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ABSTRACT: Cyclohexane (CAS: 110-82-7), a colorless organic
solvent derived from petroleum, is a valuable reference standard for
Raman shift calibration and serves as a model for six-membered
ring structures in complex chemical and biological systems. In this
study, we measured polarized Raman spectra of gaseous cyclo-
hexane at room temperature using cavity-enhanced Raman
spectroscopy (CERS) across the range of 200—3200 cm™'. The
observed vibrational wavenumbers, intensities, and depolarization
ratios were compared with calculated values, enabling the
assignment of several dozen Raman-active bands, including many
overtone and combination bands. This work demonstrates the
capability of CERS for vibrational analysis of gas-phase polyatomic
molecules.

B INTRODUCTION

Advancements in computational and experimental method-
ologies have significantly elevated Raman spectroscopy as a
powerful analytical tool across both applied and fundamental
sciences.' Its applications range from standard analyses of
liquids and crystals in laboratory settings™” to more specialized
uses in areas like food quality assessment, environmental
pollution monitoring with hand-held Raman devices.”> Raman
spectrometers are now even deployed in extreme environ-
ments, such as hydrothermal vents on the ocean floor,’ and on
remote-controlled platforms for field analyses.””” Recently,
Raman signals have even been detected from distant planetary
surfaces via telescopic systems. "'

Since the inception of laser-based Raman spectroscopy,
researchers have aimed to establish a unified standard for
Raman intensity measurements. Contributions by Mattioda
and Yassine have advanced this goal through the development
of comprehensive spectral libraries, refined data analysis
techniques, and the identification of spectral variations."”~"*
Yet, analyzing Raman spectra of polyatomic molecules remains
challenging due to reliance on quantum mechanical calcu-
lations for spectrum assignments, which are inherently prone
to biases.'”””'® As the molecular system grows in size,
accurately determining the penitential energy surface becomes
significantly more difficult. Density functional theory (DFT)
methods offer a practical balance between computational cost
and efficiency. The development of double-hybrid DFT
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methods has further enhanced accuracy.'” However, the
performance of DFT is highly dependent on the choice of
functionals or basis sets, making it a persistent challenge to
identify combinations that are universally applicable across
diverse molecular systems.””*' Another challenge arises from
spectra simulation methods.”* Accounting for anharmonicity is
essential to interpret experimentally observed combinations
and overtones, especially as experimental techniques continue
to advance in sensitivity and precision. Implementing
simulations at the anharmonic level is not only algorithmically
complex but also computationally demanding. Comparative
studies between theoretical and experimental data have
addressed such challenges for various compounds, including
silacyclohexane, xylenes, butane, acetonitrile, and 2-buta-
nol.'®"”**7** Expanding the data set with more precise gas-
phase data could enhance the accuracy and reliability of
quantum models.

However, gas-phase Raman spectra acquisition is particularly
difficult due to small differential Raman cross sections (around
107%° cm? sr! molecule™), which often restricts Raman
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spectroscopy to condensed-phase samples with much higher
molecular densities (102°—10?2 ¢m™).**"* This change in
molecular environment causes shifts in spectral lines and
affects line shapes, complicating analyses.”” For example,
phase-dependent shifts and intensity variations have been
observed in chlorofluorosilane Raman spectra, illustrating how
molecular interactions influence spectral characteristics.”’

Cavity-enhanced Raman spectroscopy (CERS)**™" has
recently emerged as a promising technique to obtain high-
precision spectral data for gas-phase molecules, significantly
improving the accuracy of vibrational assignments. The
sensitivity is considerably enhanced by the high intracavity
laser power of hundreds of Watts. A pulsed laser may also
achieve such a power, but its high peak power can easily induce
a fluorescence background due to multiphoton effects.
Meanwhile, it is not a problem for CERS based on
continuous-wave lasers. In this study, we employ polarized
Raman spectroscopy to investigate polyatomic molecules,
including polarization measurements that yield depolarization
ratios. These ratios, indicating the symmetry of vibrational
modes, aid in vibrational assignments and molecular structure
determination.** ™ Additionally, this technique can distin-
guish enantiomers in chiral media and reduce background
interference.”>*”

