L

Y
O
®
c
-
-
O

ﬁ
()

ol e

-

Chemical Physics

AIP
Publishing

Extracting the sample response function
from experimental two-dimensional
terahertz-infrared-visible spectra

Cite as: J. Chem. Phys. 158, 134201 (2023); https://doi.org/10.1063/5.0138442
Submitted: 12 December 2022 + Accepted: 13 March 2023 « Accepted Manuscript Online: 13 March
2023 « Published Online: 04 April 2023

Pankaj Seliya, '*' Mischa Bonn and "' Maksim Grechko

COLLECTIONS

Paper published as part of the special topic on Celebrating 25 Years of Two-dimensional Infrared (2D IR)

Spectroscopy
Y
[ 4 A |
\ J
& ~’
open View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Variational theory of angulons and their rotational spectroscopy
The Journal of Chemical Physics 158, 134301 (2023); https://doi.org/10.1063/5.0135893

Electronic transition dipole moments from time-independent excited-state density-
functional tight-binding
The Journal of Chemical Physics 158, 134104 (2023); https://doi.org/10.1063/5.0139023

The nature of the chemical bond
The Journal of Chemical Physics 158, 130401 (2023); https://doi.org/10.1063/5.0148500

Time to get excited.

= Lock-in Amplifiers —from DC to 8.5 GHz

g 52)
| — =t g5.eu vee- bee |
‘H} u~\\\"W“W\"m“ui;\wm : 7 : \/ Zurich
[ VR CUETIE] 8 ) SEEE e s
---------- AR BT e N\ Instruments
J. Chem. Phys. 158, 134201 (2023); https://doi.org/10.1063/5.0138442 158, 134201

© 2023 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=2023708&setID=378408&channelID=0&CID=740896&banID=520944490&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=3baaf36e92ffc5850302086a0099c51d2f33b374&location=
https://doi.org/10.1063/5.0138442
https://doi.org/10.1063/5.0138442
https://orcid.org/0000-0002-4511-7160
https://aip.scitation.org/author/Seliya%2C+Pankaj
https://orcid.org/0000-0001-6851-8453
https://aip.scitation.org/author/Bonn%2C+Mischa
https://orcid.org/0000-0002-7717-387X
https://aip.scitation.org/author/Grechko%2C+Maksim
/topic/special-collections/2dir2022?SeriesKey=jcp
/topic/special-collections/2dir2022?SeriesKey=jcp
https://doi.org/10.1063/5.0138442
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0138442
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0138442&domain=aip.scitation.org&date_stamp=2023-04-04
https://aip.scitation.org/doi/10.1063/5.0135893
https://doi.org/10.1063/5.0135893
https://aip.scitation.org/doi/10.1063/5.0139023
https://aip.scitation.org/doi/10.1063/5.0139023
https://doi.org/10.1063/5.0139023
https://aip.scitation.org/doi/10.1063/5.0148500
https://doi.org/10.1063/5.0148500

The Journal

of Chemical Physics ARTICLE

scitation.org/journalljcp

Extracting the sample response function
from experimental two-dimensional
terahertz-infrared-visible spectra

Cite as: J. Chem. Phys. 158, 134201 (2023); doi: 10.1063/5.0138442 @ LT]
Submitted: 12 December 2022 « Accepted: 13 March 2023 - :
Published Online: 4 April 2023

Pankaj Seliya, Mischa Bonn, and Maksim Grechko”

AFFILIATIONS

Department of Molecular Spectroscopy, Max Planck Institute for Polymer Research, Ackermannweg 10, D-55128 Mainz, Germany

Note: This paper is part of the JCP Special Topic on Celebrating 25 Years of Two-dimensional Infrared (2D IR) Spectroscopy.
2 Author to whom correspondence should be addressed: grechko@mpip-mainz.mpg.de

ABSTRACT

Terahertz molecular motions are often probed by high-frequency molecular oscillators in different types of non-linear vibrational spec-
troscopy. Recently developed two-dimensional terahertz-infrared-visible spectroscopy allows direct measuring of this coupling and, thus,
obtaining site-specific terahertz vibrational spectrum. However, these data are affected by the intensity and phase of the employed laser
pulses. In this work, we develop a method of extracting sample response—representing solely physical properties of a material—from experi-
mental spectra. Using dimethyl sulfoxide as a model molecule to verify this method, we measure the coupling between C-H stretch vibration
of its methyl groups and terahertz intramolecular twist and wagging modes.

