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1. The second-order nonlinear susceptibility

In sum frequency generation, the time-domain second-order nonlinear susceptibility can be

expressed as!-3:

q (SD)
where 4Nk and ¥R are the time-domain amplitude and the phase of the non-resonant background,
respectively. Ag, %g and Tq are amplitude, frequency, and dephasing time of the " vibrational mode.
8(t) and £(t) represent the 6-function and Heaviside step function, respectively. The corresponding
frequency-domain second-order nonlinear susceptibility X(@) can be generated by Fourier

transform from x(¢):1-4

1P(w)=4 NREXD (IWyg) + Z

ww+lF

(52)
where Tq is the Lorentzian linewidth of the q™ vibrational mode, e = 1/(2T€T9) and ¢ is the speed

of light.

2. The overview of the intrapulse interference SFG method

In the intrapulse interference SFG (II-SFG), we use the visible pulse Eyis(57) a5 the gate pulse to
probe the first-order polarization () by mapping the 's76(®D with a series of time-delay . The
overview of the II-SFG method is shown in Figure S1, which presents an iteration numerical

. (1) . . . .
processing. The Pout can be retrieved while the solution converges. The frequency-domain

. 1 . . . . €Y ®
expression Pout(®ir) is the Fourier transform of the time-domain Pout®. The P (i) can be

expressed as,
PD(wp) = xP(@sp)Ejp(@ip) (S3)
The complex frequency-domain second-order nonlinear susceptibility ¥ (@) can be obtained with

p ((nll)t(“’m) divided by Ep(wpg).
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Figure S1. The overview of the II-SFG method.

3. The resolution of the II-SFG method

We have verified the resolution of the II-SFG by using a virtual second-order nonlinear

susceptibility, the parameters is shown in Table S1.



Table S1. The parameters of the virtual second-order nonlinear susceptibility.

mode ® (cmt) I' (cm™) A
1 2945 2 1
2 2965 2 1
Anr 0.05

As shown in Figure S2, when the linewidth of the x*(®) is narrow enough, I'=2 cm'!. The

resolution of the II-SFG is the resolution of the spectrometer.
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Figure S2. (A, C and E) The II-SFG spectral maps recorded by the spectrometer with resolution

1 2
0.5cm!, 2 cm! and 5 em!, respectively. (B, D and E) The retrieved | P ( )(“’IR)| from A, C and E,

respectively. The red curves are the retrieved results and the black dotted curves are the original.



4. Additional simulations based on Table 1.

4.1. The parameters of the input pulses used in Figure 2:

1) The amplitude, central frequency and temporal linewidth of the incident IR pulse are 1, 2955
cm-!, and 100 fs, respectively.

2) The amplitude, central frequency and temporal linewidth of the original incident visible pulse
are 1, 12500 cm™!, and 100 fs, respectively.

3) The range of time-delay T between IR and visible pulse in Figure 2(A) is from -480 fs to 1440
fs with 10 fs step.

4.2. The retrieving result without w-step phase modulation.

The spectrally- and time-resolved sum frequency generation (STiR-SFG) method® uses the
original visible pulse without phase-modulation. As shown in Figure S3A, the STiR-SFG spectral
map does not show any significant frequency characteristics. The retrieved visible pulse and the

intensity of the first-order polarization are not precisely recovered, even without any noise.
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Figure S3. (A) The STiR-SFG spectral map. The yellow curve in the map is the imaginary part of

the x®(w) . (B) The retrieved and original visible pulse. (C) The retrieved and original intensity

of frequency-domain first-order polarization.
4.3. The retrieving result of the 800 nm pulse with chirping effect.

The 800 nm pulse with a linear chirp can be expressed as,5’

Al A +i0A

Cc p— .
E () = AO[—Z] 1/ 4expi!fz.i[ - —Z]expiffz,i - lwgyt)
n2(1+C9 2In2(1 + C9)



where 4o is the amplitude, “0 is the central frequency, Ac is the FWHM spectral widths of the 800

nm pulse. C is the chirp parameter defined as

TZ
C=a|—-1
T2 ’
where @ is an constant, 10 is the FWHM temporal width of the 800 nm pulse, related to the A by

To=2In2/(mh) T is the FWHM widths for the chirped pulse.

