.!! There are
a few SFG-VS works using second-harmonic band compression (SHBC) to generate narrow band
visible light from the 100 fs broadband pulse with an efficiency as high as 25%.2% %2 Typically, in the
SHBC approach, a short femtosecond visible pulse is splitted into two beams, both stretched into
multiple picoseconds, and the group velocity dispersions (GVD or chirping) of the two pulses are
fine-tuned in opposite directions with a pair of grating-based dispersive units (GBDU), respectively,
before being sent into a doubling crystal to generate picosecond pulses in the second harmonic
wavelength with significantly compressed bandwidth.** In principle, if the two pulse are stretched
long enough and their chirps are controlled ideally, it would have been possible to generate SHBC
pulses with sub-1 cm™ band width. Therefore, the SHBC approach seems to be much more promising
in achieving better spectral resolution, possibly with sub-1 cm™ spectral resolution, and with enough

pulse energy for SFG-VS measurement. However, using GBDU to accurately control the stretches
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and the chirps of the two pulses for generating the sub-1 cm™! narrow bandwidth in SHBC may take
tremendous efforts. The resolution reported so far for SHBC in SFG-VS is no better than 3 cm™. 232
35 Until now, synchronization of a picosecond and a femtosecond lasers systems at 1 kHz remains the
only successful approach for sub-1 cm™! HR-BB-SFG-VS.4 7 10-11. 19,34, 36-39

Recently, it has been demonstrated that well-designed chirped volume Bragg gratings (CVBG),
a small piece of precision optical device consists of multiple photorefractive glass plates, can be used
to stretch femtosecond pulses into ~100 ps pulses with well-tuned large positive and negative group
velocity dispersions (GVD). A pair of such pulses with opposite GVDs (chirps) can be used to
generate second harmonic pulses with bandwidth well below sub-1 cm™ through the SHBC
processes. 042

In this work, we report a 100 kHz sub-1 cm™ HR-BB-SFG-VS with SHBC using the CVBG
technology. With CVBG and SHBC, intense ~100 picosecond laser pulses at 517 nm (with a
bandwidth of about 0.16 cm™) was successfully generated from 150 fs laser pulses at 1030 nm, with
an efficiency of ~ 26% out of the total input energy, ensuring narrow enough bandwidth and strong
enough energy for sub-1 cm™' HR-BB-SFG-VS measurement. With this sub-1 cm™ HR-BB-SFG-VS
system, we successfully measured the sub-1 cm™ resolution SFG spectra of the air/DMSO aqueous
solutions interfaces, and the air/D>O interface with a resolution of ~0.6 cm™'. The power densities of
the visible and IR pulses were carefully controlled to achieve about 3 times of the signal of that of
the HR-BB-SFG-VS system with synchronized ps and fs lasers. Furthermore, no apparent surface
heating effect was observed even for the air/D20O interface which has a three orders smaller signal
than the air/DMSO interface, making this 100 kHz SFG system sensitive and reliable enough to be
applied to other liquid interfaces. This sub-1 cm™! HR-BB-SFG-VS system is cost-effective, highly-
efficient, less space-demanding, and the spectra obtained are with high SNR, making it highly
adoptable in laboratories for surface and interface spectroscopy structure and dynamics studies. The
same CVBG technology can also be readily extended to other multiplex nonlinear optical

spectroscopies into the sub-1 cm™! resolution regime, such as the femtosecond stimulated Raman
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spectroscopy (FSRS) and the coherent anti-Stokes Raman spectroscopy (CARS), etc.

