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We describe a new approach that expands the utility of 
vibrational sum-frequency generation (vSFG) 
spectroscopy using shaped near-infrared (NIR) laser 
pulses.  We demonstrate that arbitrary pulse shapes can 
be specified to match experimental requirements without 
the need for changes to the optical alignment.  In this way, 
narrowband NIR pulses as long as 5.75 ps are readily 
generated, with a spectral resolution of about 2.5 cm-1, an 
improvement of approximately a factor of 3 compared to 
a typical vSFG system.  Moreover, the utility of having 
complete control over the NIR pulse characteristics is 
demonstrated through nonresonant background 
suppression from a metallic substrate by generating an 
etalon waveform in the pulse shaper.  The flexibility 
afforded by switching between arbitrary NIR waveforms 
at the sample position with the same instrument 
geometry expands the type of samples that can be studied 
without extensive modifications to existing apparatuses 
or large investments in specialty optics.   
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Vibrational sum-frequency generation (vSFG) spectroscopy has 
proven to be an indispensable tool for selectively probing  chemical 

composition, molecular dynamics, orientation and ordering at 
interfaces [1–4]. vSFG instrumentation is typically designed to 
study a specific system, such as polymer [5] or 
metallic/semiconducting interfaces [6, 7], each with a different set 
of technical requirements.  A critical consideration in the design 
phase of deciding the optimal method to generate narrowband up-
conversion pulses that ultimately dictate the spectral resolution and 
impact the line shapes of resolved bands. For example, narrowband 
filters or 4f  pulse shapers with a slit placed at the Fourier plane can 
generate Gaussian-shaped pulses that do not appreciably distort 
the spectral line shapes [8, 9]. However, this approach may lack 
sufficient sensitivity when probing weak signals from small 
molecules on metallic or semiconducting interfaces due to a large 
nonresonant background [8, 10]. In contrast, etalons can be used to 
generate time-asymmetric pulses for studies of metallic interfaces 
to suppress the nonresonant response of the substrate [11, 12].  In 
doing so, however, the asymmetric pulse shape can distort the 
resulting spectral line shapes, leading to limited spectral resolution 
– this is undesired for measuring other systems [9, 10, 13].  
Although a significant effort has been put into understanding and 
eliminating the effects of the NIR pulse shape on the vSFG spectrum, 
there is no “best option,” given the diversity of samples vSFG can 
characterize. At the same time, switching between any of these 
configurations requires substantial effort.   
 To address these limitations, we have implemented ultrafast 
laser pulse shaping methods, in combination with collinearly 
propagating beams to develop a flexible vSFG spectrometer. This 
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simplifies optical alignment and adds the flexibility associated with 
an arbitrary waveform for upconversion.  Thus, having arbitrary 
control over the NIR pulse shape enables the ability to disentangle 
complex spectra and improve spectral resolution, which can be 
applied to a wide range of systems, each with different technical 
requirements. 

 vSFG experiments make use of two intense laser pulses, one in 
the mid-infrared (IR) and another in the NIR that are spatially and 
temporally overlapped at the sample interface. The broadband mid-
IR pump pulse creates a vibrational coherence in the sample that 
oscillates at the difference frequency between the ground and 
excited vibrational states. The second, potentially time delayed NIR 
laser pulse, is then introduced to create a second-order polarization 
in the sample that oscillates at the sum or difference frequencies 
between the incident laser fields, thereby generating new 
frequencies of light (𝜔SFG = 𝜔IR + 𝜔NIR). vSFG is a second-order 
nonlinear optical process, where the signal intensity is proportional 
to the absolute square of the second-order nonlinear effective 

susceptibility, 𝜒eff
(2)

,  of the sample and incident electric field (𝐸𝐼𝑅 , 

𝐸𝑁𝐼𝑅) strengths. The effective second-order nonlinear susceptibility 
is the sum of the resonant and nonresonant contributions, and is 
given by [10] 

𝜒eff
(2)

 = 𝜒NR
(2)

 + 𝜒res
(2)

= 𝜒NR
(2)

