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Broadband vibrational sum-frequency generation (BB-VSFG) spectroscopy has become a well-
established surface analytical tool capable of identifying the orientation and structure of molecular
layers. A straightforward way to boost the sensitivity of the technique could be to increase the
laser repetition rate beyond that of standard BB-VSFG spectrometers, which rely on Ti:sapphire
lasers operating at repetition rates of 1-5 kHz. Nevertheless, possible thermally induced artifacts in
the vibrational spectra due to higher laser average powers are unexplored. Here, we discuss laser
power induced temperature accumulation effects that distort the BB-VSFG spectra of 1,2-diacyl-sn-
glycero-3-phosphocholine at an interface between two transparent phases at repetition rates of 5,
10, 50, and 100 kHz at constant pulse energy. No heat-induced distortions were found in the spec-
tra, suggesting that the increase in the laser repetition rate provides a feasible route to an improved
signal-to-noise ratio or shorter data acquisition times in BB-VSFG spectroscopy for thin films on
transparent substrates. The results have implications for future BB-VSFG spectrometers pushing the
detection limit for molecular layers with low surface coverage.© 2018 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5016629

INTRODUCTION

Broadband vibrational sum frequency generation (BB-
VSFG) spectroscopy is a powerful surface-specific tool to
study the composition, orientation, interaction, and dynam-
ics of molecules at interfaces.1–5 Phospholipids are frequently
studied by BB-VSFG spectroscopy, as they are vital con-
stituents of all biological cells, organelles, and other biologi-
cal compartments.6 As the investigation of lipids has gained
increasing importance because of their broad biomedical appli-
cations, BB-VSFG spectra of lipid bilayers have been studied
at different interfaces, e.g., solid/water,7,8 air/water,9–11 or
solid/air8,12,13 interfaces, usually at laser repetition rates of
1 kHz.

Although BB-VSFG spectroscopy can reach sub-
monolayer sensitivity, a further two to three-order of mag-
nitude improvement in sensitivity is essential to detect and
analyze biomolecules at small surface coverages.1 Enhanc-
ing the stability and/or increasing the repetition rate of laser
sources can provide the required boost in signal-to-noise ratio
(SNR) in BB-VSFG measurements.14–16 Recently, we have
reported the development of the first 100-kHz BB-VSFG spec-
trometer that can serve to study biomolecules in the spectral
region between 2800 and 3600 cm�1, where the fundamental
stretching modes of O–H, N–H, and C–H bonds lie.17 A major

a)Author to whom correspondence should be addressed: heinerzs@hu-
berlin.de

drawback of high-repetition-rate laser sources is that the cor-
responding high average laser powers at a given pulse energy
may lead to thermally induced effects, as was reported, e.g., for
lipids, which showed gauche defects, disorder, or phase tran-
sitions that modify the vibrational signature of the layers to
be studied.18–21 Such effects can be severe, in particular, with
strongly absorbing substrates, such as water, even at the stan-
dard laser repetition rate of 1 kHz.18 Nevertheless, due to lack
of systematic investigations of thermal effects as a function of
(i) the laser repetition rate and (ii) the absorption properties
of the substrate and the investigated molecular layer, the laser
parameter range, where reliable, in situ vibrational spectral
data can be collected, is poorly understood.

As a first step, we demonstrate here the feasibility of
BB-VSFG experiments covering the range of vibrational res-
onances of the alkyl chains of phospholipids at repetition rates
well above 1 kHz up to 100 kHz for the restrictive case,
where the absorptive layer is between two transparent phases.
Specifically, we investigated the dependence of the vibrational
spectra of lipid bilayers at a CaF2/air interface on the rep-
etition rate. CaF2 is an ideal substrate material for such a
study, as it is transparent both in the mid-infrared (MIR) and
the visible (VIS) spectral range, and possible thermal effects
are expected to arise due to the MIR laser energy absorbed
solely in the lipid layer. We discuss characteristic fingerprints
of phosphatidylcholine, spectral averaging and signal-to-noise
ratio, the stability of the intensity of vibrational bands at vary-
ing repetition rate and under prolonged excitation, and the
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predictions of an analytical 3D heat diffusion model. As will
be demonstrated, our results have implications for future high
repetition rate BB-VSFG studies on model membranes and
real biological samples.