The ultimate goal of studies in this direction is to establish a
comprehensive Raman spectral database to facilitate chemical
quantification.*" For demonstration, we focus on cyclohexane
in this work, which is a well-known benchmark molecule for
Raman study. Cyclohexane (CAS: 110-82-7) is a colorless
organic solvent distilled from petroleum, commonly in liquid
form at standard temperature and pressure. Short-term
exposure may depress the central nervous system, while
long-term exposure is associated with liver and kidney toxicity.
Cyclohexane is primarily released into the atmosphere through
vehicle emissions and is considered a standard for Raman shift
calibration.””** Previous research has extensively studied liquid
cyclohexane spectra using infrared spectroscopy, Raman
spectroscopy, and theoretical simulations.'®** Early work by
Miller in the 1960s provided foundational Raman spectra for
liquid cyclohexane,” with vibrational assignments based on
infrared data from solid-phase cyclohexane.”*” Miller also
explored cyclohexane’s stereochemistry, examining its chair
and boat conformations and the effects of substituted and
isotopically labeled cyclohexanes on these structures.”® Despite
substantial research, Raman data for gaseous cyclohexane
remains limited. In 1989, Lorenzo et al.* recorded the Raman
spectrum of cyclohexane gas with a resolution of 5 cm™.

In this work, we present an analysis of the cavity-enhanced
Raman spectra of gas-phase cyclohexane, comparing with
theoretical predictions and prior experimental data. Details of
the experimental setup and computational methodologies—
including density functional theory (DFT) and the double
hybrid DFT approach—are discussed in Section Experimental
and Theoretical Methods, with results and analysis provided in
Section Results and Disscusion.

B EXPERIMENTAL AND THEORETICAL METHODS

CERS Measurements. We employed a cavity-enhanced
Raman spectroscopy (CERS) apparatus, with the schematic
configuration shown in Figure 1. The experimental setup is
similar to that reported previously’” and modifications were
applied to retrieve the polarized Raman signal. A continuous-
wave laser at 532 nm and up to 1 W of power output was
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Figure 1. Schematic layout of the polarized cavity-enhanced Raman
spectroscopy setup. HWP, half-wave plate; L: lenses; PBS, polarizing
beam splitter; M: plane reflecting mirror; HFC: high-finesse cavity;
and LPF: long-pass filter.

directed through an achromatic half-wave plate and a
polarizing beam splitter (PBS) with a high extinction ratio of
1000:1 for parallel (Tp) to perpendicular (T) polarizations.
The resulting polarized light was then fed into a high-finesse
optical cavity (HFC), while the light reflected by the PBS was
used for PDH locking. This locking servo kept the resonance
between the 532 nm laser and the 72 cm-long cavity,
maintaining high intracavity power that significantly enhances
the Raman signal. The mirror reflectivity has been determined
to be 0.99995 by cavity ring-down measurement of an empty
cavity. The mirror loss was determined to be 3 X 107> by
measuring the transmittance of the cavity by locking the laser
with the cavity. The effective circulating power inside the
cavity could be calculated according to the equations given in
our previous work.”” The enhancement factor, as the ratio
between the power inside the cavity and the power transmitted
from the cavity, I,,/I,,, was determined to be 50 000. During
the experiment, we monitored the transmitted laser power and
used its value to normalize the amplitude of the Raman signal.

Inside the cavity, the light largely retained its linear
polarization; however, slight degradation occurred due to
stress-induced birefringence from the high-reflectivity mirror
coatings. Polarization of the light exiting the cavity was
assessed with and without gas samples. The extinction ratio of
1000:1 at the cavity’s input decreased to 100:1 upon exiting,
and further reduced to 50:1 after passing through additional
optical components (e.g, lenses, mirrors, filters) before
entering the grating spectrometer. A linear polarizer was
used in the optical path to measure the depolarization ratio of
Raman transitions.

