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Abstract

Vibrational fingerprints and combination bands are a direct measure of couplings
that control molecular properties. However, most combination bands possess small
transition dipoles. Here, we use multiple, ultrafast coherent infrared pulses to re-
solve vibrational coupling between CH3CN fingerprint modes at 918, 1039 cm ™! and
combination bands in the 2750-6100 cm~! region via doubly vibrationally enhanced
(DOVE) coherent multidimensional spectroscopy (CMDS). This approach provides a
direct probe of vibrational coupling between fingerprint modes and near infrared com-

bination bands of large and small transition dipoles in a molecular system over a 3350

cm™! range.
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Coherent multidimensional spectroscopy (CMDS) has the capability to resolve the iden-
tity of vibrational overtones and combination bands.!'™ Combination bands and overtones
are commonly assigned by comparing their near infrared (NIR) frequencies to sums of har-
monic frequencies evaluated using ab initio electronic structure methods, such as density
functional theory (DFT).*% An alternative method to assign combination bands is through
correlations found in multidimensional spectra.” These correlation can ease the dependence
of spectral assignments on DFT approaches. However, it is often difficult to probe overtones
and combination bands through ultrafast spectroscopy due to their smaller transition dipole
moments.® ! Overtone and combination band transitions are forbidden and are observed
because of coupling between modes. This coupling makes overtones and combination bands
very important because they are a direct measure of the anharmonicity of modes that can
drive chemical reactions. This letter demonstrates how CMDS can directly probe vibrational
couplings between fundamental, fingerprint modes with overtones and combination bands
whose vibrational transition dipole moments vary over roughly two orders of magnitude. We
use doubly vibrationally enhanced (DOVE) CMDS to create a superposition of vibrational
states and probe these vibrational couplings. ' In DOVE-CMDS, two tunable infrared pulses
are used: one to excite a high-energy vibration (w,) and another to excite or de-excite a low-
energy fundamental (or fingerprint) mode (w;). A third, final optical pulse (ws3) stimulates
a Raman output transition (ws).12* The superposition emits multiple output beams with
directions and frequencies controlled by momentum (%k) and energy (Aw) conservation. We
create spectra by measuring the intensity of the E4 = —El + Eg + /;3 output beam as the
infrared frequencies are scanned across vibrational resonances. In the electric dipole approx-
imation, spectral peaks result when the two vibrational states are coupled in expansions of
the potential energy surface and/or molecular electric dipole moment.' Interference from
non-resonant background often determines the detection limits. %17 With ultrafast laser sys-
tems where pulse durations rival the vibrational coherence times, such contributions can be

effectively removed, at the cost of spectral resolution, by separating the pulses in time. 1%



Through typical perturbative methods,?>?! DOVE signal can be diagrammed through

the following Liouville pathways: 122223
19) (g = |g) (v] 2 [v") (0] > |e) (v] = [v) (v] (1a)
19) {9 2 V") (g] = [v") (0] 2 [e) (v] = [v) (v] (1b)
19) (g 2 ") (g = [v') (g] 2 |e) (g] = |g) (] (Lc)

where the numbers define the interacting pulse, |g) , |e) are ground and virtual states, and
[y, [0}, |v") are vibrational states. In this work, we choose |v) to be a low energy funda-
mental mode and [v') , [v”) are high energy vibrations that can correspond to a fundamental,
overtone or combination band. These pathways are diagrammed in Figure 1. The pathways
involve a multi-quantum vibrational transition; either a wy transition to a combination band
(v" = v +w) or, in cases where v” is not composed of v' or v, a multi-quantum Raman tran-
sition with ws. Due to anharmonicity, multi-quantum transitions are generally weak. The
signal from these pathways is described by the third-order electrical susceptibility tensor,
X%)K 1.» Where the subscript indices denote Cartesian coordinates in the laboratory frame. In

the 1-2-3 time ordering, the peak susceptibility scales as

3
XErJ)KL ~ (aapiain) 17K1 @ (2a)

and in the 1-2-3 time ordering, the peak susceptibility scales as

3
XEJ)KL ~ (Q3ppi2) 7KL (2b)

where a3 is a Raman polarizability induced by ws, and p, is the transition dipole probed
by w,. The brackets denote a rotational average of the transition elements due to the

sample’s isotropic nature.?%27 All excitations are vertically polarized, so we isolate X(Zg)zzz-
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Figure 1: Wave Mixing Energy Level (WMEL) diagrams?! of (a,b) DOVE-IR, (¢) DOVE-
Raman coherence pathways used in this work. These correspond to the pathways described
by Equation 1.2° |[v), [v/), [v") denote vibrational states on the ground electronic manifold;
le) denotes a virtual state. Solid and dotted arrows indicate ket and bra side transitions, re-
spectively. Interaction times are ordered from left to right. Pulse labeling denotes frequency,
not interaction time. The output frequency, wy (blue line), is defined as wy = —w; + ws +ws.
Time delays, 7;;, are defined as 7,; = 7; — 7;. In this work, the infrared pulse time delays are
referenced to the optical upconversion pulse (ws).