© 2023 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/10.1063/5.0138442

INTRODUCTION

Molecular low-frequency vibrational modes (LFMs) in the ter-
ahertz (THz) frequency range can play a role in (bio-) chemical
processes in condensed phases at room temperature.' * Non-linear
mid-infrared (MIR) spectroscopy techniques (transient absorption
and 2D IR) measure high-frequency vibrational modes (HFMs) to
obtain insight into these motions at locations of specific chemi-
cal groups.” '’ Such measurements probe terahertz dynamics indi-
rectly via LFM-HFM coupling, by exciting and probing only a
high-frequency oscillator. Sophisticated relations between the HFM
frequency/transition dipole moment and the LFM coordinate
complicate determining the relevant LFM modes from such
measurements. Recently, we have developed two-dimensional
terahertz-infrared-visible (2D TIRV) spectroscopy to measure LEM-
HFM coupling directly.'"'* This technique can identify the rel-
evant LFMs using mid-infrared spectroscopy selectivity, thereby
disentangling the typically broad featureless low-frequency spectral
response.”” " Previously, we have used this technique to study the
coupling between intra- and inter-molecular motions in liquid water

and the coupling between phonon vibrations and N-H stretch vibra-
tions in hybrid perovskites.'"'* However, taking full advantage of
the 2D TIRV spectroscopy requires extracting the system’s complex-
valued third-order non-linear response function S®) from the
measured data.

A measured 2D TIRV spectrum is determined by a product
of $®) and spectra of laser pulses. The latter can be considered
as an instrument response function (IRF), which affects both the
intensity and phase of the 2D spectrum. Deriving $®, which
contains the physical properties of a sample, thus requires elim-
inating IRF from the experimental data. This requirement is
analogous to data processing in other non-linear spectroscopy tech-
niques where the signal depends on the intensities and phases
of the employed laser pulses. For example, the progress in
2D IR and 2D electronic spectroscopy was enabled by a method
of determining the phase of a spectrum.’”*' The method utilizes
the equality of 2D spectrum projection and transient absorption
spectrum. Another technique, phase-resolved sum-frequency gen-
eration (PR SFG) spectroscopy, uses the response of reference
material to obtain the second-order response function of a
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sample.”””’ Here, we develop a similar method for 2D TIRV
spectroscopy.

We have recently reported a procedure that allows separat-
ing different excitation pathways in 2D TIRV spectroscopy.”* This
was a critical step toward deriving material response function from
experimental data because different excitation pathways produce
signals via different mixing of the terahertz and infrared fields:
sum- and difference-frequency mixing. Here, we report a method
to eliminate the effect of the laser fields and obtain the spectrum of
sample response function in 2D TIRV spectroscopy. To this end, we
utilize a thin (1 pm) silicon nitride (SiNy) membrane as the
reference material. Its response gives a spectrum that directly reflects
the distribution of intensities and phases of all the laser pulses used
in 2D TIRV spectroscopy to generate and detect signal field. We
demonstrate the approach on a model sample, liquid dimethyl sul-
foxide (DMSO), which has intense low- and high-frequency modes
that are sufficiently strongly coupled to generate a substantial 2D
TIRV signal.

PRINCIPLES OF 2D TIRV SPECTROSCOPY

The theoretical formalism and experimental implementa-
tion of 2D TIRV spectroscopy have been discussed in detail
elsewhere.'"”*”” In brief, in a 2D TIRV spectroscopy measurement,
four-wave mixing of a narrowband visible (VIS), and broadband
terahertz (THz) and mid-infrared (IR) pulses induce the emission
of a signal field by a sample (Fig. 1). The resonant interactions of
THz and IR pulses with the sample excite its LFMs and HFMs,
respectively, with time delay 7 between the pulses. VIS pulse adds
third, non-resonant interaction between electromagnetic field and
material to enable signal generation from isotropic media. Also,
using VIS pulses leads to the signal being emitted in the vis-
ible frequency range, typically 620-720 nm, for which sensitive
detectors are commercially available. Doubly resonant generation
of signal—via excitation of both LFMs and HFMs—requires a
two-quantum transition at one of the excitation steps and, thus,
coupling between the modes. The signal field is dispersed in a
spectrometer and measured using its interference with a local oscil-
lator (LO) pulse at different time delays 7 between the THz pulse
and IR/VIS pulse pair. Fourier transformation of the time-domain
data over 7 provides the THz frequency axis (wi), represent-
ing LFMs. The second frequency axis, w,, representing HFMs, is
obtained by subtracting the frequency of the VIS pulse from the
spectrometer frequency. A constant time delay & ~ 4.1 ps between
the signal and LO pulses is used to distinguish positive and neg-
ative w, frequencies and separate signals generated by rephasing
(VIS + IR-THz difference-frequency mixing) and non-rephasing