The gas sample was introduced into the HFC, and the
forward Raman scattering signal was collimated and focused
onto the slit of a spectrometer (Shamrock 750, Andor) using
an achromatic lens. Between two achromatic lenses along the
beam path, the signal passed through an achromatic half-wave
plate, optimized for 450—650 nm, and a polarizing beam
splitter (PBS) with a 1000:1 transmission-to-reflection ratio for
wavelengths in the 420—680 nm range, resulting in P-polarized
light. Long-pass filters (BLP01-532R-25) were used to block
transmitted laser light and Rayleigh-scattered light. A
combination of an achromatic half-wave plate and a PBS
enabled the separation of Raman-scattered light into
components parallel or perpendicular to the laser polarization,
allowing for polarization-resolved Raman spectra by adjusting
the angle of the half-wave plate.
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The spectrometer, featuring a 750 mm focal length and a
1200 grooves/mm grating, provided a spectral resolution of
approximately 0.1 nm. Paired with a CCD camera (DV401A-
BVF, sensitive from 200 to 1100 nm), this setup achieved a
nominal spectral resolution of around 2 cm™. The spectrum
was calibrated with atomic neon emission lines. The frequency
accuracy was confirmed to be 3 cm™' by comparing the peak
positions of H,, N,, and O, with their frequencies given in the
literature. ">

The Raman spectrum of cyclohexane vapor was recorded
under low-pressure conditions using liquid cyclohexane from
Aladdin Corporation (purity >99.9%). Following liquefaction,
the cyclohexane vapor pressure was maintained at approx-
imately 8 kPa at room temperature (293 K). Vapor was
injected into the cavity through a needle valve, and the cavity
pressure was continuously monitored using a thin-film pressure
gauge (10 kPa full scale, 0.5% accuracy) to account for
potential adsorption between the vapor and the cavity walls.
To ensure a high signal-to-noise ratio, multiple Raman spectra
were recorded under identical conditions and averaged, with
background subtraction based on the spectrum from an empty
cavity. Repeating the experiment on separate days confirmed
data consistency. Laser intensity was tracked using a
photodiode connected to a USB oscilloscope (Picoscope
6402C), monitoring scattered light from the mirror. The
photodiode was calibrated with a standard Si photodiode
(S121C, Thorlabs) connected to a power meter (PM100D,
Thorlabs), with a sensitivity of 10 nW. The statistical error in
Raman peak intensity was approximately 5%. However, the
systematic error may reach 80%, which relates to various
issues, such as the laser power, wavelength-dependent
efficiency, detector nonlinearity, etc. The high-finesse cavity
also opposes influence on the scattering light with wavelength
below 605 nm, where the cavity mirrors have a reflectivity over
99%. The influence has been quantitatively assessed in our
previous work®” and will not be repeated here. The observed
Raman signal intensities below 2260 cm™ may be attenuated
by up to 80% due to uncorrected instrumental effects.
Consequently, while the spectral features in this region remain
detectable, their relative intensities should be interpreted with
caution when making quantitative comparisons with distant
bands.

Theoretical Method. The cyclohexane molecule exists in
two conformations: chair and boat, with the chair con-
formation being much more stable. At room temperature, the
theoretical ratio of chair-to-boat conformations is approx-
imately 10000:1. Therefore, this work will focus exclusively on
the chair conformation of cyclohexane. The chair conforma-
tion of cyclohexane (symmetry D) has 48 normal vibration
modes, corresponding 32 fundamental vibrational bands in
total:"*" 6 ayg (V1 = V), 3 ay, (U7 = 1), 2 ayg (Vi) V11), S
(V12 = v16), 8 € (V17 = V), and 8 ¢, (15 — v3y). In the gas
phase, a,, and ¢, modes are infrared active, a,, and e, modes
are Raman active, while a,, and a,, modes are inactive.
Descriptions of the normal modes used in this work are given
in Table S1 of Supporting Information (SI), and their
presentations are in Figure S4.

Electronic structure calculations were performed using
density functional theory (DFT) and double-hybrid DFT
methods. Structure optimizations were carried out with a
stringent convergence criterion, with maximum forces set to 2
X 107 Hartrees/Bohr and maximum displacements limited to
6 X 107° A. The B3PW91/jun-cc-pVTZ and revDSD-PBES6-

3185

D3/jun-cc-pVTZ methods proved efficient for the vibrational
spectra simulation.””>>>> Both methods, including their
respective empirical dispersion (ED) corrections, were used
for structure optimization and frequency calculation at the
harmonic level. Due to the lack of incident light property
calculations available with revDSD-PBE86-D3, only B3PW91/
jun-cc-pVTZ was used for anharmonic simulations. Taking
into account the molecular size of cyclohexane (18 atoms), a
method based on the second-order vibrational perturbation
theory (VPT2) is used to account the anharmonicity.
Anharmonic data were derived via numerical differentiation
of the analytic second derivatives of the potential energy and
first derivatives of relevant properties, using a step size of 0.01
Jamu -A along the mass-weighted normal coordinates.>*>°