MATERIALS AND METHODS
Preparation of lipid bilayers

Lyophilized powder of 1,2-diacyl-sn-glycero-3-
phosphocholine (PC, 99%) was purchased from Sigma-
Aldrich (Munich, Germany). A protocol known to yield unil-
amellar vesicles was applied according to Ref. 22. Briefly, a
50-mM lipid solution was prepared in chloroform: methanol
(Merck) at a ratio of 1:1 (v:v). The suspension was dried in
a glass tube by a stream of nitrogen. Resuspension of the
lipids in phosphate-buffered saline (PBS, pH 7.4) was fol-
lowed by vortexing. The procedure was repeated through five
freeze/thaw cycles, and the lipid dispersion was extruded 17
times through two polycarbonate membranes of 100 nm pore
size using a mini-extruder (Avanti Polar Lipids, Inc.). The
final concentration of the lipid vesicle dispersion was 7 mM
in PBS buffer. CaF2 (110) windows were cleaned with toluene
(Merck), ethanol (Merck), and finally with Millipore water
(18 MΩ) for 10 min in each solvent. As a next step, oxygen
plasma cleaning was employed to remove remaining solvent
directly before application of the lipids. This procedure is
known to increase hydrophilicity of the CaF2 surface.23 The
lipid dispersion was again dissolved in water in the ratio of
1:10, sonicated, injected on the surface of CaF2 using the
vesicle fusion method,24,25 and dried at room temperature.

Experimental setup

The layout of the system is shown in Fig. 1(a). Details
regarding the performance of the experimental configuration
were described recently.17 Briefly, the home-built light source
consists of (i) a two-stage optical parametric amplifier (OPA)
system providing few-cycle pulses at 1.5 µm and 3.2 µm and
(ii) a sum frequency generation stage providing transform-
limited narrowband, picosecond pulses at∼515 nm. The pump
source driving the whole system is a compact, commercial Yb-
laser (Pharos, Light Conversion Ltd.) operating at a repetition
rate of 100 kHz. In addition to the high repetition rate, the
source also exhibits high power stability. The corresponding

RMS value measured for the MIR beamline is 0.27% over a
two-hour period.17

In the BB-VSFG setup, the 60-fs MIR pulses and the 4.5-
ps VIS pulses were focused onto the sample surface using
an f = 50 mm and an f = 300 mm lens, respectively. The
angle of incidence, beam waist, and incident pulse energy of
the MIR and VIS pulses was 57◦, 20 µm, 0.55 µJ and 68◦,
150 µm, 4.25 µJ, respectively. The generated sum-frequency
signal was imaged onto the slit of a 320-mm spectro-
graph equipped with a Peltier-cooled, back-illuminated, deep-
depletion CCD (Horiba, Synapse).

The up-converted spectrum of the MIR laser beam was
obtained using an air-gold interface at zero delay [cf. Fig. 1(b),
red curve]. The full width at half maximum (FWHM) of the
visible pulse is 3 cm�1 [Fig. 1(b), green curve], which defines
the spectral resolution of our measurements. In all experi-
ments, both the MIR and the visible pulse peak power were
kept constant. We used zero-order waveplates to control the
polarizations of the excitation pulses and a polarizer for select-
ing a particular polarization component of the generated SFG
signal relative to the plane of incidence on the sample (i.e.,
p: parallel, s: perpendicular). All measurements were taken
in ppp, ssp, pss, and sps polarization combinations for the
SFG, visible, and MIR beams, respectively. In order to control
the acquisition times and to turn each beam ON or OFF, fast
mechanical shutters were used. The measurements were taken
at room temperature (23 ◦C) and 32% humidity. In our exper-
iments, we used the so-called “window geometry”13,26 with
the VIS and MIR laser beams falling on an air-solid inter-
face, as opposed to the “prism geometry,”13,15,27 where the
VIS and MIR beams would be incident on a solid-air inter-
face involving total internal reflection. As is well known, the
vibrational spectra measured using the “window geometry” are
different from the vibrational spectra obtained in the “prism
geometry” due to the different Fresnel coefficients in the two
cases.13

Data pre-processing

Each sum-frequency spectrum was first frequency cali-
brated using the well-known absorption spectrum of a 50-µm-
thick polystyrene film inserted in the MIR beam and cosmic
spikes were removed. Following cosmic spike removal, the
difference spectrum was calculated by subtracting the back-
ground spectrum (i.e., no MIR laser excitation) from the raw

FIG. 1. (a) Schematic layout of the BB-VSFG light source. BS: beam splitter, SFG: sum-frequency (ps visible pulse) generation, OPA#1 and OPA#2: first and
second stage of the optical parametric amplifier, WLC: white light continuum generation. (b) Normalized BB-VSFG spectrum from a Au (111) surface (red)
and normalized spectrum of a narrowband visible pulse (black symbols) and the fitted Gaussian with a FWHM of 3 cm�1.