Figure S4A and B show the phase-modulated 800 nm pulse with a positive or a negative chirp,

respectively.
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Figure S4. (A) The profile of the Gaussian 800 nm pulse (black dashed curve) and the 800 nm
pulse with a positive chirp(blue) (A) and a negative chirp (red) (B).

In Figure S5, although the chirping effect significantly distorts the SFG spectra (Figure S5 A,
D, and G), our approach can retrieve the distorted pulse profiles (Figure S5 B, E, and H). The
spectra of the first-order polarization (Figure S5 C, F, and I) obtained using our retrieval algorithm
are very similar in the presence of a chirp. Therefore, the chirping effect has been mostly removed

in our retrieval algorithm.
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Figure S5. (A) The II-SFG spectral map with no chirp in the 800 nm pulse. (B) The retrieved 800

1 2
nm pulse from A and the original 800 nm pulse in time-domain. (C) The retrieved | P )(“’IR)| from

1 2
A and the original | P )(“’IR)| . (D) The II-SFG spectral map with a positive chirp in the 800 nm

pulse. (E) The retrieved 800 nm pulse from D and the original 800 nm pulse in time-domain. (F)

2 2
The retrieved | P (1)(“’1R)| from D and the original |P (1)(“)1R)| . (G) The II-SFG spectral map with a

negative chirp in the 800 nm pulse. (H) The retrieved 800 nm pulse from G and the original 800

1 2 1 2
nm pulse in time-domain. (I) The retrieved | P ( )(sz)| from G and the original | P ( )(‘*’m)| .



5. Additional simulations based on Table 2.

5.1. The parameters of the input pulses used in Figure 3.

1) The amplitude, central frequency and temporal linewidth of the incident IR pulse are 1, 2910
cm-!, and 100 fs, respectively.

2) The amplitude, central frequency and temporal linewidth of the incident original visible pulse
are 1, 12500 cm™!, and 100 fs, respectively.

3) The time-delay t of the 5 spectra labelled by the red bars in Figure 3(A) are: -50 fs, 200 fs,
450 fs, 700 fs, and 950 fs, respectively.

5.2. The optimal number of the spectra used for retrieving.

We validate the changes of the root-mean-square deviation (RMSE) between the retrieved and
original second-order nonlinear susceptibility as the number of the spectra used for retrieving
increasing. As shown in Figure S6, the retrieving RMSE with 5 spectra or more have a similar

value. Therefore, retrieving with 5 SFG spectra is a good choice.
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Figure S6. RMSE values between the retrieved and original second-order nonlinear susceptibility

as a function of the number of the SFG spectra used for retrieving.



6. The simulated II-SFG maps of biomolecules

Figure S7A shows the simulated II-SFG map of the refolded amphiphilic peptide, LK73. The

parameters of the second-order nonlinear susceptibility are given in Table S2, which referred from

Yan group’s work®. The central frequency of the incident IR pulse is 2918 cm!. As shown in

Figure S7B, the imaginary part of x? (@) can be recovered with seven vibrational peaks which

have the exact vibrational frequency.

Table S2. The values of the spectral peak position, widths and amplitudes represent the spectral

features of the refolded amphiphilic peptide, LK, at the air—water interface.

mode ® (cm) I' (cm™) A

1 2851.1 19.5 0.90
2 2868.0 22.8 0.80
3 2893.0 10.1 0.27
4 2909.0 10.3 0.70
5 2934.5 5.1 -0.63
6 2959.0 7.0 1.42
7 2984.3 10.4 0.93

0.00084
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Figure S7. (A) The II-SFG spectral map of LK7f. The yellow curve in the map is the imaginary

part of the X* (@) . (B) The retrieved | PO (0" (red line) and the imaginary part of the x*(®)
(green line) from the II-SFG method and the Isr6 from BB-SFG (black line).

Figure S8A shows the simulated 1I-SFG map of the lactoferricin B adsorbed at aqueous—liquid
crystal interfaces. The parameters of the second-order nonlinear susceptibility are given in Table
S3, which referred from Chen’s work®. The central frequency of the incident IR pulse is 1632 cm™.
As shown in Figure S8B, the spectrum obtained by the II-SFG method has higher spectral
resolution than that of the traditional BB-SFG spectrum.