A hybrid method is used to get a higher accuracy, with
acceptable computational cost.”">” In the hybrid method, the
potential energy surface and harmonic force constants were
taken from revDSD-PBE86-D3/jun-cc-pVTZ, while the
anharmonic force constants and properties were computed
using B3PW91/jun-cc-pVTZ. jun-cc-pVIZ provides balanced
computational cost and eficiencies, and it have been testified
for the anharmonic study.’>***” The consistency of normal
modes between these two levels was verified through the
Duschinsky transformation,**~*

Q' =JQ" +K (1)

where Q' represents the mass-weighted normal coordinates at
the higher-level ESCM (revDSD-PBE86-D3/jun-cc-pVTZ),
Q" from the lower-cost method (B3PW91 /jun-cc-pVTZ), J is
the Duschinsky matrix, and K is the shift vector of the two sets
of normal modes.

Combination and overtone transitions were considered up
to three quanta.’’ An intensity-specific generalized VPT2
(GVPT2) scheme®*® was used to identify resonances,
employing automatized procedures for resonance detection. At
the end of the resonance analysis procedure, a variational
process was applied to reintroduce the terms that were being
deleted due to resonances.”” Detailed resonance information is
provided in the SL

Conformer analysis of hexane is provided in the SI All
optimizations, frequency calculations, and anharmonic force
field evaluations were conducted using Gaussian 16 (G16).
Resonances analysis and final Raman intensity calculations
were performed with a locally modified version of G16.
Custom scripts were developed for data analysis and spectral
plotting, with the final results represented by Gaussian
distributions with a half-width at half-max (HWHM) of 2
cm™,

B RESULTS AND DISSCUSION

Experimental Results. Figure 2 presents the normalized
Raman spectra of cyclohexane across the range of 200—3200
cm™!, recorded at room temperature. The spectra were
collected with an integration time of 1 s and a laser power
of 3 mW transmitted from the cavity, corresponding to an
intracavity power of approximately 150 W. The initial gas
pressure inside the cavity was 1 kPa. Figure 2a,b show the
Raman spectra for the parallel and perpendicular polarization
components, respectively. The depolarization ratio (p) for
each peak was calculated as the ratio of the perpendicular
component’s intensity to that of the parallel component. The
observed vibrational bands can be assigned based on their

https://doi.org/10.1021/acs.jpca.4c07709
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Figure 2. Polarized Raman spectra of cyclohexane spanning the 200—
3200 cm™ range: (a) Raman spectrum with parallel laser polarization;
(b) Raman spectrum with perpendicular laser polarization; (c)

isotropic component of the Raman spectrum, I; = I — %I . Note that

the data shown in the shadow region have been multiplied by a factor
of 0.1.

corresponding frequencies, intensities, and depolarization
ratios.

The Raman spectrum consists of both polarized (I;) and
depolarized (I,) components. The depolarized component,
corresponding to the intensity of the perpendicular Raman
scattering radiation (I,), is expected to have a depolarization
ratio of 0.75 relative to the parallel Raman scattering intensity
(Iy)- The polarized component could be derived using the
following equation:

4

L=1- EIJ_ @)
We have verified the depolarization ratio p obtained in this
work by measuring the rotation-resolved Raman bands of N,,
0,, and CO, in the range of 1250—2550 cm™". For a well-
isolated band, the uncertainty of p derived from the
experiment was estimated to be about 0.05, and no wavelength
dependence was observed. Figure 2¢c shows an overview of the
polarized part of the Raman spectrum of cyclohexane.

The gas-phase polarized Raman spectra of cyclohexane
reveal three distinct profiles, labeled type-A, B, and C, as
depicted in Figure 3a—c, respectively. The arrows indicate the
positions of the fundamental bands vs, v,;, and v,,. The red
curves in the figure represent the results obtained by
subtracting the vertical polarization signal (blue curves)
divided by 0.75 from the parallel polarization signal (black
curves). Importantly, by linearly subtracting the perpendicular
Raman spectrum from the parallel spectrum, we can isolate the
narrow isotropic component from overlapping spectral
features. Further examples will be given below to illustrate
this approach.