 + ∑
𝐴𝑘

𝜔IR − 𝜔𝑘 + 𝑖𝛤𝑘
𝑘

  (1) 

 In centrosymmetric and isotropic bulk media, only species at an 
interface where local symmetry is broken can generate appreciable 
SFG signals, thus making vSFG an interface specific technique and 
an ideal tool to probe surface chemistry and complex interfaces [10, 
14–17]. When IR spectral components are resonant with a 
vibrational transition in the sample, vSFG is enhanced and thereby 
serves to map the interfacial spectrum. Broadband vSFG is 
particularly advantageous and is becoming more common, 
compared to the traditional point-by-point narrowband frequency 
scanning  technique, due to the speed of data acquisition [9, 12, 16].  
However, the faster data acquisition of the broadband method 
typically comes at the expense of spectral resolution, which is 
dictated by the spectral characteristics of the upconverting NIR 
laser pulse. In fact, all but the most specialized SFG spectrometers 
[10] commonly reach spectral bandwidths on the order of ~10-15 
cm-1, corresponding to  laser pulses of ~1-2 ps [8, 10]. These pulses 
typically have a Gaussian profile in time, which generates 
substantial contributions from the nonresonant response of 
metallic substrates.  This is often problematic, as the large non-
resonant background signals tend to dominate the vSFG spectrum 
over molecular resonances [18].  It should be pointed out that 
nonresonant background suppression methods have been 
developed by Dlott and coworkers [19] to circumvent this issue at 
the expense of spectral resolution and added complexity to the line 
shapes of  the observed bands [8]. Switching between 
configurations, however, is not trivial, as the alignment of SFG 
spectrometers is notoriously challenging, and the associated 
changes to the instrument’s geometry often require the need to re-
characterize the instrument [9, 12, 16]. 
  In order to address the above-mentioned challenges, we 
demonstrate a novel approach utilizing a convenient collinear 
geometry recently developed by Rao and coworkers [16], in 
conjunction with ultrafast pulse shaping used for two-dimensional 
(2D) spectroscopy [20, 21]. The collinear geometry is advantageous 
for alignment and signal generation, since it provides the maximum 

spatial overlap and allows for easy tuning of IR wavelengths 
without realignment of the collection optics [16, 22, 23]. The 
uniqueness of this instrument lies in the NIR pulse shaping 
capability, which uses a 4f  pulse shaper equipped with a 2D liquid 
crystal on silicon spatial light modulator (LCOS-SLM) in a compact 
folded geometry. This combination controls the spectral 

components of the NIR pulse and generates the desired NIR optical 
waveforms for upconversion in vSFG measurements. The 
advantage of using a 2D SLM lies in the simultaneous modulation of 
amplitude and phase on a single element system, and lower overall 
cost (at the time publication, the total cost of the shaper and SLM is 
~$16 k) compared to multi-mask SLMs or AOMs. With this 
instrument, arbitrary pulse trains, time delays, and time-
asymmetric and reverse time-asymmetric pulses can be tailored for 
specific experiments via a simple computer-controlled interface. 
This new vSFG instrument allows for one system to carry out a 
range of different measurements without the need to reconfigure or 
recalibrate.  
 The instrument schematic is presented in Fig. 1. Briefly, a 
regenerative amplifier (Spectra Physics Spitfire Ace) was used to 
amplify the output of a femtosecond Ti:Sapphire oscillator (Mai-
Tai) laser operating at 80 MHz and centered at 800 nm to produce 
6 W at 1 kHz with ~40 fs pulse duration. Using a fixed ratio beam 
splitter, approximately 3.4 W of the output from the laser was sent 
to a TOPAS-Prime Plus optical parametric amplifier and difference 
frequency mixer to produce a broadband IR pump pulse.  The mid-
IR pulse had a spectral bandwidth of ~300 cm-1 full width at half-
maximum (FWHM) and was centered at ~2900 cm-1. The 

Fig. 1. Instrument schematic. IR and NIR beams are combined in 
a collinear geometry using a dichroic optic. Radiated SFG is 
collected and resolved in a spectrometer. The blue dotted inset 
shows the compact zero-dispersion 4f  pulse shaper.  The green 
inset shows an applied mask for given slit width. 

