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Characterization of real-time and ultrafast motions of the complex molecules at surface and
interface is critical to understand how interfacial molecules function. It requires to develop
surface-sensitive, fast-identiﬁcation, and time-resolved techniques. In this study, we employ
several key technical procedures and successfully develop a highly sensitive femtosecond
time-resolved sum frequency generation vibrational spectroscopy (SFG-VS) system. This
system is able to measure the spectra with two polarization combinations (ssp and ppp,
or psp and ssp) simultaneously. It takes less than several seconds to collect one spectrum.
To the best of our knowledge, it is the fastest speed of collecting SFG spectra reported
by now. Using the time-resolved measurement, ultrafast vibrational dynamics of the N−H
mode of α-helical peptide at water interface is determined. It is found that the membrane
environment does not aﬀect the N−H vibrational relaxation dynamics. It is expected that
the time-resolved SFG system will play a vital role in the deep understanding of the dynamics
and interaction of the complex molecules at surface and interface. Our method may also
provide an important technical proposal for the people who plan to develop time-resolved
SFG systems with simultaneous measurement of multiple polarization combinations.
Key words: Femtosecond time-resolved, Sum frequency generation vibrational spectroscopy, Ultrafast vibrational dynamics, Multiple polarization combination measurement,
Chiral

fore, only molecular information at static states is obtained. However, static information is not always sufﬁcient to characterize the molecular behaviors and interactions occurred at surface and interface [11]. Generally, the interfacial chemical reactivity and biological
processes involve many ultrafast motion in the timescale
from hundreds femtosecond (fs) to picosecond (ps), for
example, the formation of equilibrium surface structures, hydrogen-bond breaking and reorganizing, occurrence of the chemical transformations on surfaces, ultrafast electron and energy transfer at the interface, allosteric communication in proteins, and the vibrational
mode coupling [11, 22−33]. To monitor such ultrafast
motion at the interface, it requires to develop highly
sensitive, fast-identiﬁcation, and time-resolved SFG-VS
technique.
Femtosecond broad-band infrared SFG system (BBSFG) developed recently can greatly fasten the speed
of collecting the spectra owing to the high repetition
rate of femtosecond laser and a broad-band infrared
beam used [34−38]. It exhibits great potentials in capturing the fast dynamic processes. For instance, Yan
group achieved the dynamics of hIAPP misfolding at
the DPPG monolayer/water interface in minute-time
scale [39]. Totally, it still takes more than one minute to

I. INTRODUCTION

Sum frequency generation vibrational spectroscopy
(SFG-VS) is a second-order optical laser technique.
Owing to its intrinsic sensitivity to the surface and
interface, it has been demonstrated to be a powerful
and label-free tool to identify the molecular structures
and dynamics at the surface and interface in diﬀerent
chemical environments [1−5]. It has been widely applied to investigate the structure and orientation of various interfacial molecules, ranging from small molecules
such as water and alcohol [6, 7], to complex systems of
polymers and biomolecules [8−15]. In previous studies, the SFG spectra were generated mainly using a picosecond narrow-band frequency scanning system (NBSFG) [16−21]. Although NB-SFG can oﬀer a measurement with high spectral resolution, it takes more
than ten minutes to acquire one spectrum. There-
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collect one spectrum of single polarization combination
in previous BB-SFG reports. There is still large space
to enhance the speed in collecting spectra. In addition,
orientation angle of a function group is one of important conformational information that SFG measures. It
can be deduced by measuring the spectral intensity ratio of diﬀerent polarization combinations [4, 40−44]. In
previous common experimental procedures, researchers
often ﬁrst collected the spectra with a polarization combination (for example, ssp) and then turned to another
polarization combination (for example, ppp) [10, 45,
46]. Therefore, such procedures do not allow to deduce
the real-time orientation information of irreversible processes. Furthermore, femtosecond time-resolved measurements by using an intense femtosecond or picosecond laser pulse pump followed by a BB-SFG probe can
provide direct information about the structural change
induced by the pump laser pulse, yielding a new light on
the translational and vibrational dynamics of interfacial
molecule, as well as interfacial electron/energy transfer
rates and pathways [27, 28, 47]. Currently only several
groups have constructed the femtosecond time-resolved
systems [24, 48−50] and the time-resolved researches in
these groups are mainly focused on the studies of small
molecules such as water [51]. Few applications of the
time-resolved SFG experiments on the interfacial complex molecular system were reported. Herein, we develop a highly sensitive femtosecond time-resolved SFGVS system with simultaneous measurement of multiple
polarization combinations. By adopting a near-totalinternal-reﬂection geometry to enhance the signals, it
takes only several ten milliseconds for the best case and
several seconds for the normal case to collect one spectrum. It can measure the spectra with two polarization
combinations (ssp and ppp, or psp and ssp) simultaneously. For the time-resolved measurement, the system
has a time-resolution of ∼100 fs and spectral resolution
of ∼5 cm−1 . We believe our time-resolved SFG system
will play a vital role in the deep understanding of the
dynamics and interaction of the complex molecules at
surface and interface.