2. Experiments

Experimental setup. The 100 kHz sub-1 cm™ HR-BB-SFG-VS is based on a 10 Watts, 150 fs and
1030 (£ 10) nm femtosecond Yb:KGW tunable repetition-rate laser system (Pharos, Light Conversion,
Ltd., Lithuania). It can also be constructed using other similar laser systems with much less cost, such
as femtosecond fiber lasers with slightly different parameters, or with higher pulse energy for pump-
probe SFG-VS experiment. Such effort is underway in our laboratory. Figure 1 is the schematic
drawing of the system including the laser system, the second harmonic band compression (SHBC)
unit for sub-1 cm! picosecond pulse generation, the optical parametric amplifier (OPA) unit for
broadband IR generation, and the HR-BB-SFG-VS unit for SFG-VS experiment. The 10 Watts 1030
nm 150 fs laser beam out of the Yb:KGW laser system is polarized vertically (p-polarized), and is
rotated into 45° polarization using a half-wave plate (HWP1). Then, a thin film polarizer (TFP) splits
the power of this laser beam equally to pump the SHBC unit and the OPA unit, respectively. The
whole experimental setup can be easily accommodated on a 3*1.5 m optical table, available in most

laser laboratories.
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Figure 1. Experimental setup of the 100 kHz sub-1 cm™ HR-BB-SFG-VS. Half of the energy of the 10 Watts 1030 nm

Yb:KGW laser is used to generate the ultra-narrowband visible pulse from the SHBC unit using a chirped volume Bragg

grating (CVBG), and another half is used to pump an IR optical parametric amplifier (OPA) unit to generate broadband
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IR pulses in the range of 2200-4000 cm™'. The visible pulse and the broadband IR pulse are sent to the HR-BB-SFG-VS
unit for SFG measurement. M1: dielectric high reflection mirror for 1030 nm; M2: dielectric high reflection mirror for
517 nm; GM: parabolic gold mirror for broadband IR; AM: Aluminum mirror used for SFG signal; DM: dichroic mirror,
highly reflective (HR) at 1.03 um/2.6-3.6 pm, and highly transmitting (HT) at 1.4—1.7 pm; TFP: thin film polarizer, HWP
(1-8): half-waveplate, respectively; FL (1-12): focusing lens; PH: pin hole; Ge: Germanium Long pass filter; GP: Glan
prism; CVBG: chirped volume Bragg Grating; LBO: crystal for second harmonic generation; YAG: crystal for white light
generation; PPLN: periodically poled lithium niobate (PPLN) crystal. All the optics are with the diameter of 25.4 mm
from the Union Optics, Inc. China, except those specified.

SHBC Unit using CVBG. The s polarized (horizontally polarized) light reflected from the first TFP
is rotated into 45° polarization. Then, the beam diameter is reduced with a ratio of 2:1, before being
sent into a second TFP for beam splitting into equal power. The beam diameter needs to be reduced
because the chirped volume Bragg grating (CVBG, CBG-1035-9, 14*5*5 mm, from the OptiGrate
Corp., U.S.A.) only have an aperture of 5 mm. The ~2.5 Watts reflected s-polarized beam is guided
into the back of the CVBG with an angle smaller than 5° from the long axis *' with two reflecting
mirrors (M1) for 1030 nm to generate a beam with positively chirp. The angle itself is not crucial, but
it has to be small enough to enter and exit from the 5*5 mm aperture of the CVBG crystal. The ~2.5
Watts transmitted laser beam with p-polarization is directly sent into the CVBG with the same angle
from the long axis, and the reflected beam is with negative chirp. This negatively chirped pulse is
properly delayed and rotated into s-polarization with a half-wave plate (HWP3) before being
combined with the positively chirped beam. Both beams are focused (with focusing lens FL7, FL=250
mm) and are spatially and temporally overlapped on an LBO crystal for second harmonic generation
(SHG). The stretching factor of this CVBG (CBG-1035-9) is 9 ps/nm and the maximum stretching
time is ~115 ps. Thus, the 150-fs pulse with a bandwidth about 10nm is stretched into a 90 ps pulse
with a nearly linear chirp. The laser beam entering the opposite direction of the CVBG is chirped in
opposite sign. Thus, with the positively and negatively chirped pulses, the SHG pulse generated from
the LBO crystal (Type I, 90°/13.8°, AR coated for 1030 + 15 nm and 515 &+ 15 nm on both sides, size
5*5*5 mm, Fujian Crystoke Photoelectric Technology Co., Ltd, China) has a 90 ps full width at half
maximum (FWHM) and is nearly transform-limited. Measurement results in Figure 2 show that the
center wavelength of the SHG is 19329.2+ 0.1 cm™ (517.35 £ 0.01 nm), and the bandwidth measured