Fig. 2. Cross-correlation of IR and NIR to measure pulse 
duration. Symbolic data points are the measured data, and the 
line traces are Gaussian fits. The measured bandwidths of 4.06, 
8.27, and 26.04 cm-1 yielded 5.75, 2.67, and 0.55 ps NIR pulses, 
respectively.  The inset shows the theoretical transform-limited 
bandwidth calculated from the measured pulse duration. 



remaining 800 nm pulse energy was split such that ~1.2 W was 
directed into the 4f  pulse shaper shown in the inset of Fig. 1.  The 
pulse shaper is based on a previous design [20] and consists of a 
high-efficiency transmission grating, folding mirror, and a 
cylindrical mirror that focuses light onto a Hamamatsu (LCOS-SLM 
X10468-02) SLM.  Both IR and NIR beams were sent through fixed 
polarizers and a motorized half-wave plate to purify and rotate the 
polarizations for the SFG measurements before being combined in 
a dichroic optic to achieve collinear propagation.  Both IR and NIR 
beams are focused on to a motorized sample stage using a CaF2 lens 
(f = 150 mm) at an angle of 60° with respect to the surface normal. 
The radiated SFG signal was collected and re-collimated by a 150 
mm focal length air-spaced achromatic doublet, polarization 
resolved, and filtered by a 750 nm short-pass filter before being 
focused into an Acton sp300i spectrometer equipped with a Pixis 
256 CCD camera. In-house developed control software (using 
LabVIEW) was used to control the SLM and data acquisition, and 
data analysis was performed offline using Python scripts.  
 In order to demonstrate the utility of NIR pulse shaping in SFG 
measurements, we make use of diffraction-based modulation to 
reproducibly control the spectral bandwidth of the NIR light. In this 
configuration, a grating is applied across each pixel column of the 
SLM (see the inset in Fig. 1) to diffract the light at an angle below the 
incident beam path.  This serves two purposes: (1) it ensures that 
only shaped light reaches the sample (i.e., reflected unshaped light 
does not co-propagate with shaped light, which would lead to 
complex pulse trains at the sample surface); and (2) that 
aberrations in the compact design of the 4f  pulse shaper are 
minimized by not having to tilt the SLM (i.e., all pixels in the 2D SLM 
would not be in the Fourier plane), while still allowing for light to 
reflect off a nearby pickoff mirror [21, 24, 25, 26]. Since only light 
diffracted from the grating reaches the sample, application of a 
narrowband slit is simply controlled by changing the number of 
pixels to which the grating pattern is applied.  For more advanced 
pulse shapes, phase and amplitude shaping is accomplished by 
adding additional phase across the horizontal dimension of the SLM 
or changing the depth of the grating pattern along the vertical 
dimension, respectively. This approach is different from other 
implementations of phase and amplitude shaping, namely using a 
single mask where the diffraction is applied in the same dimension 
as the phase [26]. 
 NIR pulse durations were measured by cross-correlation 
measurements between the shaped NIR and a femtosecond 
broadband mid-IR pulse on a GaAs surface. Using a delay stage, the 
NIR beam was scanned over the mid-IR to produce the time traces 
shown in Fig. 2, where the integrated SFG signal is plotted versus 
time delay.   An adjustable slit width was created on the SLM by 
applying the grating on an arbitrary number of pixels. Using slit 
widths of 1, 3, and 12 pixels, with measured spectral bandwidths of 
4.06, 8.27, and 26.04 cm-1, respectively, we can produce 5.75, 2.67, 
and 0.55 ps pulses (FWHM) at the sample.  From the measured 
pulse duration, we further calculated the transform-limited FWHM 
bandwidths of 2.50, 5.46, and 26.51 cm-1, respectively. This 
translates to a higher NIR spectral resolution limit of 2.5 cm-1, which 
is roughly three times better than other more common SFG 
spectrometers [6, 9, 10]. 
 The impact of the NIR spectral bandwidth was examined using a 
sodium dodecyl sulfate film deposited on a CaF2 window, as shown 
in Fig. 3. All spectra were normalized to counts per second and 
subsequently rescaled by 1, 2.5, and 7 to provide a better visual 