The v5 (a,,) band of type-A shown in Figure 3a has a very
narrow width of about 4 cm™" and a depolarization ratio close
to zero. According to the selection rules for Raman spectra,(’4
for the polarized a,; — a;, Raman band of a D;; molecule, a
sharp characterized Q branch with rotational transitions of AK
= 0, and AJ = 0 occurs at the band center. A simulated
spectrum is shown in Figure 3d. In the simulation, we used the
rotational population intensity distribution according to the
rotational parameters from the literature™* and Placzek-Teller
Factors for symmetric top molecules. The Q branch has a
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Type-A Type-B

(@)

(d)

840 800 760 1320 1280 1240 440 400 360
Raman Shift (cm™)

Figure 3. Three different shapes of the Raman bands of gaseous
cyclohexane. (a) Polarized v5 band at 799 cm™. This band has a
characterized narrow Q peak and a depolarization ratio of nearly 0.
(b) Polarized v,; band at 1268 cm™". This band is characterized by a
splitting band center and a depolarization ratio of 0.75. (c) Polarized
V54 band around 424 cm™'. This band has a narrow peak on top of a
broad feature. The depolarization ratio is 0.75. (d) Type-A band:
Simulated profile of a parallel Raman band with rotational transitions
of AK =0, A] = 0, +1, +2. Note that those transitions with A] = +1,
+ 2 have a depolarization ratio of 0.75. (e) Type-B band: Simulated
profile of a perpendicular Raman band with rotational transitions of
AK = +1, 2, A] = 0, £1, #2. (f) Type-C band: Simulated profile of
a perpendicular band with rotational transitions of AK = +1, +2, A] =
0, +1, *+2, together with a peak at the center due to Coriolis
interaction. Ground state spectroscopic constants, B = 0.1436354
em™!, C=0.0821682 cm™, D; = 3.126 X 10~° cm ™!, Dy = — 4.576 X
107® em™, and the Coriolis coupling coefficient of —6.68 x 1073
cm™!, were used to simulate the band shape.**

depolarization ratio of zero and disappears in the spectrum
with perpendicular polarization. Note that rotational tran-
sitions with AJ = + 1, + 2 in this band can also be observed,
which spread around the band center and exhibit a
depolarization ratio of 0.75. These depolarized lines result in
a nonzero depolarization ratio derived from the observed
spectrum. Note that here we just gave a simulation with a
resolution of 1 cm™ compatible with the experimental
resolution. The rotational structures could be resolved in
high-resolution measurements. The v, (eg) and v,, (eg) bands,
shown in Figure 3b,c, both exhibit broad profiles covering over
40 cm™' and have a depolarization ratio of 0.75. In the
framework of the selection rule applied to degenerate Raman
bands of molecules with Ds; symmetry,®* transitions with AK
= +1 and AK = +2 are allowed for €, — ay Raman bands. A
simulated band profile incorporating rotational transitions of
AK = + 1 and AK = + 2 is presented in Figure 3e. The broad
spectral feature arises from a series of Q branches distributed
over a wide range, with a narrow dip located at its center. The
simulated profile closely matches the observed type-B
spectrum shown in Figure 3b. As discussed by Herzberg,"*
under specific conditions where Coriolis coupling is consid-
ered, multiple Q branches may overlap, resulting in a narrow
peak at the band center. A corresponding simulated profile is
displayed in Figure 3f, which aligns well with the observed
spectrum shown in Figure 3c. Experimental band centers were
taken as the peak positions for type-A and type-C bands, and
the dip positions for the type-B bands. The integrated area
within the shadow region was taken as the intensity of each
band. The uncertainties for the band intensities were estimated
to be about 5% and could be much larger for overlapping or
weak bands.
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type-A, B, and C bands, respectively. (c) Stick spectrum of the
calculated Raman bands. Different colors represent band symmetries:
ay, (orange), e (purple), and ay + e (gray).
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Figure S. Polarized Raman spectrum of cyclohexane in the range of
900—1500 cm™". (a) Experimental spectrum. Black and blue curves
indicate the parallel and perpendicular polarization components,
respectively. The red curve shows the extracted polarized component
according to eq 2. (b) Enlarged view of the baseline region. (c) Stick
spectrum of the calculated Raman bands.