with a 750 mm focal length spectrograph (Shamrock 750, 1800 I/mm, 500 nm blaze, Andor Co. Ltd.,
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UK) is 0.65 £ 0.01 cm™. The maximum power of the 517 nm light is 1.3 Watts, a 26% conversion
efficiency out of the 5 Watts total input power. This provides strong enough power and narrow enough
bandwidth for sub-1 cm™' HR-BB-SFG-VS measurement. 0.60 cm™ is about the limit of spectral
resolution for our 750 mm spectrograph. The actual line width of the 90 ps pulse can be much
narrower than the 0.65 cm™ FWHM shown in Figure 2 if measured with spectrometer with higher
spectral resolution. A transform-limited 90 ps pulse has a linewidth of about 0.16 cm™'. In order to be
able to measure SFG-VS signal with such linewidth, spectrograph with better resolution is required ,
and will be implemented in the future.

This approach of using CVBG to generate positive -negative chirped pulse pair is simple and
straight forward.*!"*> The time span of the linearly chirped pulse pair is determined by the band width
of the input beam times the stretching factor which is specially designed for each CVBG crystal for
specific optical wavelength, which is 9 ps/nm for 1030 nm in this work. The FWHM bandwidth of
the 150 fs pulse is about 10 nm, resulting a stretched pulse of ~90 ps. Using a 300 fs pulse at 1030
nm may result in a ~45 ps stretched pulse, with a transform-limited band width of ~0.33 cm™.
Therefore, there is a broad room for the CVBG technology be broadly applicable in nonlinear
spectroscopy with pulse of mixed time width and band width. As far as we have known, the work

reported here is the first time using CVBG technology for nonlinear spectroscopy studies.
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Figure 2. Spectrum (A) and pulse width of the laser pulse generated from the SHBC unit. Panel A. The FWHM of
visible pulse at 19329.2 £ 0.1 em™ is 0.65 £0.01 cm™! fitted with a Gaussian function. Panel B. The time profile of
the 517.35+0.01 nm pulse measured with SFG cross-correlation measurements with a 150 fs IR pulses. The FWHM
is 90.5 + 0.1 ps fitted with a Gaussian function.

OPA Unit. The OPA unit uses the configuration with one stage optical parametric amplification with
a periodically poled lithium niobate (PPLN) crystal, coving ~2200-4000 cm™ (~4550-2500 nm) in
the IR range.?”-3? Similar configuration using a LiGaS; crystal can extend IR range to ~900-3200 cm’
! (~11000-3100 nm).** The 5 Watts p-polarized beam is used to pump the OPA unit. The p-polarized
(vertically polarized) light is rotated into polarization angle of 71.6°, making the s-to-p beam powers
with a 90%:10% ratio, and separated the s and p beams with a TFP. The transmitted p polarized light
with about 10% power (~50 pJ per pulse) is loosely focused (FL3, 75 mm focal length) on an c-cut
YAG plate (5*5*5 mm, CASTECH Inc.) to generate broad supercontinuum light. The
supercontinuum light beam is collected with a focal lens (FL4, FL = 500 mm), and guided with two
gold mirrors (GM) into the PPLN crystal (AR-coated, 5% MgO-doped fan-out type II, 10*3*3 mm
size, HC Photonics Corp., Taiwan, China) for IR frequency generation through the optical parametric
amplification (OPA) process in the PPLN crystal, pumped with the s-polarized 1030 nm beam with
the 90% of the total power. The beam diameter of the supercontinuum beam entering the PPLN crystal
is about 125 pum. The supercontinuum beam and the 1030 nm pump beam are combined collinearly
using a dichroic mirror (DM, 90% reflection at 1030 nm, and 90% transmission (HT) in the range of
1.2 um-1.7 um). By horizontally moving the PPLN crystal and by adjusting the delay time through
moving the two GM mirrors, the idler beam with broad IR spectral bands covering the range of ~
2200-4000 cm! with bandwidth (FWHM) in the range of 250 to 450 cm™, respectively, can be
generated. This idler beam is guided with a pair of gold mirrors (GM) and collimated with an IR
transmitting CaF» focal lens (FL4, 200 mm focal length). The idler beam passes through the Ge filter
(25.4 mm diameter, 1.5 mm thickness, Edmund, Inc., U.S.A.). Then, it is delivered to the SFG-VS
unit using a couple of gold mirrors (GM). Typically, the output power of the OPA unit measured, at