Signal |virt)

a ] b
IR Lo VIS Signal
Lo ” M %,“'
Q"\“‘

HFM

i T
lll, V1s
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FIG. 1. (a) Scheme of experimental implementation of 2D TIRV spectroscopy. (b)
Energy level diagram of a typical excitation pathway.
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(VIS + IR + THz sum-frequency mixing) excitation pathways (quad-
rant separation).”* Rephasing and non-rephasing signals appear in
the II/IV and I/III quadrants of the 2D spectrum, respectively.

Assuming an infinitely small bandwidth of the VIS pulse, a
measured 2D TIRV spectrum T in quadrants I and II is given by a
product™

T'(wz + Qyrs, 1) o< {8(3)(w2 + Qvrs, w2, 1)
+ S(S)(wz + Qvis, W2, w2 — wl)}

x B, (w1)Er (w2 — 1)

x Evis(Qvis)Ero (—wz — QVIS)ei(wzmvm)a- (1)

Here, $® is the third-order response function of a sample,
which reflects its physical properties; Evyis is the complex-valued
spectral amplitude of the VIS electric field with frequency Qvis; and
EtHz, Eir, and Ero are complex-valued electric field spectra of THz,
IR, and LO pulses, respectively. The first and second terms in Eq. (1)
represent different interaction sequences between the THz and IR
fields and the sample. In the first (second) term, the interaction
of the sample with THz (IR) precedes interaction with IR (THz).
Equation (1) shows that the intensity and phase of a measured 2D
TIRV spectrum are affected by the spectral shapes and phases of
the employed laser pulses. We note that the THz, IR, and LO pulse
phases can have complex dependence on frequency (due to, e.g., dis-
persion). Hence, a measured spectrum can be considered a product
of the sample response function and instrument response function
(IRF), which is given by the product of electric fields.

Deriving the complex-valued spectrum of Ss(jrzlpl . requires elim-
inating laser fields from the product in Eq. (1). To this end,
we use an approach similar to PR SFG spectroscopy.”” In this
technique, a measured spectrum gmple Of a sample is divided by a
non-resonant spectrum I'r.r of a reference material (typically quartz).
For non-resonant interactions, a material response function of any
order is real-valued and constant (frequency-independent).”® Thus,

the non-resonant spectrum is linearly proportional to the IRF of an

experimental setup and Tgmple/Trer o s&

smple- LDis approach can be

ple

employed using a resonant reference material as well, given that its

s®
£

response function o 18 known. In this case,

3) 1—‘sample 3)

sample Tret ref *

We demonstrate that in 2D TIRV spectroscopy, a thin silicon
nitride (SiNx) membrane is a suitable reference material to derive
the complex-valued spectrum of the sample response function.

RESULTS AND DISCUSSION

We use liquid dimethyl sulfoxide (DMSO) as a model sample.
The absorption spectrum of DMSO in the mid- and far-infrared
frequency range is shown in Fig. 2. In the terahertz frequency
range, this spectrum contains two sharp vibrational modes at 333
and 383 cm™' labeled 2 and 3. These vibrations are assigned to
intramolecular CH3-CHj3 twist (v23) and wagging (vi;) modes,
respectively.””*’ There is also a weak shoulder at about 308 cm™
(labeled 1), which is also produced by intramolecular motion and
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FIG. 2. Black line shows the absorption spectrum of liquid DMSO. Relevant low-
and high-frequency ranges are shaded in red and purple, respectively. Intensity
spectra of THz and IR laser pulses are shown by blue and green lines, respectively.

is assigned to C-S-C bending (v12).”” Besides intramolecular vibra-
tions, the spectrum contains intermolecular libration motion at
frequencies below 150 cm™ (labeled 0).”