II. MATERIALS AND SAMPLE PREPARATIONS

1,2-Ditetradecanoyl-sn-glycero-3-phospho-(1′ -rac-gly
cerol) (sodium salt) (DMPG) and 1-palmitoyl-2oleoyl-sn-glycero-3-phospho-(1′ -rac-glycerol) (sodium
salt) (POPG) lipids were purchased from Avanti
Polar Lipids (Alabaster, AL). D2 O (99.9% D) was
purchased from Sigma-Aldrich. WALP23 (sequence:
GWW(LA)8 LWWA) and LK7 β (sequence: LKLKLKL) with a purity of ≥98% were purchased from
Shanghai Apeptide Co., Ltd. GP41(sequence: AVGIGALFLGFLGAAGSTMGARS) with a purity of
≥95.1% was ordered from MyBioSource, Inc. DI
H2 O (with resistivity of 18.2 MΩ·cm) was produced
by a Milli-Q reference system (Millipore, Bedford,
DOI:10.1063/1674-0068/30/cjcp1706114
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FIG. 1 (a) 4-f pulse shaping system (G=grating, S=slit,
CL=cylindrical lens). (b) Polarization controller for the
SFG signals (GLP=Glan-laser polarizer, HWP=half-wave
plate).

MA). WALP23 and LK7 β (with the concentration of
2.0 mg/mL) were dissolved in methanol (purchased
from Alfa Aesar). GP41 was dissolved in hexaﬂuoroisopropanol (Aldich-Sigma). The DMPG and POPG
solution (with the concentration of 2.0 mg/mL) were
prepared in mixed solvents of chloroform and methanol
(with a volume ratio of 2:1) (purchased from Sinopharm
Chemical Reagent Co., Ltd.). The lipids and WALP23
solutions were kept at −20 ◦ C. Right-angle CaF2 prisms
were purchased from Chengdu Ya Si Optoelectronics
Co., Ltd. (Chengdu, China). All of the chemicals
were used as received. The substrate prism cleaning
and lipid bilayer preparation were carried out using a
standard procedure given in our previous report [17].