the sample without purging of H2O and CO:z in the air, is ~200 mW at 100kHz, i.e. 2 pJ per pulse, at
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~ 3.3 pm; about 80 mW around 2.5 um (4000 cm™); and 40 mW around 4.5 um (2200 cm™). The

typical IR power and the band profiles are showing in Figure 3. The average power, band position

and the FWHM of each band is listed in Table 1.

Table I. Broadband IR band energy and profile parameters in Figure 3.

Power (mW)  Position (cm?) FWHM (cm™)

70 3684 265
130 3539 450
150 3340 285
160 3235 255
185 3141 250
190 3026 250
160 2902 365
150 2750 240
145 2665 240
130 2563 235
120 2495 200
110 2396 93
45 2283 95

200
160—_
120
80
40

x 10
3.0

2.5
2.0
1.5
1.0
0.5
0.0 =

SFG Intensity (counts/30s) : Power (mW)

2500 3000 3500 4000

Wavenumber (cm™)

Figure 3. (Upper Panel): Average power of the IR bands from the OPA unit at the sample. (Lower Panel):
represents the non- IR bands from the OPA unit measured with the non-resonant SFG from z-cut a-quartz reference
crystal surface. Purging in the IR beam path is required to remove the absorption of the water and the CO, vapors
for the IR bands in the 3500-4000 cm™ region and the 2200-2300 cm! for better SFG measurement.

HR-BB-SFG-VS Unit. The setup of the HR-BB-SFG-VS unit (Figure 1) is similar to typical BB-
SFG-VS reported previously.!® Both the visible and the IR beams are polarization controlled and
simultaneously focused on the surface of the sample. The incident angles from the surface normal are
65° for the visible beam and 50° for the IR beam, respectively. To achieve sub-1 cm™ spectral

resolution, the SFG signal is collected and delivered into a 750 mm spectrograph (Shamrock 750,
1



1800 lines/mm 500 blaze grating, Andor Co. Ltd., UK) and recorded with a thermoelectrically cooled

(—80°C) Electron-Multiplied CCD (EM-CCD) camera (Newton 971P, back-illuminated, 1600 x 400

pixels, 16 pm? pixel size, Andor Co. Ltd., UK). Background signal with a 1 ns delay of the visible
pulse against the IR pulse is subtracted from the measured SFG signal. Then, it is normalized to the
SFG signal from a thick z-cut quartz (10*10*10 mm, Simona Synthetic Crystals, Co. Ltd., China)
reference, oriented in its x direction.!® * All data were taken with an entrance slit width of 50 pm of
the Shamrock spectrograph. Further reduction of this slit width resulted decrease of the signal level
without increasing the spectral resolution.

Typically, a 2-minutes exposure of the CCD camera was used for collecting data for the
air/DMSO (Dimethyl Sulfoxide, > 99.7%, No. 472301 from Sigma-Aldrich) and air/ DMSO aqueous
solution interfaces, and 10 minutes exposure for the air/D>O (Deuterium Oxide, > 99%, No. 435767
from Sigma-Aldrich) interface. Distilled water after the treatment of a Millipore purifier (Milli-Q, IQ
7000, Millipore-Sigma) is used for preparing DMSO aqueous solutions.

All measurements are conducted under ambient conditions in a controlled clean room, with the

room temperature at 21.0° £+ 0.1° and the humidity at < 40%.