comparison for the 42.05, 25.10, and 16.69 cm-1 bandwidths, 
respectively. The data in Fig. 3 show that by using NIR pulse 
shaping, one can precisely and reproducibly control the spectral 
bandwidth of NIR pulses to achieve adequate spectral resolution 
needed for distinguishing neighboring bands.  Specifically, the use 
of a 16.7 cm-1 bandwidth NIR pulse allows for the five different 
symmetric and asymmetric C-H stretches [indicated by the vertical 
dashed lines in Fig. 3(a)] to be resolved, a result that is in good 
agreement with previous reports using similar spectral bandwidths 
[15]. Even higher resolution spectra can be obtained using the 
smaller slit widths available to the SLM.  This is shown in in Fig. 3(b) 
from a dipalmitoylphosphatidylcholine (DPPC) lipid monolayers on 
quartz.  Here clear bands can be seen using a NIR upconversion 
pulse with a 3.1 cm-1 bandwidth. 
 Another appealing aspect in using NIR pulse shaping is that the 
simultaneous control of the amplitude and phase of the incident 
light allows for the creation of time-asymmetric pulses, such as 
those obtained with an etalon. In this case, a more complex transfer 
function needs to be applied to the SLM [27]: 

𝑀(𝜔) =
1 − 𝑅

1 − 𝑅 ∙ exp [𝑖(2𝑑𝑐𝑜𝑠𝜃 𝑐⁄ )𝜔]
                         (2) 

where R is the effective reflectivity of the simulated etalon, d is the 
distance between faces, and θ is the effective angle the etalon would 
take with respect to the incident laser.  By tuning these parameters, 
we can specify an arbitrary etalon that is tailored to have better 
resolving power or, alternatively, one that has better throughput to 
suit the needs of the experiment.  In accordance with Eq. (2), the 
amplitude is shaped by changing the depth of the applied diffraction 

Fig. 3. SFG spectra of an air-dried SDS solution on a CaF2 window using 

the SSP polarization combination. These spectra were collected using 
slit widths of 6, 8, 12, and 20 pixels of the SLM, corresponding to the NIR 

pulse bandwidths of 16.7, 25.12, and 42.05 cm
-1

, respectively. Similarly, 
a DPPC monolayer (3b) was probed using 15.6, 7.8, and 3.1 cm-1 NIR 
bandwidths. 

Fig. 4. Time-asymmetric waveforms (symbolic data points) 
determined from the cross-correlation measurement of IR and 
modulated NIR pulses. The line traces are fits to exponential decay 

functions. Three different reflectance values, 0.98(♢), 0.99( ),  and 

0.999( ), were used to generate these waveforms, while all other 
amplitude and phase modulations were held constant. 