frequency ranges. The experimental amplitudes were normal-
ized according to the sample pressure, intracavity laser power,
and exposure time. Different band types (“A”, “B”, “C”) were
indicated in Figures 4—9 with red, blue, and green arrows,
respectively. The calculated amplitudes were normalized
relative to the vg band intensity. Calculated bands with
different symmetries, a, e, and a;, + ¢, are highlighted in
orange, purple, and gray colors in the bottom panels of Figures
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Figure 6. Polarized Raman spectrum of cyclohexane in the range of
1500—2020 cm™". (a) Experimental spectrum. Black and blue curves
indicate the parallel and perpendicular polarization components,
respectively. The red curve shows the extracted polarized component
according to eq 2. (b) Stick spectrum of the calculated Raman bands.
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Figure 7. Polarized Raman spectrum of cyclohexane in the range of
2020—2400 cm™". (a) Experimental spectrum. Black and blue curves
indicate the parallel and perpendicular polarization components,
respectively. The red curve shows the extracted polarized component
according to eq 2. (b) Stick spectrum of the calculated Raman bands.

4—9. Although anharmonic effects have been incorporated in
the calculation, the current theoretical accuracy remains
insufficient to resolve individual substrate contributions within
the vibrational manifold. To address this limitation, we adopt
the following approach: the total intensity of an overtone or
combination band manifold (mostly noted as a;, + ¢,) is
represented by the cumulative sum of all Raman-active sub-
band intensities, while the manifold’s center frequency is
determined by the intensity-weighted center of its constituent
sub-bands.

In total, we confirmed the presence of 71 bands with
different symmetries based on the experimental spectra. The
positions and integrated intensities of these bands are listed in
Tables 1 and 2. Band assignments were conducted by
referencing the calculated band positions and intensities, as
given in Table S2 of SI and the last two columns of Table 1.
Note that the intensity of the v5 band has been intensively
investigated.65’66 For convenience, we normalized each band
intensity value to a percentage relative to the v5 band at 799
cm™.

300—1500 cm™'. Figures 4 and 5 show the polarized Raman
spectra observed in the 300—900 and 900—1500 cm ™" regions,
respectively. This range includes fundamental bands corre-
sponding to the scissors, rocking, and twisting motions of CH,
groups, as well as C—C motions.
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Figure 8. Polarized Raman spectrum of cyclohexane in the range of
2400—2800 cm™. (a) Experimental spectrum. Black and blue curves
indicate the parallel and perpendicular polarization components,
respectively. The red curve shows the extracted polarized component
according to eq 2. (b) Enlarged view of the baseline region. (c) Stick
spectrum of the calculated Raman bands. Note that no symmetry is
given here due to high state density.
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Figure 9. Polarized Raman spectrum of cyclohexane in the range of
2800—3000 cm™". (a) Experimental spectrum. Black and blue curves
indicate the parallel and perpendicular polarization components,
respectively. The red curve shows the extracted polarized component
according to eq 2. (b) Enlarged view of the baseline region. The
yellow dashed lines indicate the profiles of v, and v, bands. (c) Stick
spectrum of the calculated Raman bands. Note that no symmetry is
given here due to high state density.

The fundamental bands v3—v4 and v,y—v,, can be readily
assigned according to calculated results and previous vibra-
tional studies.*"*”®” The a,, bands vg (384 em™), v5 (799
em™), v, (1161 cm™), and 5 (1470 cm™) have narrow line
widths around 4 cm™ and depolarization ratios close to zero.
The strong v band at 799 cm™ was used as the reference
intensity, set at 100%. The fundamental bands with e
symmetry, vy, (424 cm™), v, (1031 cm™), v,; (1268
em™), v, (1351 em™), and v;4 (1447 cm™), exhibit broader
profiles, typically spanning 30 cm™!, with a depolarization ratio
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close to 0.75 and lower amplitudes in the center compared to
the a,, bands. The position of the 1,5 (e,) band was calculated
to be around 785 cm™'. But we could not identify this band,
since it overlaps with the rotational structure of the strong v
band at 799 cm™.