3. Results and Discussions

With this new sub-1 cm-1 HR-BB-SFG-VS instrumentation, spectra of the air/fDMSO aqueous
solution interface and air/D20 interface were successfully obtained. The signal levels of these liquid
interfaces differ by three orders of magnitude, and their spectra are with excellent signal-to-noise ratio
(SNR) and are without observable heat effect. In addition, with the sub-1 cm™ spectral resolution,
novel phenomena of the change of the spectral line shape and line width with dilution were observed
for the air/DMSO aqueous solution interfaces.

HR-BB-SFG-VS of air/DMSO aqueous solution interface. SFG spectra of Air/DMSO is measured
to benchmark this new sub-1 cm' HR-BB-SFG-VS instrumentation (Figure 4A). The spectrum of

air/neat DMSO interface in the ssp polarization combination, with s the SFG signal polarization, s
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the visible polarization, and p the IR polarization, respectively, is nearly with the same lineshape as
the air/neat DMSO spectrum with the 1 kHz sub-1 cm™ HR-BB-SFG-VS measurement reported
previously.!” Here, s denotes the polarization perpendicular to the visible and IR incident plane, and
p the polarization in the incident plane. The FWHM of the peak centered at 2916.5 = 0.1 cm™ is 8.7
+ 0.1 cm™, in comparison to that of 2916.88 + 0.07 cm™! and FWHM = 8.8 + 0.1 cm! reported
previously.!” These values agree with each other within less than 0.1 cm™. The visible frequency in
this work is about 517 nm, i.e. SFG signal is around 450 nm; while that of the 1 kHz system was
about 800 nm, i.e. SFG signal around 650 nm. The spectra resolution using the same spectrograph,
grating, slit width and CCD camera is lower for the 450 nm region than that of the 650 nm region,
with a factor of (650/450)?= 2.1. Therefore, the SFG spectra lineshape in this new sub-1 cm™ HR-
BB-SFG-VS can be improved by using spectrograph with higher spectral resolution in the future.
Also measured are twelve spectra for the air/DMSO aqueous solution interfaces, with the mole
fraction of DMSO changed from 0.90 to 0.01. These spectra showed a monotonic blue shift of the
peak position and reduction of the peak intensity with the decreasing of the DMSO bulk concentration.
In addition, the FWHM of the peak also reduced monotonically with the decreasing of DMSO
concentration, i.e., from FWHM =8.7 + 0.1 cm™ at 2916.6 + 0.1 cm™ with x = 1.0 to FWHM = 4.4
+0.2 cm™ at 2925.8 + 0.2 cm™! peak with x = 0.01. The peak positions, FWHMSs and amplitudes fit
with a Lorentzian lineshape are listed in Table II. Similar peak shift was observed before for the
air/DMSO aqueous interfaces with lower spectral resolution; while such FWHM change was not
possible with a spectral resolution of 17 cm™ of the SFG spectrometer used.*’ Such significant change
of FWHM by 4.3 cm’! from 8.7 to 4.4 cm™ over 12 concentrations can only be accurately monitored
with the excellent spectral resolution and accurate lineshape made possible with the sub-1 cm™ HR-
BB-SFG-VS. The decrease of the FWHM of the ~2917 cm™ peak from 8.7 to 4.4 cm™ with the
dilution of DMSO with water is surprising, which is also a unique phenomenon for the air/DMSO
aqueous interfaces. In the DMSO aqueous bulk solution, this peak actually became broader with

dilution.***” It is known that the ~2917 cm™! peak of the air/neat DMSO interface, appearing to be a
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nice single peak, actually contains two closely overlapping peaks separated by about 2.7 cm™ with
their respective central wavelengths, which were first observed and resolved with the 1 kHz sub-1
cm™ HR-BB-SFG-VS a decade ago.!® The importance of such data is that they provide explicit new
evidence of the subtle interactions and conformational changes at the liquid interface. What happened
to these two overlapping peaks is under further investigation for future report. Nevertheless, these
new data of the air/DMSO aqueous solution interfaces with the 100 kHz sub-1 cm™ HR-BB-SFG-VS
suggest unique detailed structural and interaction changes at these interfaces. It also explicitly
suggests that the new opportunities from the sub-1 cm™ HR-BB-SFG-VS experimental measurement
require more accurate theoretical understanding, not only on the simple liquid interfaces, but also on