pattern, while a variable phase is applied along the horizontal, 
frequency axis of the SLM.  The synthesized time-asymmetric pulses 
were measured using cross-correlation with the mid-IR pulse on a 
GaAs sample, while changing the effective etalon reflectivity.   The 
resulting signals are shown in Fig. 4 and were fit to a single 
exponential to recover a decay time. Decay times as long as 2.11 ps 
were recovered using a reflectance of 0.999. This corresponds to a 
measured spectral width on the order of ~3.8 cm-1 for SFG 
measurements.  It should be noted that as the effective reflectance 
increases, the spectral bandwidth available for phase shaping 
decreases, and the resulting pulse shapes become more symmetric.  
Other results, not shown here due to space limitations, include the 
use of double pulses, inverted etalon waveforms, and other complex 
pulse trains. 
 To demonstrate the utility of switching between symmetric and 
time-asymmetric pulses, we recovered the SFG spectrum of drop 
cast table sugar by suppressing the nonresonant background from 
a gold substrate, as shown in Fig. 5. The PPP polarization 
combination was used in this measurement to maximize the 
nonresonant contribution from the supporting substrate. A 
temporally symmetric pulse was used to map the IR spectral 
components, as is typical in SFG measurements for spectral scaling.  
This ensures that the spectral shapes recovered from the IR pulse 
used as a reference are free from artifacts.  Next, by simply 
programming a new mask on the SLM, time-asymmetric NIR pulses 
(R = 0.999) were generated with the pulse shaper and delayed with 
respect to the IR pulse via the application of an additional linear 
phase to the etalon transfer function given in Eq. (2).  By delaying 
the arrival of the time-asymmetric pulse with respect to the IR pulse 
we can suppress the nonresonant response of gold that dephases 
on a sub-50 fs timescale [11]. This leaves the longer-lived 
vibrational coherences that decay on the order of a few picosecond 
timescales to be upconverted by the shaped NIR pulse.  This 
approach results in an efficient, nonresonant background 
suppression, while ensuring that the spectral characteristics are 
representative of the IR pulse. We also found that in order to 
discriminate against the short-lived electronic responses from Au, 
delays between the two pulses on the order of 250-500 fs were 
optimal, which in agreement with previous work [12, 19]. 
 In conclusion, we described a flexible SFG spectrometer 
integrating a 2D LCOS-SLM at the Fourier plane of a compact 4f  
pulse shaper to generate user-defined NIR optical pulses.  Precise 
control of the NIR waveform was shown to enhance the capabilities 
of interface specific vSFG measurements by facile tailoring of the 

experimental properties to fit with sample requirements. We also 
showed that control of the NIR pulse shape resulted in a 
significantly improved spectral resolution of ~2.5 cm-1, which is 
roughly three times better than that of standard SFG spectrometers.  
Using the same experimental setup, nonresonant background 
suppression from metallic surfaces was also achieved by 
synthesizing an etalon pulse shape. Additionally, this spectrometer 
can also produce pulse trains, variable time delays, double pulses, 
and forward and reverse time-asymmetric NIR pulses. This unique 
approach of manipulating the NIR upconversion light without the 
need for optical realignment will certainly broaden the applicability 
of the vSFG technique for the study of different materials.  
 
Acknowledgment. A.U.C, F.L., R.A., J.K., C.P.C., D.A.L., Y.-Z.M. and B.D. 
were sponsored by the Laboratory Directed Research and 
Development Program of Oak Ridge National Laboratory, managed 
by UT-Battelle, LLC, for the U.S. Department of Energy.  T.R.C. and 
B.R.W.’s research was supported by the University of Tennessee, 
Knoxville and the National Institutes of Health (NIH, NIGMS R15 
GM119111). J.K. is also supported through the Scientific User Facilities 

Division of the U.S. Department of Energy (DOE), Office of Basic 

Energy Sciences (BES), under contract no. DE-AC05 00OR2275. 
 
References 
1. G. Ma, J. Liu, L. Fu, and E. C. Y. Yan,  Appl. Spectrosc., 63, 5 (2009). 
2. B. Doughty, P. Yin, and Y.-Z. Ma, Langmuir, 32, 32 (2016). 
3. A. D. Curtis, M. C. Asplund, and J. E. Patterson, J. Phys. Chem. C, 

115, 39 (2011). 
4. X. Chen, W. Hua, Z. Huang, and H. C. Allen, J. Am. Chem. Soc., 132, 

32 (2010). 
5. D. N. Voylov, A. P. Holt, B. Doughty, V. Bocharova, H. M. Meyer, S. 

Cheng, H. Martin, M. Dadmun, A. Kisliuk, and A. P. Sokolov, ACS 
Macro Lett., 6,2 (2017). 

6. B. Doughty, S. Goverapet Srinivasan, V. S. Bryantsev, D. Lee, H. N. 
Lee, Y. Z. Ma, and D. A. Lutterman, J. Phys. Chem. C, 121, 26 
(2017). 

7. S. Tan, M. B. Gray, M. K. Kidder, Y. Cheng, L. L. Daemen, D. Lee, H. 
N. Lee, Y. Z. Ma, B. Doughty, and D. A. Lutterman, ACS Catal., 7, 12 
(2017). 