III. RESULTS AND DISCUSSION
A. Femtosecond broad-bandwidth sum frequency
generation system

We ﬁrst construct the femtosecond BB-SFG system using a high power regenerative ampliﬁer (Spectra
Physics, Spitﬁre Ace seeded by Mai-Tai SP). The average power of the ampliﬁer output at 800 nm is 5.0 W
with the bandwidth of 13 nm, pulse width of 100 fs,
and a repetition rate of 1 kHz. The output is split into
three fractions of 2.0, 2.0, and 1.0 W, respectively. The
ﬁrst fraction of 1.0 W is passed through a home-built 4-f
pulse shaping system (FIG. 1(a)) to generate a picosecond SFG visible probe, which is the key for the SFG
spectral resolution [52−55]. The 4-f pulse shaping system is composed of two gratings (1800 grooves/mm, PC
1800 25×25×6 NIR, Spectrogon, optimized at 800 nm),
two plano convex cylindrical lens with anti-reﬂection
coating (FL=200 mm, LJ1653L1-B, Thorlabs), and one
silt (VA100/M, Thorlabs). By tuning the slit, a picosecond narrow band visible light with a Gaussian proﬁle
can be produced.
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The second fraction of the pulse (2.0 W) is used for
the excitation of a commercial optical parametric ampliﬁer (Spectra Physics, TOPAS Prime) and collinear
diﬀerence frequency generation system (DFG, AgGaS2
crystal) to produce tunable broadband infrared pulses
(2.5−10 µm) for SFG probe. The left 2.0 W of the
output is used for the second TOPAS/DFG system to
produce the tunable infrared pulses (2500 nm−10 µm)
for exciting the vibrational modes in time-resolved SFG
system.
After we obtain the narrow band visible pulse and
broad-band infrared pulses, we align these two beams
in the same plane and send toward the sample with
incident angles of 45◦ and 60◦ relative to the sample
surface normal, respectively. Before the beams are sent
to the sample surface, the narrow band visible beam energy is modulated by a combination of a zero-order halfwave plate (10RP02-46, Newport) and a Glan-Laser polarizer (10GL08AR.16, Newport). Its polarization is
controlled by a combination of a Glan-Laser polarizer
(10GL08AR.16, Newport) and a zero-order half-wave
plate (10RP02-46, Newport). The IR beam is passed
through an optical delay (XPS, Newport) to control the
timing. The beams are focused and overlapped at the
sample surface by using oﬀ-axis parabolic bare gold mirror (FL=150 mm, 84-591, Edmund Optics) for IR, and
plano-convex lens (FL=750 mm, SPX032AR.16, Newport) for visible beam, respectively. The beam diameters at the focusing point are determined to be approximately 200 µm. The IR beams are protected by a
home-built chamber purged with dry gas (dry gas generator, Peak Scientiﬁc) to avoid the IR energy loss due to
water vapor absorption. The SFG signals in reﬂection
direction pass through plano-convex lens (FL=150 mm,
Thorlabs), a Glan-laser polarizer (10GL08AR.16, Newport), an achromatic half-wave plate (15RP52-1, Newport)(FIG. 1(b)), a notch ﬁlter (NF808-34, Thorlabs),
and a plano-convex lens (FL=100 mm, Thorlabs), are
then focused into a spectrograph (Shanrock 303i). The
resulting spectra are captured by an ICCD (Andor istar 734). The gate pulse width of ICCD is set to be
20 ns. The time-zero is determined by monitoring the
infrared-visible sum-frequency signals as a function of
the delay between the IR probe and the visible pulses.
After ﬁnishing construction of the BB-SFG system, we ﬁrst calibrate the monochromator by using
435.83 nm line of mercury vapor lamp and then test
the properties of the system. When the slit in 4-f pulse
shaping system is set to 30 µm, a picosecond pulse centered at 801.0 nm with the output of ∼15 µJ and bandwidth of 0.33 nm is achieved, resulting a spectral resolution of ∼5 cm−1 (FIG. 2(a)). A nonlinear SFG signal
from the surface of GaAs is used to determine the IR
proﬁle. The power and bandwidth of the IR pulses at
diﬀerent frequency are given in Table I and FIG. 2(b).
Finally, we use two real samples to examine the spectral resolution and speed to collect the spectra. To enhance the SFG signals, a near-total-internal-reﬂection
DOI:10.1063/1674-0068/30/cjcp1706114
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TABLE I Typical IR powers and full width at halfmaximum (FWHM) for the spectral regions shown in
FIG. 2(b).
Wavelength/nm
2700
3000
3100
3400
4700
6000
8000

Power/µJ
8.7
18.7
21.2
26.7
24.3
12.8
6.9

FWHM/cm−1
191
183
167
147
129
168
173

FIG. 2 (a) Spectrum of the 800 nm beam after pulse shaper.
(b) IR energy profiles in different spectral regions.

geometry is adopted. The energy of visible (801 nm)
and infrared (6000 nm) is 15 and 12.8 µJ respectively.
The ﬁrst sample is peptide LK7 β. The proton exchange
dynamics of LK7 β at air/water interface has been studied using BB-SFG by Yan et al. It is found that the
peptide forms an antiparallel β-sheet at amphiphilic
interfaces [56]. FIG. 3(a) shows the psp spectrum of
LK7 β ﬁlm coated on CaF2 prism with an acquisition
time of 18 ms. The SFG spectrum has been normalized
by the IR energy proﬁle of the IR pulses that was determined by measuring the SFG signals from the gold
layer coated at the prism. The spectrum is dominated
by two strong peaks at 1630 and 1660 cm−1 and a weak
peak at 1690 cm−1 , indicating that LK7 β ﬁlm adopts
an antiparallel β-sheet and β-turn structure [56]. It is
worth mentioning that the spectrum with a very high
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FIG. 3 (a) The psp spectrum of LK7 β coated at CaF2 prism
surface with an acquisition time of 18 ms. (b) The ppp
spectrum of WALP23 at the DMPG bilayer/H2 O interface
with 1 s acquisition time.