In addition to the fundamental bands given above, several
weak bands in this region were observed and assigned to
overtone and combination bands involving infrared-active e,
modes v, (238 cm™!), 35 (906 cm™!) and v, (1261 cm™), in
line with previous infrared studies.*””” Polarized type-A bands
at 471, 762 and 847 cm ™! were assigned to the overtone bands
of 213, (ay + ¢p), 20 (ayy), and 20y, (ay, + ¢,), respectively. As
shown in Figure 4, a weak polarized type-A band at 753 cm™
was detected but not matched with calculated results. On the
shoulder of the v5 band, a type-A band at 787 cm™" probably
comes from the *C'>C;H,, isotopologue. Taking into account
the abundance of *C/C of about 1%, the abundance of
BC2C4H,, reaches about 6% in a natural sample of
cyclohexane. Vibrational modes of "*C'*CsH;, were calculated
at both the harmonic level and anharmonic level and the
spectrum is shown in the Supporting Information (Figure SS).
Most of the "C'>C;H,, bands overlap with nearby strong
bands of the main isotopologue. The *C'2CsH , band with the
calculated position of 780 cm™ separates from the narrow v
band of '*C4H,, and coincides with the unassigned type-A
band observed at 787 cm™’. As shown in Figure 5, narrow
type-A bands at 1137 and 1492 cm™' were attributed to
combination bands vy + 13, (a5, + ¢;) and v3g + 13, (a1, + ¢,),
respectively. The combination band vy + v3, () has a
calculated position of 1348.4 cm™!, which may contribute to
the type-B band observed at 1351 cm™ together with the
fundamental band v, (e,). These observations align well with
the calculated values in Table 1.

1500—2400 cm™'. There are no fundamental bands in the
region of 1500—2400 cm ™', but by increasing the integrating
time to 50 s, we observed several weak bands. Figures 6 and 7
show the polarized Raman spectra in the regions of 1500—
2020 and 2020—2400 cm™!, respectively. Comparison of the
polarized spectra revealed 21 narrow type-A bands, 1 broad
type-B band, and 7 type-C bands in this region, marked with
red, blue, and green arrows, respectively. These observations
align well with the calculated values in Table 1.

The lower panel of Figure 6 shows the calculated bands,
which align well with the experimental data. In the 1500—1600
cm ™' range, four type-A bands were observed. According to the
calculated results, we tentatively attributed them to combina-
tion bands v, + 14 (alg), Uis + Vig (alg), and the overtone band
2Uy5 (alg + eg). The type-C band observed at 1576 cm™" was
assigned to the combination band v, + v, (e,). A prominent
depolarized band observed at 1688 cm™' was assigned to the
combination band vy, + v3, (e,). The polarized component
near this band shows two narrow type-A bands at 1693 cm™!
and 1721 cm™', assigned to the combination band v,, + 3,
(aig + ¢,) and the overtone band 23, (ay, + ¢,), respectively.
Their depolarized components are too weak to be detected.
The combination band vy, + 154 (a4 + ¢,) may also contribute
to the peak at 1693 cm™".

Four polarized bands and one depolarized band were
identified at 1762, 1773, 1810, 1871, and 1852 cm™},
respectively. Calculations place the combination band vy, +
vy, around 1768 cm™, v,y + 1, around 1775 cm™ and 2v5,/
Uy, + Uy around 1814 cm™. Another possible candidate is the
Ujg + Uy band with a calculated position near 1873 cm™'.

https://doi.org/10.1021/acs.jpca.4c07709
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Table 1. Observed Raman Bands of Cyclohexane and Assignments™"”