8. H. F. Wang, W. Gan, R. Lu, Y. Rao, and B. H. Wu, Int. Rev. Phys. 
Chem., 24,2 (2005). 

9. J. E. Laaser, W. Xiong, and M. T. Zanni, J. Phys. Chem. B, 115, 11 
(2011). 

10. H.-F. Wang, L. Velarde, W. Gan, and L. Fu, Annu. Rev. Phys. Chem., 
66, 1 (2015). 

11. A. Lagutchev, A. Lozano, P. Mukherjee, S. A. Hambir, and D. D. 
Dlott, Spectrochim. Acta - Part A Mol. Biomol. Spectrosc., 75, 4 
(2010). 

12. C. Weeraman, S. A. Mitchell, R. Lausten, L. J. Johnston, and A. 
Stolow, Opt. Express, 18, 11 (2010). 

13. Y. Han, V. Raghunathan, R. R. Feng, H. Maekawa, C. Y. Chung, Y. 
Feng, E. O. Potma, and N. H. Ge, J. Phys. Chem. B, 117, 20 (2013). 

14. I. V. Stiopkin, H. D. Jayathilake, C. Weeraman, and A. V. Benderskii, 
J. Chem. Phys., 132, 23 (2010). 

15. G. Ma and H. C. Allen, J. Am. Chem. Soc., 124, 32 (2002). 
16. B. Xu, Y. Wu, D. Sun, H.-L. Dai, and Y. Rao, Opt. Lett, 40, 19 (2015). 
17. C. Y. Peñalber and S. Baldelli, J. Phys. Chem. Lett., 3, 7 (2012). 
18. F. Y. Shalhout, S. Malyk, and A. V. Benderskii, J. Phys. Chem. Lett., 

3, 23 (2012). 
19. B. Braunschweig, P. Mukherjee, R. B. Kutz, A. Wieckowski, and D. 

D. Dlott, J. Chem. Phys., 133,23 (2010). 
20. T. R. Calhoun, J. A. Davis, and G. R. Fleming, Spectroscopy, 1 

(2010). 

Fig. 5. SFG spectrum of sugar on Au using the PPP polarization 

combination. Spectra were scaled by the reference collected at τ = 0 

with a symmetric pulse. Various delay times were applied with the 

SLM between the time-asymmetric NIR and IR pulse to suppress 

the nonresonant background signal. A longer delay time recovers the 

spectral feature of sucrose. 



21. J. C. Vaughan, T. Hornung, T. Feurer, and K. A. Nelson, Opt. Lett., 
30, 3 (2005). 

22. S. X. Dou, D. Jsse, R. Hierle, and J. Zyss, J. Opt. Soc. Am. B, 9, 5 
(1992). 

23. D. Zheng, L. Lu, Y. Li, K. F. Kelly, and S. Baldelli, J. Phys. Chem. Lett., 
7, 10 (2016). 

24. J. Vaughan, T. Feurer, K. Stone, and K. Nelson, Opt. Express, 14, 3 
(2006). 

25. A. M. Weiner, Opt. Commun., 284, 15 (2011). 
26. J. W. Wilson, P. Schlup, and R. A. Bartels, Opt. Express, 15, 14 

(2007). 
27. S.-H. Shim and M. T. Zanni, Phys. Chem. Chem. Phys., 11, 5 (2009).  



References: 
[1] G. Ma, J. Liu, L. Fu, and E. C. Y. Yan, “Probing water and 

biomolecules at the air-water interface with a broad bandwidth 
vibrational sum frequency generation spectrometer from 3800 to 
900 cm -1,” Appl. Spectrosc., vol. 63, no. 5, pp. 528–537, 2009. 

[2] B. Doughty, P. Yin, and Y.-Z. Ma, “Adsorption, Ordering, and Local 
Environments of Surfactant-Encapsulated Polyoxometalate Ions 
Probed at the Air–Water Interface,” Langmuir, vol. 32, no. 32, pp. 
8116–8122, Aug. 2016. 