signal/noise ratio can be obtained with an acquisition
time of 18 ms, which is much faster than previous report [56]. To further conﬁrm that our system can collect the spectra in second-time scale, we performed another experiment by measuring the spectra of WALP23
at DMPG/H2 O bilayer interface, which is the common
environment for the interactions between the lipid membranes and peptides. It has been reported that WALP
forms continuous α-helices in the lipid bilayers [57, 58].
FIG. 3(b) shows the ppp spectrum of amide I band with
the acquisition time of 1 s. The spectrum is dominated
by a single peak at 1660 cm−1 . The peak position is
consistent with the 2D SFG results for the gold surfacebound α-helical peptide [59]. Either the spectrum of
LK7 β ﬁlm or WALP demonstrates that our BB-SFG
system has very fast spectral acquisition speed. To the
best of our knowledge, it is the fastest speed of collecting spectra reported by now. This system will provide
an important tool to look insight into the interfacial
real-time processes in second-time scale.

B. BB-SFG system with simultaneous measurement of
multiple polarization combinations

Knowledge of orientation angle and conformation
change in irreversible processes is critical to understand
the dynamic behavior, which requires to measure the
SFG spectra with multiple polarization combinations
simultaneously. To reach this approach, Bonn et al.,
adopted a beam-displacing prism to separate p- and
DOI:10.1063/1674-0068/30/cjcp1706114

s-polarized SFG signals, which were recorded at different heights on the CCD camera in BB-SFG system
[60]. However, the separation of the polarization components of the signals is insuﬃcient. To solve this problem, we employ two Glan-Laser polarizers to separate
the polarization components (FIG. 4(a)). Glan-Laser
polarizer has a extinction ratio (Tp /Ts ) of >105 :1. The
SFG signals are separated by the ﬁrst Glan-Laser polarizer (GLP1) where the p-polarized light traverses while
the s-polarized light reﬂects to the mirror (M1). After
separated by GLP1, the p-polarized light continues to
pass through the second Glan-laser polarizer. The spolarized light is reﬂected by another mirror (M2) and
GLP2, which can cause a 2.6 mm vertical displacement
between p- and s- polarized lights. The spectra of p- and
s-polarized SFG signals are collected simultaneously by
imaging at diﬀerent vertical pixel array on the ICCD
camera. In addition, because of the diﬀerence between
ssp and ppp or psp in the propagation path and reﬂection eﬃciency of grating, it is necessary to calibrate the
ssp signals. Referring to the light path in FIG. 1(b),
the actual intensity of ssp spectra equals to about 2/3
times of the measured spectra in FIG. 4 (b) and (c)
(steel blue line in FIG. 4(a)). The ssp and ppp spectra
can be collected simultaneously when the polarization
angle of the visible beam is set to be 45◦ . Similarly,
the ssp and psp spectra can be collected simultaneously
when the polarization angle of the visible beam is set
to be 90◦ . FIG. 4(b) shows simultaneous ssp and ppp
spectra of WALP23 at DMPG bilayer/H2 O interface.
FIG. 4(c) presents the simultaneous ssp and psp spectra
of GP41 at POPG bilayer/H2 O interface. This system
will open broad opportunities for probing the real-time
orientation change in irreversible processes and structural transition involving the formation of chiral SFG
signals.