Because LFMs 2 (333 cm™!) and 3 (383 cm™) of DMSO
displace CH3 groups of the molecule, one can expect substan-
tial coupling between LFMs and the C-H stretch vibrations. The
C-H stretch symmetric and asymmetric vibrational modes have
frequencies of 2913 and 2996 cm ™", respectively (labeled with s and
a in Fig. 2). Figure 3(a) shows the time-domain 2D TIRV data of
DMSO measured in this IR frequency range using a femtosecond
IR pulse with a bandwidth of 250 cm™ and a central frequency of
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2780 cm™! (Fig. 2). Fourier transformation over time axis and quad-
rant separation yields 2D spectrum I'pmso. Figure 3(b) shows the
first and second quadrants of the absolute-value 2D TIRV spectrum
(ITowmso). Sum-frequency mixing of the THz and IR fields produces
a signal in the first quadrant at w,-frequencies of CHj stretch vibra-
tions.”* The offset of the IR pulse frequency from CHs modes to red
favors this process. The similar signal in the second quadrant is weak
because it is produced by difference-frequency mixing of the IR and
THz fields, which is hampered by the IR frequency offset. Instead,
the second quadrant contains a signal parallel to the diagonal and
intersecting w,-frequency axis at the CHj3 stretch frequencies.
Figures 3(c) and 3(d) show real and imaginary parts of the
I'pmso, respectively. Their shape is affected by the spectral intensi-
ties and phases of the THz, IR, and LO pulses. Inter alia, an offset of
time zero in time-domain data [Fig. 3(a)] and time delay § between
signal and LO results in oscillations along w; and w, axes, respec-
tively. To eliminate this effect of IRF, we measure the 2D TIRV
spectrum I'siy of a reference material, a ~1 ym thick SiNy membrane
[Figs. 3(e)-3(h)]. Because SiNy has no resonances at mid-infrared
and visible frequencies, interaction with IR and VIS pulses is non-
resonant for this material. In contrast, in the far-infrared frequency
range, SiNy has intense vibrational resonances (Fig. 4). Hence, the
signal can be generated by its non-resonant and resonant interac-
tion with the THz pulse. In the former case, SiNy response function

SSI\)I is real-valued and constant, whereas in the latter case, it is
complex-valued and depends on the w;-frequency,

S (@2, 1) o< S (1)

15 5 5 -15
H T T
c Re[lpwsol | | d Im[Cpusol
a
= $ —
15 05  -05 15
320g Rell'snd | [ 1 Im[Tsad
3100
3000
2900]
28000
2700— =
500 100 300 500
o4(cm™)

FIG. 3. Time-domain data (a), absolute value (b), real (c), and imaginary (d) parts of 2D TIRV spectrum of DMSO. Time-domain data (e), absolute value (f), real (g), and
imaginary (h) parts of 2D TIRV spectrum of SiNy, which serves as a reference. In panels (a) and (e), the time zero is arbitrarily defined as the beginning of a dataset.
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FIG. 4. (a) Transmittance spectrum of 1 um thick SiN, membrane. (b) Real and imaginary parts and (c) amplitude and phase of SSN)

Here, Sélll\)l is the resonant first-order response function of SiNy. fully non-resonant (case I) and partly resonant (for the THz pulse
Figure 4 shows the S$) spectrum calculated using its reported ~ interaction, case II) SiNy signal generation, respectively,
permittivity esin,”’

3) I'pmso (w2, w1 )
) _ a-c)S W, w1)= ———
Sgllx)l(w) = M ( ) DMSO( g 1) FSiNx(wz,wl)
' 4mp,

where po is the number density of absorbers (we assume po = 1). In

T w2, W
the 0-700 cm™ THz frequency range of our 2D TIRV experiment, (d- f)SI(D313[SO(w2’ wy) = M S8 wr).

(1) ) . . Tsing (w2, w1) Ssin
the Sg;; amplitude varies by about 67% and its phase by up to 0.8 rad.
This dispersion is primarily caused by the transverse optical phonon s
resonance around 825 cm™~L.! These two assumptions produce 51(313150 spectra, which are very
Using SiNy as a reference material, we test the two possible similar for w, <400 cm™. For higher w,-frequencies, the differ-
extreme cases of interaction with the THz pulse. Figures 5(a)-5(c) ence of the line shape becomes more significant because of the
and 5(d)-5(f) show SI()MSO in the first quadrant obtained assuming ~0.8 rad accumulated phase of Sélll\)I A 2D spectrum with the correct