The homodyne-detected output scales as the square of the susceptibility, |X(Z3)ZZ 4%

In this letter, we probe coupling between the fingerprint and combination modes of
acetonitrile (CH3CN). CH3CN 1is a prototypical molecule commonly used to expand the
methods of nonlinear spectroscopy. '#2® 3! Fourier transform infrared (FT-IR) spectroscopy of
CH3CN shows strongly absorbing v(CC) stretch (918 cm™!) and p(CHj) rocking (1039 cm™)
fingerprint modes (Figure 2), while the absorption of most combination modes are roughly
one to two orders of magnitude smaller.?? The DOVE-CMDS spectra resolve a multitude of
combination bands coupled to these fundamentals. Fingerprint-selective coupling can help
assess the composition of combination bands. The spectra show peaks across a dynamic
range of four orders of magnitude, showing DOVE-CMDS is sensitive to weak coupling
between modes that do not share a coupled vibration. We attribute this sensitivity to
several factors, including: (1) the use of pulse delays to minimize non-resonant background,

(2) the use of a neat solvent as an analyte, (3) sample path length and (4) single photon
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output sensitivity. Non-resonant background and absorption effects can obfuscate even the
strongest spectral features.?® Resonant signal undergoes free induction decay (FID), and
therefore persists longer than non-resonant signal. While pulse delays reduce signal due
to FID, it will also suppress non-resonant background relative to the resonant signal.!®34
A relatively short sample pathlength (60 pum) was used to avoid absorption induced phase

mismatch effects. 3335737
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Figure 2: Baseline corrected FT-IR spectrum of neat CH3CN used in this work.

The DOVE-CMDS spectra show the coupling of the v(CC) p(CHs) fingerprint modes
with high energy vibrations in the 2750-6100 cm™! range (Figure 3). The peak frequencies
correspond well to those in the infrared absorption spectrum (Figure 2), and we are able to
match features to previously assigned vibrations (Table S1).38

Figures 3a and 3c reveal the mode couplings within the 2750 cm™ < wy < 4200 cm ™t
range using the 1-2-3 pulse sequence (cf. Figure la). To understand the relationship be-
tween CH3CN vibrational couplings and the 2D features, we first examine the symmetric and
asymmetric CH stretch modes, v(CH), (2944 cm™!) and v(CH),s (3003 cm™1), respectively
(Table 1). These v(CH) modes are thought to be significant contributors to CH3CN combi-

nation modes.?® If coupling between the fingerprint modes and v(CH), v(CH),; is present,

then cross peaks at (wy, 2945) ecm ™! and (wy, 3000) cm™! should be present in the 2D DOVE



spectrum. Indeed, features at (wq, we) = (920, 2945) cm ™! and (1040, 3000) cm ™! are present
(Figure 3). Note that v(CC), v(CH)s and p(CHs), v(CH),s share common symmetry (A,
E, respectively), which likely explains why v(CH)s does not couple to p(CHjz).%3® Note that
all symmetry arguments are based upon an isolated CH3CN molecule, which belongs to the

(s, point group.
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Figure 3: DOVE-CMDS Spectra of neat CH3CN. 1D slices taken along w; = 920 cm™!
(blue), 1040 cm™! (green) where (a) 713 = -1.5 ps, 3= -0.5 ps; (b) 713 = -0.5 ps, To3= -1.0
ps. Full 2D Spectra at (c¢) ws ® w; = [2750, 4200] cm™! ® [850, 1090] cm™!, 73 = -1.5 ps,
To3= -0.5 ps; (d) wy ® wy; = [4200, 6100] cm™! ® [850, 1090] cm™'; 713 = -0.5 ps, Te3= -1.0
ps. ws= 22222 cm~! (450 nm) for all spectra. The spectra are smoothed and corrected for
frequency-dependent power fluctuations. White pixels indicate intensities less than 107
Dotted lines indicate combination bands that share a common mode.