D
ow

nloaded from
 http://pubs.aip.org/aip/jcp/article-pdf/doi/10.1063/1.5016629/15544799/104702_1_online.pdf



104702-3 Yesudas et al. J. Chem. Phys. 148, 104702 (2018)

spectrum. The non-resonant SFG spectrum obtained from a
Au (111) surface was used to normalize the difference BB-
VSFG spectrum. All normalizations were taken without aver-
aging, smoothing, or any other data pre-processing. All spectra
were analyzed using MATLAB (The Mathworks, Inc., Isman-
ing, Germany) and Origin (OriginLab, Northampton, MA)
software.

RESULTS AND DISCUSSION

Using lipid bilayers obtained from phosphatidylcholine
on the CaF2 interface, we recorded BB-VSFG spectra at
the CaF2/air interface in the C–H stretching region from
2800 cm�1 to 3600 cm�1. Two sets of experiments were con-
ducted. First, we measured the dependence of the signal to
noise ratio (SNR) as a function of laser repetition rate and
signal averaging. In the second set of experiments, we moni-
tored the stability of the peak count of characteristic spectral
bands over time at repetition rates ranging from 5 kHz to
100 kHz. The BB-VSFG spectra were recorded in all relevant
polarization combinations, i.e., ppp, ssp, pss, and sps, which
allow the determination of molecular orientation, orientation
order, hyperpolarizability ratio, or even interfacial refractive
index in certain cases.28,29 Using a simple analytical 3D heat
diffusion model, we simulate the accumulated temperature
rise as a function of repetition rate for the conditions of our
experiments.

BB-VSFG spectra of phospholipids
at a repetition rate of 100 kHz

To obtain reliable VSFG spectra, two main technical
issues have to be resolved: (i) suppression of the non-resonant
background and (ii) keeping the distortions and broadening
in the spectral lines to a minimum. On the one hand, the
interference of the resonant and non-resonant (NR) signals
in VSFG provides an opportunity for absolute molecular ori-
entation analysis.30 On the other hand, the non-resonant signal
can distort or overwhelm the resonant signal in certain cases,
which then prevents the successful interpretation of the spec-
tra.31–33 In addition, a MIR-VIS time delay can further distort
the spectra.34–36 Even though the NR background is small on
dielectrics, we determined an optimal time delay between the
MIR and VIS pulses in order to minimize the non-resonant
background after confirming that spectral distortions caused
by phase differences between neighboring vibrational bands
do not occur in our delay range (see the supplementary mate-
rial). In Figs. 2(a) and 2(b), the raw VSFG spectra of PC at a

CaF2/air interface are shown for different time delays between
0 and 3 ps. Figures 2(a) and 2(b) show the spectra recorded
in ppp and ssp polarization combinations, respectively (see
the section titled Materials and Methods for further informa-
tion). The spectra in Fig. 2 indicate a decrease in the VSFG
intensity, as the delay of the VIS pulse relative to the MIR
pulse increased, while peak position and spectral linewidth at
each delay remained the same. From the spectra in Fig. 2(a),
we concluded that a 666-fs time delay is an optimum because
the non-resonant background was slightly lower but the sig-
nal intensity remained high. Our observation is in accord with
previous reports.32,33,37,38 The finite bandwidth and the tem-
poral shape (e.g., asymmetric) of the visible pulse may cause
spectral broadening and artifacts in the obtained vibrational
spectral shape.1,37 In our case, the spectral distortions were
kept at a minimum, thanks to the chirped sum-frequency gen-
eration scheme, which produces extremely narrowband visible
spectra with a full width at half maximum (FWHM) of∼3 cm�1

[cf. Fig. 1(a)] with symmetric profiles both in the temporal
and spectral domain in contrast to common spectral narrow-
ing methods such as using an etalon. A ps VIS probe pulse
with our spectral FWHM causes less than 1 cm�1 broadening
for our extracted Lorentzian vibrational spectral bands (c.f. the
supplementary material). Therefore, we consider both effects
negligible here.