the complicated material and biological interfaces as well.
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Figure 4. The ssp polarization HR-BB-SFG vibrational spectra of -CH3 symmetric stretching of DMSO molecules
at the air/ DMSO aqueous solution interface (mole fraction x = 1.0, i.e. pure DMSO, to x=0.01, diluted 100 times).
Panel (A): ssp polarization HR-BB-SFG vibrational spectra of -CH3 symmetric stretching of DMSO molecules at
the air/ DMSO aqueous solution interface. Panel (B): ssp spectra of the air/DMSO aqueous solution interfaces
(mole fraction x = 1.0, i.e. pure DMSO, to x= 0.01, diluted 100 times). The insert figure are spectra without
expanding the x-axis. Panel (C): Peak position and linewidth (FWHM) with Lorentzian fittings of the spectra in
Panel (B). HR-BB-SFG-VS successfully captured the gradual spectral blue shift and the band width reduction with
dilution. For example, FWHM = 4.4 + 0.2 cm™!' at 2925.8 + 0.2 cm™! peak with x = 0.01, and FWHM = 8.7 + 0.1
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cm! at 2916.6 + 0.1 cm™! with x = 1.0, respectively.

Table 1I. The ssp polarization HR-BB-SFG vibrational spectra of -CH3 symmetric stretching of DMSO molecules
at the air/ DMSO aqueous solution interface parameters in Figure 4.

DMSO Mole fraction  Position (cm™) FWHM (cm™)  Lorentzian Amplitude

1.00 2916.5 +0.1 8.7+0.1 0.112 +0.005
0.90 2917.1 +0.1 8.5+0.1 0.099 +0.005
0.80 2917.6 +0.1 8.4+0.1 0.093+0.005
0.70 2917.7 0.1 8.3+0.1 0.092+0.005
0.60 2918.4 +0.1 8.2+0.1 0.086+0.005
0.50 2919.0 +0.1 7.8+0.1 0.075+0.005
0.40 2920.1 +0.1 7.6=+0.1 0.068+0.005
0.30 2921.2 +0.1 7.0+0.1 0.058+0.005
0.20 2922.3+0.1 6.9+0.1 0.046=+0.005
0.10 29235 +0.1 6.2 +0.1 0.035+0.005
0.05 29243 +0.1 59+0.1 0.026+0.007
0.025 2925.2 +0.2 5102 0.020+0.007
0.01 2925.3 0.2 4.4 +0.2 0.012+0.007

Control of Heating Effects. Controlling of the focus of the visible and the IR beams at the air/DMSO
interface is crucial for obtaining SFG signal with enough sensitivity and for making sure the SFG
signal is not subjected to the accumulative heating effects near the surface, particularly from the
absorbing IR beam. Surface heating in the region near the liquid interface has been a known issue in
SFG measurement.>%-3!

Figure 5 shows the HR-BB-SFG-VS spectra of the CH3- groups from the air/DMSO surface
results with the same visible (~750 mW at 517.36 nm @ 100 kHz) and IR (~190 mW centered at
2910 cm™ @100 kHz) powers under two sets of focusing conditions and each at four repetition rates,
1.e. 100, 50, 33 and 10 kHz, respectively. The visible or the IR power is reduced proportionally when
the repetition rate is reduced in the range of 100 to 10 kHz. The spectra in Panel A used a focal lens
of FL = 250 mm for the visible beam and FL =45 mm for the IR beam, and the focusing point is on
the interface. This set of spectra has significantly higher noise level and the spectral width also
changes significantly with the repetition rate, as shown on the plot in Panel C and D, while the peak
position remains roughly the same. Lowering the repetition rate delivers lower total power of both