Table 1: Relevant CH3CN normal modes with central frequencies obtained
from an FT-IR Spectrum (Figure 2). Assignments and symmetries are taken
from Pace and Noe.3°

Normal Mode Frequency (cm™!) Symmetry

p(CH3) 1039 E
§(CHj), 1374 A
§(CHs)as 1443 E
v(CN) 2253 A
v(CH), 2944 A
V(CH) s 3003 E

When w; excites a fingerprint mode, |v), a coupled combination mode, [v") = |v) + |s),

may be selectively amplified in the wy spectrum. When multiple fingerprints couple to the

7



same mode, |s), and assuming minimal wavefunction mixing (i.e., no Fermi resonance nor
Darling-Dennison resonance), 14! the amplified combination mode will shift with the funda-
mental as wy = w; +ws, and the 2D resonances will lie along a diagonal line. Since the DOVE
pathways eliminate the |s) quantum through the Raman transition with ws (see Figures la,b),
a shared mode must be Raman active to be bright. In Figure 3c we identify peaks lying
along four diagonal trend lines denoted by dotted lines. From left to right, the diagonal lines
imply shared modes of approximate energy w, ~ 2250, 2290, 2940, and 3000 cm ™!, which can
each be assigned to the Raman-active modes v(CN), 6(CHj);+v(CC), »(CH);, and v(CH),s,
respectively.

The (v(CC), v(CN) + v(CC)) cross peak is useful because the peak susceptibility can
be calculated from known IR absorption and spontaneous Raman scattering data. % We
calculate a peak susceptibility of ~ 1x 107 cm? erg~! for this feature. See the Supporting
Materials for calculation details, including a treatment of orientational averaging. The cal-
culated susceptibility quantifies signal sensitivity. The peak susceptibility is similar to the
maximum susceptibility seen in nanosecond DOVE-CMDS measurements, but the dynamic
range of susceptibilities in those experiments were limited, by nonresonant background, to
~10:1.'213 Our calculated susceptibility assumes pulse overlap and does not account for the
loss of signal through our delayed pulse sequence.'®1? The attenuation value depends on the
dephasing rates;'® we estimate this attenuation factor to be ~ 10.

Alternatively, if many fingerprint modes couple to a high energy mode |v”), the amplified
combination mode is a fixed frequency, and 2D resonances will lie along vertical lines at
Wy = wyr, where wyr is the frequency of |v”). These features are not fingerprint selective.
The stronger, structured vertical features are indicative of modes that are coupled to both
v(CC) and p(CHj), along with other fundamentals. For example, consider the features at
(920 ecm™!, 3790 ecm™!) and (1040 cm™t, 3790 cm™!). The mode at 3790 cm™! is likely due
to a 26(CHj)as + v(CC) combination band, resulting in the relatively strong coupling along

wi = 920 ecm~!. In addition, the 2§(CHs),s mode possesses both A; and E symmetry.3®



The mixed symmetry of 26(CHs),s provides an avenue for coupling between p(CHs) and
26(CHjy),s + v(CC), likely resulting in the structured vertical feature at wy = 3790 cm ™.
Interference from singly-resonant processes can obfuscate the doubly-resonant cross peaks. 16:43
For wy > 4200 cm ™!, we found it difficult to isolate CHsCN DOVE-CMDS output from these
singly resonant processes (Figure S6) using the 1-2-3 pulse sequence, as discussed in the sup-

! were acquired in

porting information. To avoid these effects, spectra for wy > 4200 cm™
the 2-1-3 pulse sequence (Figure 1b,c). In the 2-1-3 pulse sequence, there is interference
between DOVE-IR (Figure 1b) and DOVE-Raman (Figure 1c), a vibrational analogue of
doubly resonant coherent anti-Stokes Raman spectroscopy. ?** We suspect this interference
is responsible for the lack of diagonal cross peak patterns in the 2-1-3 pulse sequence.?’
This interference, along with the relative proportion of transition dipole strengths, strongly
suppresses the singly resonant contribution. Additionally, as discussed in the supplementary
information, singly resonant features are not expected to significantly contribute to overall
output in the 2-1-3 pulse ordering.

It is important to note that transition dipole moments of modes in the 5000 cm ™ region
are roughly two orders of magnitude smaller than v(CC).3? Weak modes in a FT-IR spectrum
can be enhanced in a DOVE-CMDS spectrum by coupling to a mode with a stronger tran-
sition dipole moment (Figures 3b, 3d). Similar results have been observed in triply resonant
experiments.*6 Thus, Figure 3 demonstrates that DOVE-CMDS can probe coupling between
the v(CC) and p(CHjs) fingerprint modes and combination bands of varying transition dipole
moments throughout the near infrared.