Figure 3(a) shows normalized BB-VSFG spectra acquired
over a single, 10 s time period where the VIS pulse was delayed
with respect to the MIR pulse by 666 fs for all four polarization
combinations. Vibrational spectra recorded in different polar-
ization combinations provide access to different elements or
element combinations of the hyperpolarizability tensor of a
particular molecular group in a well-ordered molecular layer.30

The assignments of the vibrational bands obtained from fit-
ting Lorentzian line profiles for the sample are summarized
in Table I (for more details, please see the supplementary
material).

The vibrational bands observed in our experiments
show good agreement with spectra of the lipids reported
before.12,28,39 The spectrum obtained at ppp polarization
[Fig. 3(a), black] contains one dominant peak assigned to the
methyl asymmetric C–H stretch (CH3-as) at 2969 cm�1, fur-
thermore the methyl symmetric C–H stretch (CH3-s) appears at
2879 cm�1 together with an additional, broad feature between
2895 and 2920 cm�1 with peaks at 2902 and 2914 cm�1,
which may be due to the methylene asymmetric C–H stretch
(CH2-as) and its Fermi resonance (CH2-FR), respectively.12 A
spectral shoulder, appearing in ppp polarization configuration
at 2940 cm�1, is the Fermi resonance of the methyl group of the

FIG. 2. Raw BB-VSFG spectra of phosphatidylcholine
on a CaF2 plate using (a) ppp and (b) ssp polarization
combination at different delays between MIR and VIS
pulses: 0 fs (black), 666 fs (red), 1.66 ps (green), and
2.66 ps (blue). Integration time was 10 s, without further
averaging, at a repetition rate of 100 kHz.
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FIG. 3. (a) Normalized BB-VSFG spectra of phos-
phatidylcholine on a CaF2 plate using ppp, ssp, sps, pss
polarization at 100 kHz, obtained with 10 s acquisition
time without further averaging. (b) Impact of averaging
on the normalized SFG spectra: single, 10-s collected
spectrum (black), average of 10 spectra at 10-s (red) and
average of 100 spectra at 10-s (green) integration time
using ppp polarization combination.

CH3 symmetric stretch and the C–H bending overtone.12,28,30

The ssp configuration [Fig. 3(a), blue] shows two prominent
bands: the symmetric methyl stretch (CH3-s) at 2879 cm�1

which is the highest peak in this polarization combination
using “window geometry” and a Fermi resonance (CH3-FR)
at 2940 cm�1 of the CH3-s stretching and the methyl bending
(1375 cm�1) modes as it was also observed in Refs. 12 and 13.
In addition to the two prominent bands, in ssp polarization,
a shoulder also becomes visible with a peak at 2964 cm�1

that was assigned previously as the center frequency of the
in-plane asymmetric stretching mode of the methyl groups
(CH3-as).40 The sps peak in Fig. 3(a) (marked green) is centered
at ∼2960 cm�1 and is clearly red-shifted compared to the peak
at∼2963 cm�1 as well as the peak at 2969 cm�1 observed in pss
and ppp polarization combinations, respectively. This ssp/ppp
splitting of the CH3 asymmetric stretching mode of the methyl
group provides spectral evidence for the lift of the degeneracy
between the in-plane and out-of-plane vibrations.9,40,41 Fur-
thermore, the in-plane mode can only be detected in sps polar-
ization, while the ssp and ppp combinations are insensitive to
this vibration.40

In ssp polarization, the intensity of the band of the sym-
metric methyl stretch is higher than that of the corresponding
Fermi resonance [Fig. 3(a), blue]. In addition, the intensity of
the asymmetric methyl stretch in ssp polarization is weaker
than in sps polarization [Fig. 3(a), blue versus green, respec-
tively] suggesting that the CH3 tilt angle is smaller than 45◦

with respect to the surface normal.28,39 As can be seen in
Fig. 3(a), the vibrational bands of the methylene (CH2) group
(i.e., broad feature at 2900-2920 cm�1) are much weaker
than that of the methyl group (i.e., bands at 2940 cm�1 and

TABLE I. Vibrational SFG wavenumbers and the corresponding band assign-
ments of the CH stretching modes of phosphatidylcholine in the region of
2800 cm�1and 3000 cm�1. s: symmetric stretching, as: asymmetric stretching,
FR: Fermi resonance.