C. Femtosecond time-resolved systems

In a time-resolved SFG-VS experiment, an intense fs
or ps laser pulse in the visible or near-infrared or infrared is used to pump the sample to cause electronic,
vibrational, and thermal excitation of the molecules
and substrates, and SFG-VS is then used to monitor
these transient changes in real time at high temporal
resolution [11]. The detailed introduction and the theory for femtosecond time-resolved SFG have been given
by Shen and Bonn Groups [23, 48, 51]. In our timeresolved SFG system (FIG. 5), the pump IR is focused
by a concave gold mirror (R=−500 mm, 092-0130R500, EKSMA Optical) with incident angle of 66◦ to the
sample surface normal. The 1 kHz pump IR pulse is
chopped to 500 Hz with a phase-locked optical chopper (MC2000B-EC, Thorlabs) synchronized with the
laser repetition rate to generate a pump-on and pumpoﬀ SFG signals. The pump-on and pump-oﬀ SFG signals are separated by a galvanometric scanner (GVS011,
c
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FIG. 4 (a) A schematic of the polarization control module of sum frequency signal in BB-SFG system. (b) The ssp and
ppp spectra of WALP23 at DMPG bilayer/H2 O interface collected simultaneously. (c) The ssp and psp spectra of gp41 at
POPG bilayer/H2 O interface collected simultaneously.
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FIG. 5 A schematic of the time-resolved SFG setup.

Thorlabs) to diﬀerent heights on the ICCD. The timezero and instrument response are determined according to previous reports, i.e., by monitoring the thirdorder cross-correlation of infrared-infrared visible sumfrequency signal as a function of the delay between the
IR pump and IR probe pulses [23, 48, 51]. A LABVIEW program is used to control the delay time between the IR pump and the IR probe. For every delay
time, a system consisted of chopper and galvanometric
scanner is used to minimize the inﬂuence of laser ﬂuctuations on the pump-on and pump-oﬀ spectra. FIG. 6
shows a typical pump-probe IIV-SFG cross-correlation
signal of WALP23 at the POPG bilayer/water interface. The instrument response function (IRF) can be
ﬁtted very well by a Gaussian function with a full width
at half maximum (FWHM) of ∼172 fs, resulting a time

DOI:10.1063/1674-0068/30/cjcp1706114

resolution of ∼100 fs. FIG. 7(a) exhibits one example
of the transient SFG spectra of the WALP23 at the
POPG bilayer/D2 O interface with νpump =3300 cm−1
and νprobe =3300 cm−1 . Theoretically, SFG intensity
is proportional to the square of the surface population
density of the vibrational state [1−5]. As a result, the
amide A intensity is reduced because the pump IR pulse
at 3300 cm−1 excites the N−H stretch mode from the
ground (ν=0) to its ﬁrst vibrational state (ν=1) and
then causes the population of ground state decrease.
Following the bleaching, the ν=1 state relaxes to the
ground state again and then the intensity of the amide
A band gradually recovers. FIG. 7(b) shows the intensity decay of the ground state of N−H stretching,
which can be well modeled by using a four-level vibrational model with the decay time (1.67±0.03) ps. The
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FIG. 6 Typical IIV-SFG cross-correlation trace WALP23 at
POPG/water bilayer interface with prism geometry.

internal-reﬂection geometry to enhance the signals. We
have used the peptide ﬁlm and membrane-associated
peptide in the lipid bilayer/water interface to examine
the system. It can be found that it takes only several
ten milliseconds for the best case and several seconds for
the normal case to collect one spectrum. To the best of
our knowledge, it is the fastest speed of collecting SFG
spectra reported by now. For the time-resolved measurement, the system has a time-resolution of ∼100 fs
and spectral resolution of ∼5 cm−1 . Using the time resolved measurement, the ultrafast vibrational dynamics
of protein N−H mode at the water interface is determined. It is found that the membrane environment does
not aﬀect the N-H vibrational relaxation dynamics of αhelical structures. It is expected that this time-resolved
SFG system will play a vital role in the deep understanding of the dynamics and interaction of the complex molecules at surface and interface. Our method
will also provide important technical proposal for the
researchers who plan to develop time-resolved SFG system with simultaneous measurement of multiple polarization combinations.
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FIG. 7 (a) The transient SFG spectra of the WALP23 at the
POPG bilayer/D2 O interface with νpump =3300 cm−1 and
νprobe =3300 cm−1 . (b) The intensity decay of the ground
state of N−H stretching.

relaxation time is similar to the results of WALP at the
DPPG bilayer/D2 O interface [61], indicating the membrane environment does not aﬀect the N−H vibrational
relaxation dynamics of α-helical structure.

IV. CONCLUSION

We have introduced a highly sensitive femtosecond time-resolved sum frequency generation vibrational
spectroscopy system developed in our group in details.
This system has the capability to measure the spectra
with two polarization combinations (ssp and ppp, or
psp and ssp) simultaneously. We adopt a near-totalDOI:10.1063/1674-0068/30/cjcp1706114
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