Figure 3a suggests v(CC) and p(CHj) couples with the CH stretch fundamentals, v(CH)s,
v(CH),s. However, previous population dynamics studies showed any feeding to v(CC) from
the v(CH)s, v(CH),s modes in CH3CN required an intermediate step whose lifetime is on the
scale of tens of ps.?? As such, it appears DOVE-CMDS can probe small, off-diagonal terms

in anharmonic potential energy surfaces, akin to other CMDS methods.*”*® Future studies

that investigate IR-pump-DOVE-CMDS-probe, analogous to IR-pump-sum frequency-probe,



experiments on these modes in CH3CN could resolve this coupling in more detail.4%%°

To further investigate how v(CC) and p(CHs) couple to v(CH)s, v(CH),s, we examines
the coupling of v(CC) and p(CH3) to the CH stretch overtones. Figure 4 shows the region of
Figure 3d with wy excitation near twice the energy of v(CH)s, ¥(CH),s. The NIR absorption
spectrum (Figure 2) shows two prominent modes that match those seen in the 2D DOVE-
CMDS spectrum (Figure 4). Previous analysis has suggested the primary composition of

these modes are the 2v(CH) overtones, 3! though it is possible there are other contributions.
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Figure 4: Same as Figure 3d, but zoomed in on the ws ® w; = [5750, 6100] cm™! ® [850,
1090] em™! region. 713 = -0.5 ps, Te3= -1.0 ps. The spectrum is normalized to the intensity
of the (920, 5970) cm ™! feature.

Since the v(CC), p(CH3) modes are roughly 5000 cm ™! apart in energy relative to 2v(CH),
and do not share common oscillators, it is surprising that coupling between these modes
can be resolved. To glean insight into this coupling, second-order vibrational perturba-
tion theory (VPT2) calculations were performed using a quartic force-field evaluated at the
B3LYP/aug-cc-pVDZ level of theory/basis using the Gaussian 16 software package and the
PyVibPTn implementation of VPT2.52%% The B3LYP density functional has provided satis-
factory results in previous computational studies of CH3CN. %% Calculations were performed
on an isolated, gas phase CH3CN molecule, sufficient to describe DOVE-CMDS spectra of
CH3CN. 1545

At the B3LYP/aug-cc-pVDZ level of theory/basis, the calculations give a coupling be-

10



tween v(CC) and the 2v(CH) modes of less than 1 cm™!. A similar calculation shows the
coupling between v(CC) and v(CC) + v(CN) is roughly 60 cm™'. See the supporting infor-
mation for more details of the calculations. The output from the (920, 5970) cm ™! feature is
nearly three orders of magnitude less intense than the strongest feature present in Figure 3.
The subwavenumber coupling between v(CC) and the 2v(CH) modes extracted from VPT2
calculations suggest that higher order terms in the potential energy surface and dipole mo-
ments likely contribute to the observed signal. Since DOVE-CMDS appears to resolve this
higher order coupling, DOVE-CMDS could possibly be used as a probe of resolving weak,
off-diagonal vibrational mode couplings.

Though this work studied a model molecular system, the use of DOVE-CMDS to identify
and isolate coupling between fingerprint modes and weak combination modes may be ex-
tended to aid in large molecular structure determination. Combination band anharmonicities
can inform on intermolecular interactions and aid in protein structure determination.%' Po-
larization schemes can be imposed to extract coupling between specific molecular conformers

27162 Guo et al. have demonstrated the feasibility of probing inter-

and vibrational modes.
molecular coupling through DOVE-CMDS.% Use of an electronically resonant third pulse
would provide deeper insight into the electronic structure of intermolecular interactions, vi-
brational coupling between modes with exceptionally small transition dipole moments, and
increase signal by orders of magnitude. %93 The application of DOVE-CMDS and other
vibrational /electronic spectroscopies to large molecules could assist in spectral and structure
determination.

In summary, we probed coupling between fingerprint and combination/overtone mode
vibrations in CH3CN via DOVE-CMDS over a range of 3000 cm~!. We demonstrated that a
fingerprint mode with a large transition dipole can be coupled to numerous modes throughout
the mid and near infrared with transition dipole moments that vary over at least two orders of

magnitude. Methods to assign combination bands through vibrational correlations through

diagonal peaks in the DOVE-CMDS spectra were identified. This methodology can be

11



applied towards understanding the complex infrared spectra of biomolecular and materials
systems, whose infrared spectra possess many combination modes and overtones, but also
understanding non-covalent interactions and energy transfer mechanisms, as examples. 2%:62
Overall, we have demonstrated that ultrafast laser technology has advanced to a point where

multidimensional, frequency domain spectroscopies can provide unprecedented insight into

understanding vibrational coupling throughout most of the infrared region.
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