Assignments VSFG wavenumber (cm�1) References

CH3-s 2879 12, 28, and 39
CH2-as 2902 12, 28, and 39
CH2-FR 2914 12, 28, and 39
CH3-FR 2940 12, 28, and 39
CH3-as 2964a 12, 28, and 39

a2969 cm�1 in ppp, 2964 cm�1 ssp, while 2960 cm�1 in sps and 2963 cm�1 in pss
polarization combination. The resonance frequency of each band is the average of the
corresponding frequencies in all four measured polarization combinations except for the
case of the CH3-as band.

2964/2969 cm�1). In all-trans conformation, the CH2-s signal
must be absent from the spectra due to the inversion symmetry
of the layer. Thus, tightly packed lipids will show CH3-s and
CH3-FR vibrations with only very small or no CH2 bands in
ssp polarization.12 The experimental results shown here prove
that the lipids prepared from vesicles are well ordered or only
very slightly disordered on the surface of the CaF2 substrate.
A more detailed analysis of tilt angle of the methyl group will
be the subject of a future study.

Figure 3(b) shows three normalized VSFG spectra at ppp
polarization collected at 100 kHz that are averages of 1, 10, and
100 individual spectra, respectively. The low SNR in the single
spectrum [Fig. 3(b), black trace] at the edges of our spectral
window, and also in the spectra of Fig. 3(a) discussed above
is due to the low MIR spectral energy density at 2800 cm�1

and 3600 cm�1 and that these spectra were taken with a sin-
gle, 10-s acquisition time. Our BB-VSFG spectrometer driven
with a 100-kHz laser has high potential to decrease the inte-
gration time without sacrificing the signal to noise ratio.15

While the black curve in Fig. 3(b) corresponds to a single,
10-s integration time window, the red and green curve show
VSFG spectra averaged 10 and 100 times. The corresponding
SNR was 80, 190, and 500 for 1, 10, and 100 times averaged,
10-s spectra, respectively. For the SNR estimate, the signal
was taken as the peak value of the 2965-cm�1 band (where the
influence of neighboring bands is minor in ppp polarization
combination) after background correction and normalization
by the measured, background-corrected, single non-resonant
spectrum (without averaging or smoothing) recorded on a gold
surface, while the noise was determined in the spectral range
of 3000-3100 cm�1.42 The noise in the reference spectrum
was 0.01% and was considered negligible. The signal to noise
ratio in the 100 times averaged case (ca. 16 min) remains high
in the full 800-cm�1 spectral window of our MIR excitation
pulse.

VSFG signal stability and repetition rate dependence

Each of the four different panels in Fig. 4 shows spectra
from the same samples, yet at decreasing repetition rates of
100, 50, 10, and 5 kHz, respectively [Figs. 4(a)–4(d), respec-
tively]. An integrated pulse picker in the commercial pump
laser made it possible to continuously adjust the repetition
rate without altering the pulse energy. At each repetition rate,
the acquisition time in the VSFG experiment was adjusted
to keep the number of laser shots constant. As a result, the
average power reaching the sample decreased proportionally
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FIG. 4. Raw BB-VSFG spectra of phosphatidylcholine
on a CaF2 plate recorded at ppp (black), pss (red), sps
(green), and ssp (blue) polarization combination with 666
fs delay between MIR and VIS pulses (a) at 100-kHz,
10-s; (b) 50-kHz, 20-s; (c) 10-kHz, 100-s; (d) 5-kHz,
200-s repetition rate and acquisition time, respectively,
without further averaging.