Case I: Fully non-resonant SiN, signal

|SDMSO| Re[s(g;nso] Im [snmso]
305017 B 7 10
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é
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2900 ‘ s2 s3 FIG. 5. (a)-(c) Absolute value, along
-10 with the real and imaginary parts of
2850 the DMSO response function spectrum,

assuming fully non-resonant SiNy sig-
nal. (d)—(f) Absolute value, along with the
real and imaginary parts of the DMSO

Case lI: Partly resonant SiN, signal
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phase should fulfill the Kramers—Kronig relations (KKR) calculated
parallel to one of the frequency axis,”® for instance,

3 ’

Im(s(s) (02 @ )) _ _lfwo Re(S(ma{so(wz,w ))dw'

DMSO \ 2> 1 7)o o —w :
Figure 6 shows real and imaginary parts of the spectra in Fig. 5
taken at the symmetric stretch frequency (w, = 2913 cm™!, mode s
in Fig. 2). For both cases I and II, there is a significant discrepancy
in the frequency range below ~100cm™ ' between the imaginary
part inferred from the real part using the KKR and experimental
data [Figs. 6(b) and 6(d)]. This can be explained by two factors:
low signal intensity in this spectral range and the limited spectral
range (0-600 cm™') used in the calculations. The 2D TIRV signal

from SiNy reduces by a factor of ten and more at w; < 20 cm”l,

thus making unreliable intensities of the derived SI()313150 at these
wi-frequencies. Because the KKR is not local, this can affect the
inferred imaginary part in Fig. 6 in the frequency range significantly
beyond 20 cm™. In addition, the correct KKR also requires inte-
gration over negative frequencies (quadrant II). In the calculations,
we use data only from quadrant I (0-600 cm™') because of the low
signal-to-noise ratio in quadrant II. This approximation can influ-
ence the inferred imaginary part, particularly at low w;-frequencies.
Above 100 cm ™', the inferred imaginary part agrees reasonably with
the experimental data for case II, given that the calculated data
in 500-600 cm™' range can also be affected by the limited spec-
tral range used in the KKR. For case I, the agreement between the
calculated and experimental spectra is worse [Fig. 6(b)]. Thus, the
2D TIRV signal of SiNy is generated predominantly via the resonant
interaction with the THz pulse, and the correct spectrum of 81(3313150 is
given by case II.

Case I: Fully non-resonant SiN, signal
Re[S®puso (2913 cm™,04)]

ARTICLE scitation.org/journalljcp

For each of the C-H stretch vibrational modes s and a, the
SD3MSO spectrum contains three peaks at w; ~ 300,326 and 376 cm™!
(s1, s2, s3 and al, a2, a3 in Fig. 5) reflecting their coupling with
the intramolecular LFMs 1, 2, and 3. We attribute the additional
prominent peaks s4 and a4 to an LFM with a weak transition dipole
moment and strong coupling with C-H stretch vibrations. This
weakly absorbing mode is obscured in the absorption spectrum in
Fig. 2. To determine which of the THz-IR and IR-THz interaction
sequences produces these signals, we perform a Fourier transforma-
tion of the spectrum over the w;-frequency axis back into the time
domain [Fig. 7(a)]. Because the data processing eliminates phases of

the laser pulses, 31(3313150 has a maximum at ¢ = 0 (note that here the
t-axis is uniquely determined by the phase of the frequency-domain
spectrum). We use a square window function to select data at
negative (t < 0) and positive (¢ > 0) time and perform their Fourier
transformation separately to derive the signal generated by the IR-
THz and THz-IR interaction sequences, respectively. The spectrum
of the signal at ¢ < 0 contains peaks that are broad over the w; axis
and narrow over the w, axis [Figs. 7(b)-7(d)]. Thus, the IR-THz
interaction sequence is resonant for the IR interaction and presum-
ably non-resonant for the THz interaction. In contrast, the spectrum
of t>0 contains a signal generated by the coupled intramolec-
ular LFMs and C-H stretch vibrations [Figs. 7(e)-7(g)]. Hence,
the doubly resonant signal is produced by DMSO molecules inter-
acting first with the THz pulse, followed by interaction with the
IR pulse.