[3] A. D. Curtis, M. C. Asplund, and J. E. Patterson, “Use of Variable 
Time-Delay Sum-Frequency Generation for Improved 
Spectroscopic Analysis,” J. Phys. Chem. C, vol. 115, no. 39, pp. 
19303–19310, Oct. 2011. 

[4] X. Chen, W. Hua, Z. Huang, and H. C. Allen, “Interfacial Water 
Structure Associated with Phospholipid Membranes Studied by 
Phase-Sensitive Vibrational Sum Frequency Generation 
Spectroscopy,” J. Am. Chem. Soc., vol. 132, no. 32, pp. 11336–
11342, Aug. 2010. 

[5] D. N. Voylov, A. P. Holt, B. Doughty, V. Bocharova, H. M. Meyer, 
S. Cheng, H. Martin, M. Dadmun, A. Kisliuk, and A. P. Sokolov, 
“Unraveling the Molecular Weight Dependence of Interfacial 
Interactions in Poly(2-vinylpyridine)/Silica Nanocomposites,” ACS 
Macro Lett., vol. 6, no. 2, pp. 68–72, 2017. 

[6] B. Doughty, S. Goverapet Srinivasan, V. S. Bryantsev, D. Lee, H. N. 
Lee, Y. Z. Ma, and D. A. Lutterman, “Absolute Molecular 
Orientation of Isopropanol at Ceria (100) Surfaces: Insight into 
Catalytic Selectivity from the Interfacial Structure,” J. Phys. Chem. 
C, vol. 121, no. 26, pp. 14137–14146, 2017. 

[7] S. Tan, M. B. Gray, M. K. Kidder, Y. Cheng, L. L. Daemen, D. Lee, H. 
N. Lee, Y. Z. Ma, B. Doughty, and D. A. Lutterman, “Insight into 
the Selectivity of Isopropanol Conversion at Strontium Titanate 
(100) Surfaces: A Combination Kinetic and Spectroscopic Study,” 
ACS Catal., vol. 7, no. 12, pp. 8118–8129, 2017. 

[8] H. F. Wang, W. Gan, R. Lu, Y. Rao, and B. H. Wu, “Quantitative 
spectral and orientational analysis in surface sum frequency 
generation vibrational spectroscopy (SFG-VS),” Int. Rev. Phys. 
Chem., vol. 24, no. 2, pp. 191–256, 2005. 

[9] J. E. Laaser, W. Xiong, and M. T. Zanni, “Time-domain SFG 
spectroscopy using mid-IR pulse shaping: Practical and intrinsic 
advantages,” J. Phys. Chem. B, vol. 115, no. 11, pp. 2536–2546, 
2011. 

[10]          H.-F. Wang, L. Velarde, W. Gan, and L. Fu, “Quantitative sum-
frequency generation vibrational spectroscopy of molecular 
surfaces and interfaces: lineshape, polarization, and 
orientation.,” Annu. Rev. Phys. Chem., vol. 66, no. 1, pp. 189–216, 
Apr. 2015. 

[11] A. Lagutchev, A. Lozano, P. Mukherjee, S. A. Hambir, and D. D. 
Dlott, “Compact broadband vibrational sum-frequency 
generation spectrometer with nonresonant suppression,” 
Spectrochim. Acta - Part A Mol. Biomol. Spectrosc., vol. 75, no. 4, 
pp. 1289–1296, 2010. 

[12] C. Weeraman, S. A. Mitchell, R. Lausten, L. J. Johnston, and A. 
Stolow, “Vibrational sum frequency generation spectroscopy 
using inverted visible pulses,” Opt. Express, vol. 18, no. 11, p. 
11483, May 2010. 

[13] Y. Han, V. Raghunathan, R. R. Feng, H. Maekawa, C. Y. Chung, Y. 
Feng, E. O. Potma, and N. H. Ge, “Mapping molecular orientation 
with phase sensitive vibrationally resonant sum-frequency 
generation microscopy,” J. Phys. Chem. B, vol. 117, no. 20, pp. 
6149–6156, 2013. 