Table S3. The values of the spectral peak position, widths and amplitudes represent the spectral

features of the lactoferricin B adsorbed at aqueous—liquid crystal interfaces.

mode ® (ecm) I' (cm™) A

1 1600 7 8

2 1635 16 7

3 1663 23 18
Axr -0.29
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Figure S8. (A) The II-SFG spectral map of the lactoferricin B. The yellow curve in the map is the

1 2
imaginary part of the X @) | (B) The comparison of the retrieved | P )((‘)IR)| (red line) from II-
SFG and the 'sf¢ from BB-SFG (black line).

7. The retrieving of the IR beam profile.

When both a higher resolution and the relative phase are needed, measurement of the IR beam
profile is needed. We can record the IR-visible SFG-FROG cross correlation map (Figure S9A)
while the II-SFG map (Figure S9B) is acquiring. FROG is a well-documented technique for
measuring the spectral phase of short laser pulses.!% ! The profile of the IR pulse can be retrieved
from the SFG-FROG map. With the profile of the IR pulse, we can further retrieve the X @(w) and
x@(®). The parameters of the input pulses in this simulation are listed in section 4. The parameters

of the x® is listed in Table 2.

12



£
=)

& z
= 0 0
2 E
2 500 v
T E

1400
2700 2800 2900 3000 3100 2700 2800 2900 3000 3100

Frequency (cn'll) Frequency (crﬁl)

o)

= ‘— Retrieval IR E
I - - Original IR|
[~ 0.8 & B =:
Z x
z s
£ o6 =
E 5 _
= 0 a —Retrieval Im
= ) - “Original Im |
= E ! 1 ]
=
g 0.2 -
B
c i i i 8 i
= 5 -1 2850, 2890, 2940,
u
2000 -1000 0 1000 2000 4573590, 2970
Time(fs) Frequency (cm )
—_ 1 D ! e l -F ! ! 5
= — Retrieval Vis
= - s x
2ol (= - Original Vis | - -
z 08 o= "N _ o 10
E = NoF
2 0o = 0.6 25
= & =
= L = @
S . a 04 -0
Té 7] ="
g | 0.2 15
Z 0 i '
2000 -1000 0 1000 2000 0 ' : ‘ 20
Time(fs) 500 0 500 1000 1500 2000 2500

Time(fs)

Figure S9. (A) SFG-FROG cross correlation map of the chirped IR (black dotted line in C) and n-
step phase-modulated 800 nm pulse (black dotted lines D) with Poisson noise. (B) II-SFG spectral
map with Poisson noise. The red and yellow lines are the imaginary part and intensity part of the
xP (), respectively. (C) and (D) Retrieved IR and 800 nm pulse (red solid lines in C and D,
respectively). (E) Imaginary parts of retrieved (the red solid line) and original (the black dotted
line) xP(w), (F) Intensity and phase of the retrieved (magenta solid line) and original (black solid

line) x?(®.
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8. The simulated II-SFG spectral map with and without non-resonant

background

Figure S10 shows the simulated II-SFG spectral map with and without non-resonant
background. The parameters of the spectral peak positions and widths of the xP () are listed in
Table S4. The central frequency of the incident IR pulse is 3590 cm™'. In Figure S10A and S10C,
the amplitudes of the spectral peaks are 1, -1 and -1, respectively. In Figure S10B and S10D, the
amplitudes of the spectral peaks are -1, 1 and 1, respectively. Notably, the respective imaginary
parts of these two x® (@) shown as the yellow curves are totally opposite. In Figure S10A and
S10B, the non-resonant background NA is 0.1. In Figure S10C and S10D, the non-resonant
background is 0.

As shown in Figure S10A and S10B, the II-SFG spectral maps with the non-resonant background
exhibit totally different intensity distributions varied with the xP(@). In Contrast, as shown in
Figure S10C and S10D, the II-SFG spectral maps without the non-resonant background show the
identical intensity patterns. The relative phases of the X @ () can be retrieved from Figure S10A

and S10B using the non-resonant background as the reference.

The non-resonant background is existent in most of the X @ (w). For the exceptional case which
the non-resonant background is absent, the SFG signal of the gold or crystal substrate can be

adopted as the reference.

Table S4. The values of the spectral peak positions and widths

mode ® (cm™) I' (cmM)
1 3550 2
2 3590 2
3 3630 2

14
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Figure S10. (A) and (B) The II-SFG spectral maps with the non-resonant background. (C) and
(D) The II-SFG spectral maps without the non-resonant background. The yellow curves in the

maps are the respective imaginary part of the xP (),
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