Cross-peaks between CHj stretch vibrations and intra-
molecular LFMs 1, 2, and 3 are at frequencies of w; ~ 300,326,
and 376 cm™'. These frequencies are systematically lower by about
5cm™ than LFMs locations in the absorption spectrum (accuracy of
the w; and w, frequencies is about 1 cm™ ! each; see the
supplementary material for details). This deviation cannot be

IM[S®popso (2013 cm™, )]

18
162 109 b [ —— Obtained using KKR
—— Experimental
144 51
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z10] 0
58 1
£ 6 -104
4
o) 15
0 20

FIG. 6. Real (a) and imaginary (b) parts
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0 100 200 300 400 500 600 0 100 200

Case lI: Partly resonant SiN, signal

300 400 500 600

(c) and imaginary (d) parts of Sgﬁso
(2913cm~",w;), assuming partly
resonant SiNy signal. Blue lines show

6 4 experimental data, and red lines show
g — - - imen ;
] 3{d Obtained using KKR the imaginary part calculated from
5 Experimental ) .
2 the corresponding real part using the
44 1 Kramers—Kronig relation.
2 0
2 3
5 A
£ 2 -2
1 31
-4
0 100 200 300 400 500 600 50 100 200 300 400 500 600
o (cm™) o (cm™)

J. Chem. Phys. 158, 134201 (2023); doi: 10.1063/5.0138442
© Author(s) 2023

158, 134201-5


https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0138442

The Journal R o _ _
of Chemical Physics scitation.org/journal/jcp
Is(g:nso Re[SHhso] Im[SThso]
3050, b s p 2
3000 1
L 1<0- T
s050r— § 2950 0 FIG. 7. (a) Time-domain data obtained
*0ra B 2900 CO [ — evep ] by the inverse Fourier transformation of
3000 “ 2 Sé,sw)so(wz, w1) OVer wi frequencigs. (b)
= 2850 L2 Absolute value, (c) real, and (d) imagi-
52950 0 nary parts of the spectrum obtgined by
< | 30507 f g 4 Fourier transformation of the signal for
2900 '\ 2 3000 5 t<0in .(a). (e) Absolute value, (f) real,
= and (g) imaginary parts of the spectrum
2850554 52950 0 optairr?d l;y Fggrieir ;fransformation of the
- ) < . . \ signal for > 0in (a).
Time delays (ps) € 5900 ‘ ’ . ) o« ’.‘ 2
¢ >i
t0——— .
g 2850 300 500

o; (cm™)

explained by different frequencies of LFMs in the excited state of the
C-H oscillator because the THz pulse excites LEMs in the ground
vibrational state of the C-H stretch. Because the first excited state
of the DMSO low-frequency intramolecular vibrations is populated
at room temperature, the THz pulse excites molecules also from
the first to the second excited state. One can hypothesize a signif-
icantly stronger coupling between the second excited state of THz
modes and C-H stretch vibrations, which can dominate the 2D
TIRV spectrum. Thus, the ~5 cm™ ! offset of resonances in the 2D
TIRV spectrum along the w;-axis can stem from the own mechan-
ical anharmonicity of DMSO intramolecular vibrations. To verify
this hypothesis, we measure the absorption spectrum of the DMSO
in a 1 mm thick sample cell to identify possible overtone transi-
tions of the molecule in the THz frequency range (Fig. S4 in the
supplementary material). A weak resonance at about 765 cm™" can
be tentatively assigned to the overtone transition of the 383 cm™
vibrational mode, which implies ~1 cm”~ ! own mechanical anhar-
monicity of this LFM. An alternative explanation of the red-shifted
response can be a slight inhomogeneous broadening of the LFMs.
For instance, LFM frequencies can have a weak dependence on
the instantaneous conformation of DMSO molecules, such as the
rotational orientation of its methyl groups around S-C bonds.
Assuming LFM-HFM interaction strength also depends on instan-
taneous DMSO conformation, this can lead to stronger coupling
between red-shifted LFM oscillators and C-H stretch vibrations.
Hence, an offset of resonance frequencies in the 2D TIRV spectrum
can occur as compared to linear absorption. However, a comprehen-
sive explanation of this phenomenon requires accurate theoretical
calculations.

At even lower w; frequency, the 51(3313150 spectra display coupling
between the C-H stretch vibration and intermolecular librational
motions [s0 and a0 in Fig. 5(b)]. The librational motion changes
the spatial orientation of the C-H stretch transition dipole moment,
and because the intermolecular forces on the CH; groups are typi-
cally rather weak, this coupling is likely produced by predominantly
electrical anharmonicity. The maximum intensity in the 2D spec-
trum is substantially below a THz frequency of 100 cm™'—the
maximum of linear absorption (Fig. 2). We hypothesize that this
can be due to the larger amplitude (angle) of libration at lower
frequencies and, thus, stronger LFM-HFM coupling.