with the repetition rate. For example, at a repetition rate of
5 kHz, the MIR and VIS average powers were only 2.75 mW
and 21 mW, respectively. The SNR of VSFG spectra acquired
for 106 shots was 37, 50, 55, and 76 at a repetition rate of 5,
10, 50, and 100 kHz, respectively. The result shows that the
SNR increases with the repetition rate in spite of a constant
number of pulses and pulse energies incident on the sample
(cf. Fig. 4). We attribute the higher SNR at higher repeti-
tion rates to the lower accumulated dark noise of our CCD
at shorter integration times. We note that the accumulated
dark noise can be reduced using other types of CCD camera
(i.e., iCCD, iEMCCD). The average background count was 1.5
× 103 at low repetition rates [5 and 10 kHz, Figs. 4(d) and 4(c),
respectively] that decreased to ∼103 at 100 kHz [Fig. 4(a)].
The total noise, dark current noise, and readout noise added
in quadrature were about 5.5 e� per pixel RMS over a 200-s
acquisition time [corresponding spectra shown in Fig. 4(d)]
and decreased to 4.057 e� per pixel over a 10-s integration
time [corresponding spectra shown in Fig. 4(a)]. We note that
while the applied maximum average power in our experiments
at 100 kHz is a few times higher than the corresponding values
in typical experiments conducted at 1-5 kHz repetition rates,43

the pulse energies are a few 10 times lower. For example, at
a repetition rate of 5 kHz, we conducted our measurements
with average powers of 2.75/21 mW (MIR/VIS), while in the

literature, 20/215 mW (MIR/VIS) were usually applied. At a
repetition rate of 5 kHz, we achieved SNR’s (37 in single-
shot acquisition and 129 in the case of average of ten spectra
at 200-s integration time) approaching those in the literature
(SNR: 110-170 at 5 kHz and 5-min acquisition time),3,42,43 but
using an order of magnitude lower average power and shorter
integration times.

The spectra in Fig. 4 show highly ordered surface con-
formation at each repetition rate, i.e., (i) the amplitude and
width of the CH3 bands remain largely unaffected and (ii)
the SF signal from the CH2 vibrations remains small (indi-
cating an unchanged contribution from gauche defects) as the
average power increases. Fitting of the spectra in ppp polariza-
tion combination leads to approximately the same resonance
parameters independent of the average power (see the supple-
mentary material) suggesting negligible heat-induced spectral
distortions even at the highest repetition rate.

To monitor the laser-induced heating effects, the spectral
intensity of the different C–H stretching bands was moni-
tored over time. The VSFG spectra of PC on CaF2 were
recorded repeatedly with an integration time of 10 s during
a time interval of 20 min. The time dependence of the spectral
peaks was collected using ssp and ppp polarization combi-
nations. Figure 5(a) shows several VSFG band peak intensi-
ties as a function of time measured, while both beams were

FIG. 5. BB-VSFG intensity fluctua-
tions over time using ppp and ssp
polarization at 100 kHz. (a) Both MIR
and VIS beams were simultaneously
switched ON and OFF. During the mea-
surements, (b) MIR and (c) VIS pulses
were continuously ON, while the other
beam was only switched ON during the
observation. Integration time was 10 s,
without further averaging.
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FIG. 6. (a) Normalized temperature increase as a function of distance from the point-like heat source at various times after excitation. (b) Normalized MIR
excitation spectrum (black, left axis) and absorption spectrum of DMPA (red, right axis). (c) Accumulated temperature rise at the location of the point-like heat
source during laser excitation at repetition rates between 5 and 100 kHz.

simultaneously switched ON and OFF during the measure-
ments. In Fig. 5(b), the fluctuation of the peak intensities of
the bands is displayed when the MIR beam was continuously
ON and the VIS was only kept ON during the actual spectral
acquisition.

Figure 5(c) shows the reverse, i.e., when the visible beam
was always ON and the MIR beam was switched ON and OFF
for collecting the spectra. The error bars represent the RMS
fluctuation in the peak value in the whole 20-min period. We
observed no correlation between the various illumination con-
ditions and the fluctuation in peak intensities (i.e., peak count
values) and the peak spectral positions. The peak intensities of
the different bands and the ratio of the amplitudes of the methyl
bands stay constant during the experiments suggesting that no
laser-induced damage/heating appears up to a 100-kHz repe-
tition rate. Previous studies show that in ssp polarization, an
extra CH2 signal appears while the CH3 band weakens due to
the more disordered tails and higher number of gauche defects
when thermal effects are significant.18 As no change was found
in the SFG signal, we conclude that thermal effects on the struc-
ture of the lipid bilayers are negligible or completely absent
under our experimental conditions.