visible and IR beams at the interface, resulting in lower signal intensity. The peak intensity is reduced
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from about 10 counts per second (1200 counts/120 second shown in Panel A at 100 kHz, to about 2
counts per second at 10 kHz; and the S/N ratio is reduced from about 23:1 to about 8:1; while the
spectral FWHM is from 9.7 £ 0.2 cm™ to 8.5 + 0.4 cm™'. Such power dependence of the spectral SNR
and particularly the FWHM values is due the heating of the sample. By reducing the laser power
density at the solution interface, particularly for the IR beam, such effects are effectively eliminated,
as shown in Panel B. The spectra in Panel B used a focal lens of FL = 270 mm for the visible beam
and FL = 60 mm for the IR beam, and the focusing point of each beam is moved 10 to 20 mm above
the liquid interface to avoid direct heating of the liquid phase. With this adjustment, the spot size of
the visible beam at the interface is kept larger than that of the IR beam. In comparison to the data in
Panel A, the noise level of spectra in Panel B is significantly reduced, and the SNR is improved, e.g.
to 120:1 at 100 kHz and 40:1 at 10 kHz with the same visible and IR power. Most importantly, the
FWHM of the spectra at different repetition rate remained unchanged as 8.7 + 0.1 cm™! for all these
rates. The 100 kHz spectrum also shows that the peak intensity at ~ 2917 cm™ is as high as 23 counts
per second (2800 counts per 120 seconds), which is about 3 times of that from the same air/DMSO
interface measured with the 1 kHz sub-1 cm™ HR-BB-SFG-VS reported previously.!® This signal
sensitivity still has room for improvement with the change of laser power and with careful controlling

of the focusing and overlapping conditions of the visible and IR beams.
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Figure 5. The HR-BB-SFG-VS spectra of air/DMSO interface in the C—H stretching region measured at different

laser repetition-rates at 10 kHz, 33 kHz, 50 kHz and 100 kHz, respectively. These are the raw spectra, i.e. they are

not normalized to the signal from the z-cut quartz crystal surface. Panel (A): The air/DMSO surface with VIS (FL:
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250 mm) and IR (FL: 45 mm) of focusing condition 1 (FC1). Panel (B): The air/DMSO surface with VIS (FL: 270
mm) and IR (FL: 60 mm) of focusing condition 2 (FC2). Panel (C): The calculated signal-to-noise ratio and Panel
(D): peak position and spectra linewidth FWHM of with two focusing conditions (FC1 and FC2) at 10 kHz, 33 kHz,
50 kHz and 100 kHz, respectively.

HR-BB-SFG-VS spectrum of the air/D:20 interface. Figure 6 shows the 100 kHz sub-1 cm™ HR-
BB-SFG-VS spectra of the air/neat D>0O interface in the O-D stretching region. This is the first report
on the sub-1 cm™! HR-BB-SFG-VS spectra of the air/neat D,O interface. The spectrum was patched
together from tree spectra with different central frequencies of the IR beam. In these three spectra,
the power of the visible beam is ~ 900 mW, and the power of the IR beam is 150 mW for the three
central frequencies, i.e. 2900, 2700 and 2500 cm™!, respectively. In comparison to the BB-SFG-VS
spectra of the air/D»0 interface with lower spectral resolution (usually with spectral resolution larger
than 10 cm™),*-! the spectrum reported here has less noise and improved lineshape. Here, the peak
intensity of the free O-D peak at ~ 2740 cm™! is about 20% higher than that of the hydrogen-bonded
peak ~ 2490 cm’!; while in previous BB-SFG-VS spectra, the free O-D peak intensity is in general
lower or not higher than that of the hydrogen-bonded peak. This is the preliminary report on the HR-
BB-SFG-VS spectrum of the air/D,O interface. Improved and systematic measurement on the air/D>O
and air/H,O HR-BB-SFG-VS spectra is underway in our laboratory, with the addition of the purge
for CO; and H>O in the IR beam path.