100 300 500 100 300 500

100

In summary, we present a method of deriving a complex-valued
sample response function in experimental 2D TIRV spectroscopy.
The sample response free from the instrument response function
reflects its physical properties and can be directly compared with
theoretical calculations. For a model liquid DMSO sample, we
directly measure the coupling between high-frequency C-H stretch
modes and THz molecular motions, both intramolecular vibra-
tions and intermolecular libration. These results pave the way for
the utilization of 2D TIRV spectroscopy for the quantitative study
of vibrational dynamics in liquids and soft materials important in
different fields of chemistry.

METHODS

The experimental setup is described in detail elsewhere.”* Here,
we provide a brief overview. The output of a femtosecond Ti:
sapphire regenerative amplifier (Astrella, Coherent) centered at
800 nm with a repetition rate of 1 kHz, and FWHM of ~60 nm is split
into three beams. The first beam (~1 mJ/pulse) pumps a commercial
TOPAS (traveling wave optical parametric amplification of super-
fluorescence) coupled with an NDFG (non-collinear difference-
frequency generation) unit to generate tunable mid-infrared (IR)
pulses with FWHM of ~250 cm™" (spectrum of IR pulse centered at
2780 cm ™ is shown in Fig. 2). We use a 4 f pulse shaper to produce
a narrowband visible pulse (VIS, centered at about 800 nm, FWHM
~10 cm™!) from the second beam (~0.8 m]/pulse). IR and VIS beams
are made collinear using a dichroic beam combiner. The IR/VIS
pulse pair is then routed to a displaced Sagnac interferometer to gen-
erate a local oscillator (LO) by sum-frequency generation in a 10 ym
thick type 1 B-barium borate (BBO) crystal. The third beam (~1.1
m]J/pulse) is used to generate a broadband terahertz (THz) pulse by
two-color mixing of laser field in air plasma (spectrum of THz pulse
is shown in Fig. 2). IR, VIS, and LO pulses are focused by a parabolic
mirror and overlapped with horizontally polarized terahertz (THz)
pulse at the sample to generate the third-order signal. After the
sample, the signal and LO are collimated with a CaF, lens (20 cm
focal length) and passed through a polarizer. The signal and LO are
aligned to a spectrometer (SpectraPro HRS-300, Princeton Instru-
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ments) and detected with an electron-multiplying charge-coupled
device (EMCCD) detector (Newton 971, Andor). The energies of IR
and VIS pulses at the sample are 1.5 and 4.5 uJ/pulse, respectively.
We use parallel polarization of THz, IR, VIS, and signal fields.

We measure time-domain data by varying the time delay
between the THz and IR/VIS pulse pair in steps of 10 fs using
a motorized delay stage [V-551.2B, Physik Instrumente (PI)]. The
starting position of the delay stage is the same for DMSO and SiNy
membrane. We scan time delay across a total time interval of 7.33
and 1.33 ps for DMSO and SiNy, respectively. Data acquisition for
one spectrum takes about 25 min for DMSO and 5 min for the SiNy
membrane.

The sample cell for DMSO consists of a front and a back win-
dow separated by a 1 mm thick Viton o-ring. The front window is
made of a 200 ym thick silicon frame with a low-stress SiNy mem-
brane of 50 nm thickness and 0.5 x 0.5 mm? aperture (NX5050A,
Norcada). The back window is a 2 mm thick CaF, window. The 2D
TIRV signal from the front window is about 30 times weaker than
the DMSO signal and, thus, is neglected in data interpretation and
analysis (see Fig. S5 in the supplementary material).

To measure the absorption spectrum in far- and mid-infrared,
we use a commercial Fourier transform infrared (FTIR) spectrome-
ter (Bruker Vertex 70), which has a spectral range of 50-6000 cm™"
Liquid DMSO is placed between two diamond windows (400 ym
thick) with a 25 ym thick PTFE spacer.

SUPPLEMENTARY MATERIAL

See the supplementary material for calibration of w; and w;
frequencies, infrared absorption spectrum of 1 mm thick DMSO
sample, and comparison of 2D TIRV signal intensity of DMSO and
50 nm thick SiNx membrane.
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