Modelling of heat accumulation effects

In order to estimate the temperature rise in the PC layer
due to repetitive MIR laser excitation, we employed an ana-
lytical solution to 3D heat flow in an infinite half-space44,45

bounded by an air-PC-CaF2 interface. The thermal resistance
of the PC-CaF2 interface and convection cooling at the air-PC
interface were neglected. The material properties are assumed
to be independent of temperature. The deposited laser energy
was considered an instantaneous point-like heat source within
the PC layer. The thermal diffusion lengths (i.e., half width
of the spatial temperature profile) predicted by the model are
10-44 µm within a time of 10-200 µs [cf. Fig. 6(a)] and are
comparable to our MIR laser beam waist of ∼20 µm, thereby
justifying the validity of the 3D approximation. Due to the lack
of absorbance data on PC layers in our MIR excitation range,
we used the absorbance as a function of wavenumber data
obtained for single bilayers of dimyristoylphosphatidic acid
(DMPA),46 which is a molecule with MIR absorption prop-
erties very similar to that of PC. The fraction of laser pulse
energy absorbed in the lipid layer was estimated by taking the

ratio of (i) the integral of the product of the absorption spec-
trum of DMPA and the MIR excitation spectrum and (ii) the
integral of the MIR excitation spectrum [Fig. 6(b)]. The result-
ing fraction is 0.21%, corresponding to an absorbed energy of
1.1 nJ per laser shot.

The model predicts unphysically high temperatures
shortly after the excitation pulse due to the assumption of an
infinitesimally small point-like heat source. However, for the
diffusion times corresponding to the laser repetition periods
(i.e., 10-200 µs for 100-5 kHz) and deposited energies con-
sidered here, the model is regarded as a valid approximation.
As is customary, the effect of heat accumulation during the
laser pulse train is expressed as the rise in the offset tempera-
ture immediately before the next excitation pulse.18,44 If this
rise in offset temperature is high enough, the molecules in the
lipid layer can get distorted and the layer can undergo a phase
transition altering the measured VSFG spectrum. The high
temperatures immediately following the excitation pulse are
not expected to lead to distorted VSFG spectra, as the VIS-MIR
time delay is on the sub-ps scale, which is too short for macro-
molecular rearrangements. We also note that the pulse energies
and peak intensities used in our experiments are much smaller
than in typical BB-VSFG spectroscopy experiments employ-
ing 1-kHz excitation sources. The equation for the temperature
rise [Eq. (10) in Ref. 44],

∆T = lim
Np→∞

Q3D

ρcp

√
(4πκ/fL)3

∑Np

N=1

1
√

N3
, (1)

where ρ, cp, and κ are the mass density, specific heat capacity,
and thermal diffusivity of CaF2, respectively, f L is the laser
repetition frequency, Q3D = 2 × (absorbed laser energy) is the
heat source, and N is the pulse number. Figure 6(c) summa-
rizes the predictions of Eq. (1) as a function of laser repetition
rate and supports the experimental findings discussed above:
the temperature accumulation effects are negligible under the
conditions of our BB-VSFG experiments.

CONCLUSION

We employed a high repetition rate BB-VSFG spec-
trometer with continuously adjustable repetition rate to study
possible laser average power induced temperature effects on
the measured VSFG spectra of PC. The VSFG spectra were
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recorded in four polarization combinations at the CaF2/air
interface. The signal-to-noise ratio (SNR) and the spectral
distortions were studied at four repetition rates (5, 10, 50,
and 100 kHz) at constant MIR and VIS pulse energy and
number of laser shots. Our signal-to-noise ratios at 5 kHz
approached those in the literature3,42,43 despite the two orders
of magnitude lower average excitation powers than in previous
studies. The spectral amplitude of the C–H stretching bands
was monitored as a function of time in order to detect any time-
dependent temperature effects. The experimental results indi-
cate that the influence of thermal effects on the vibrational sig-
natures was negligible in all cases. This result is in agreement
with a simple 3-dimensional analytical heat diffusion model
treating the heat accumulation effects during the laser pulse
train.

The findings suggest that the unique light source used in
this study consisting of only a two-stage OPA and a narrow-
band VIS pulse generator driven by a single pump laser17

provides a promising tool for high repetition rate BB-VSFG
studies with improved spectral resolution and sensitivity com-
pared to traditional Ti:sapphire laser based, low repetition rate
spectrometers.

SUPPLEMENTARY MATERIAL

See supplementary material for the modeling results on
the vibrational spectra of the studied natural lipid bilayers at
the CaF2/air interface.
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