It is known that the SFG signal of the air/H2O and air/D;0 interfaces are among the smallest of
the liquid interfaces. In Figure 6, the intensity of the free O-D peak at ~2740 cm™ is about 1.1 x 10
as normalized to the SFG signal reflected from the z-cut quartz crystal surface, which is about 1000
times smaller than that of the 2917 cm™! peak of the air/neat DMSO interface spectrum, i.e. about 0.11
normalized, as in Figure 4. Here, no apparent heating effect in the spectrum of the air/D,0 interface
was observed with the same focusing condition as in the measurement of the air/DMSO interface.
The success to measure the SFG spectrum of the air/D»0O interface with good spectral quality indicates
that this 100 kHz sub-1 cm™' HR-BB-SFG-VS spectrometer is broadly applicable to studies of

molecular interfaces, even with several orders smaller SFG signal than that of the air/DMSO interface.
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Figure 6. Sub-1 cm™! HR-BB-SFG-VS spectra of the air/D,O interface in ssp polarization combination. The DO
signal was acquired over 60 minutes, and it is normalized to the reference signal of the thick z-cut quartz crystal,
which was acquired over 30 seconds. The spectrum below 2400 cm™ is not presented as the IR beam is not purged
to avoid the significant IR absorption by the ambient CO; in the IR beam path.

4. Conclusions

In summary, a 100 kHz sub-1 cm™ high-resolution broadband sum frequency generation
vibrational spectrometer (HR-BB-SFG-VS) is successfully built for broad applications in molecular
interface studies. This sub-1 cm™ high-resolution spectrometer is based on the OPA and SHBC unit
pumped by a single femtosecond laser source, without complicated and costly systems, such as the
synchronization of two laser amplifiers,® or the system with two amplifiers with different pulse
widths using a common seed pulses.?> 2 Data from the air/DMSO aqueous solution interface and
air/D-20 interfaces show that the heating effect from 100 kHz laser can be effectively managed
through control of the focusing conditions of the visible and IR beams, and the sensitivity of the
spectra with high SNR and high-quality lineshape can be effectively achieved. This low-cost, space
saving, and relatively easy to construct high-repetition rate sub-1 cm™* HR-BB-SFG-VS system can
be easily adopted in many academic and research laboratories, and it may gradually phase-out the
currently widely used more costly conventional BB-SFG-VS systems, associated with significantly
lower spectral resolution and more significant spectral distortion.!!

For interfaces with non-doubly resonant SFG-VS, such as the air/DMSO interface, the spectrum
taken with this 100 kHz sub-1 cm™ HR-BB-SFG-VS system with ~517nm visible wavelength is
almost identical with the spectrum from the 1 kHz sub-1 cm™ HR-BB-SFG-VS using 800 nm visible
wavelength.'® For interface that is doubly-resonant (DR),%>52 tunability of the visible wavelength in

a broad range is required. Several approaches to generate tunable sub-1 cm™ pulses in different visible
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wavelength are possible. Using CVBG-SHBC with different center wavelengths after a tunable OPA
with enough power is one; while another possibility is to pump a narrow band OPA with the sub-1
cm™ pulses generated from the CVBG-SHBC. Here, the picosecond amplifier in the 1 kHz sub-1 cm"
! HR-BB-SFG-VS system using the synchronized ps-fs amplifiers has enough power to pump narrow
band OPA in generating sub-1 cm™ pulses in the visible region. Despite its disadvantage with high-
cost and the demand for significantly more space, the approach with synchronization of ps-fs
amplifiers for sub-1 cm™® HR-BB-SFG-VS is still valuable and irreplaceable for many advanced
applications. Finally, with high-power fiber lasers at higher repetitions rate, multiple OPAs can be
used to generate sub-100 fs pulses tunable in the broad IR and visible ranges. Combining with the
CVBG-SHBC approach to generate sub-1 cm™ visible pulses, it is readily feasible to develop other
broad band pump-probe and multi-dimensional nonlinear spectroscopies, with sub-1 cm™ spectral
resolution and sub 100 fs time resolution, such as multi-dimensional SFG-VS, femtosecond
stimulated Raman spectroscopy (FSRS), and coherent anti-Stokes Raman spectroscopy (CARS), etc.
At any rate, with the successful measurement on the liquid interfaces reported here, now the sub-1
cm HR-BB-SFG-VS is also in the 100 kHz era. With such development, many new discoveries will

follow.
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