[14] I. V. Stiopkin, H. D. Jayathilake, C. Weeraman, and A. V. 
Benderskii, “Temporal effects on spectroscopic line shapes, 
resolution, and sensitivity of the broad-band sum frequency 
generation,” J. Chem. Phys., vol. 132, no. 23, p. 234503, Jun. 
2010. 

[15] G. Ma and H. C. Allen, “Diffuse reflection broad bandwidth sum 
frequency generation from particle surfaces,” J. Am. Chem. Soc., 
vol. 124, no. 32, pp. 9374–9375, 2002. 

[16] B. Xu, Y. Wu, D. Sun, H.-L. Dai, and Y. Rao, “Stabilized phase 

detection of heterodyne sum frequency generation for interfacial 
studies,” Opt. Lett, vol. 40, no. 19, pp. 4472–4475, 2015. 

[17] C. Y. Peñalber and S. Baldelli, “Observation of charge inversion of 
an ionic liquid at the solid salt-liquid interface by sum frequency 
generation spectroscopy,” J. Phys. Chem. Lett., vol. 3, no. 7, pp. 
844–847, 2012. 

[18] F. Y. Shalhout, S. Malyk, and A. V. Benderskii, “Relative Phase 
Change of Nearby Resonances in Temporally Delayed Sum 
Frequency Spectra,” J. Phys. Chem. Lett., vol. 3, no. 23, pp. 3493–
3497, Dec. 2012. 

[19] B. Braunschweig, P. Mukherjee, R. B. Kutz, A. Wieckowski, and D. 
D. Dlott, “Sum-frequency generation of acetate adsorption on Au 
and Pt surfaces: Molecular structure effects,” J. Chem. Phys., vol. 
133, no. 23, 2010. 

[20] T. R. Calhoun, J. A. Davis, and G. R. Fleming, “Vibrationally-
Mediated Dynamics in β-carotene Probed with Broadband 2D 
Electronic Spectroscopy,” Spectroscopy, vol. 1, pp. 1–2, Jul. 2010. 

[21] J. C. Vaughan, T. Hornung, T. Feurer, and K. A. Nelson, 
“Diffraction-based femtosecond pulse shaping with a two-
dimensional spatial light modulator.,” Opt. Lett., vol. 30, no. 3, 
pp. 323–5, Feb. 2005. 

[22] S. X. Dou, D. Jsse, R. Hierle, and J. Zyss, “Comparison between 
collinear and noncollinear phase matching for second-harmonic 
and sum-frequency generation in 3-methyl-4-nitropyridine-1-
oxide,” J. Opt. Soc. Am. B, vol. 9, no. 5, p. 687, 1992. 

[23] D. Zheng, L. Lu, Y. Li, K. F. Kelly, and S. Baldelli, “Compressive 
Broad-Band Hyperspectral Sum Frequency Generation 
Microscopy to Study Functionalized Surfaces,” J. Phys. Chem. 
Lett., vol. 7, no. 10, pp. 1781–1787, 2016. 

[24] J. Vaughan, T. Feurer, K. Stone, and K. Nelson, “Analysis of replica 
pulses in femtosecond pulse shaping with pixelated devices,” 
Opt. Express, vol. 14, no. 3, p. 1314, 2006. 

[25] A. M. Weiner, “Ultrafast optical pulse shaping: A tutorial review,” 
Opt. Commun., vol. 284, no. 15, pp. 3669–3692, 2011. 

[26] J. W. Wilson, P. Schlup, and R. A. Bartels, “Ultrafast phase and 
amplitude pulse shaping with a single, one-dimensional, high-
resolution phase mask.,” Opt. Express, vol. 15, no. 14, p. 8979, 
2007. 

[27] S.-H. Shim and M. T. Zanni, “How to turn your pump–probe 
instrument into a multidimensional spectrometer: 2D IR and Vis 
spectroscopiesvia pulse shaping,” Phys. Chem. Chem. Phys., vol. 
11, no. 5, pp. 748–761, 2009. 

 