experimental calculated
type v (cm™) I, I pE band (sym.) v (cm™) I
A 384 0.163 329 0.05 vs (ay,) 380.9 5.35
C 424 4.13 5.51 0.75 vy, (ep) 423.0 113
A 471 0 0.806 0 2wy, (ay, + ¢) 465.8 0.634
A 753 0 0202 0 * * *
A 762 0 0.264 0 206 (ay,) 764.5 0.553
A 787 0 1.94 0 * * *
A 799 6.00 100 0.06 vs (ay,) 799.6 100
A 847 0 0.504 0 2w,y (arg + €) 847.5 0.504
B 1031 36.9 49.2 0.75 vy, (e) 1029.8 582
A 1137 0 0.182 0 V3o + U3y (g, + €p) 1139.5 0.384
A 1161 0 9.29 0 vy (ayp) 1161.1 11.6
B 1268 43.7 58.2 0.75 vy (e) 1271.9 57.0
B 1351 7.38 9.84 0.75 vg + U3, (ey) 1348.4 429
vy (&) 1351.5 8.84
B 1447 68.9 91.9 0.75 vy (e) 1451.1 76.6
A 1470 0 3.09 0 vs (ay) 14744 391
A 1492 0 0274 0 Uyg + Uy (ay, + ¢) 1494.8 0.240
A 1535 0 0.515 0 vy + vg (ay) 1543.1 0.199
A 1542 0 0.155 0 vis + Vs (ayy) 1546.3 0.267
A 1560 0 0.322 0 2,3 (agg + ¢) 1569.8 0.548
A 1572 0 0.116 0 * * *
C 1576 0.554 0.740 0.75 Uy + vy () 1584.0 0.106
C 1688 0.922 1.23 0.7 Vig + U3y (g) 1691.3 0.288
A 1693 0 0.116 0 Uy + Uy (ay, + ) 1690.4 0297
JVa1 + Uy (g + €) 1694.9 0.061
A 1721 0 0.236 0 2w (agg + €) 1723.1 0.194
A 1762 0 0.050 0 V3o + U3 (ay, + €p) 1768.1 0.171
A 1773 0 0.041 0 Uyo + Uy (ay, + ) 1775.1 0.021
A 1810 0 0.927 0 2wy (ay, + ¢) 1812.7 0.049
Jum + Uy (agg + ¢,) 1814.8 0.092
C 1852 0.760 1.01 0.75 * * *
A 1871 0 0.112 0 Vig + Uy (g, + €) 1873.5 0.265
A 1959 0 0.221 0 vy + vs (ay) 1959.7 0.158
C 1970 1.10 146 0.75 Uig + Va7 (g) 1975.8 0279
A 1977 0 0.081 0 vig + Vis (ayy) 1976.7 0.399
A 2046 0 0.298 0 25 (ay,) 2055.2 0.110
C 2048 0.194 0.258 0.75 Uyt + Uy (g + €) 2056.6 0.361
/20y, (aig + ¢) 2058.0 0.185
A 2112 0 0233 0 2vy; (agp) 2119.2 0.242
C 2155 1.29 1.72 0.7 * * *
A 2175 0 0271 0 Usg + 3o (g + €) 2168.0 0916
A 2195 0 0.186 0 * * *
A 2207 0 0.411 0 g + Uy (agy) 2206.4 0.156
A 2222 0 0.039 0 2ug (ayy) 22294 0.047
C 2228 5.10 6.80 0.7 * * *
A 2287 0 0.694 0 vy + s (ay) 2274.2 0.124
A 2312 0 0.066 0 vy + Uy (ay, + ) 2319.1 0237
/204 (ayp) 23214 0.10S
B 2348 7.94 10.6 0.75 * * *
A 2368 0 1.84 0 Uy + Uy (ayg + ¢) 2362.3 1.685

“The band type, “A”, “B”, or “C”, is labeled according to the band profile observed in the spectrum. “Bands marked with “*” indicate tentative
assignments. The calculated band marked with “/” indicates multiple assignments of the same observed band. “Both experimental and calculated
band intensity values were normalized as a percentage relative to the v band at 799 cm™". Experimental band intensities have a relative uncertainty
of 5% (16), and bands below 2260 cm™ may be attenuated by up to 80% due to the high finesse of the optical cavity. Consequently, relative
experimental intensities between distant bands could be distorted.

However, no calculated result matches the observed type-C Uiy + Vi (alg), respectively. The depolarized band observed at
band at 1852 cm™". The polarized bands at 1959 and 1977 1970 cm ™" was assigned to the vyg + 1y, (eg) band, although its
cm™! were assigned to the combination bands v, + v (alg) and observed intensity is over five times the calculated value. As
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Table 2. Observed Raman Bands of Cyclohexane in the
Range of 2400—3000 cm™'“

type band (sym.) v (em™) I, I p
A 2427 0 0.240 0

A 2446 0 0.085 0

B 2457 2.89 3.86 0.75
A 2509 0 0.880 0

C 2522 1.80 2.39 0.75
A 2524 0 1.11 0

C 2594 12.7 17.0 0.75
A 2608 0 0.450 0
A 2630 0.535 10.7 0.05
A 2660 0.554 13.8 0.04
A 2665 1.25 139 0.09
A 2685 0.442 8.87 0.05
A 2694 0.818 11.7 0.07
A 2706 0 0.190 0

A 2759 0 0.546 0
A 2780 0 0.620 0

A 2796 0.500 7.17 0.07
A v, (ayy) 2851 570 814 0.07
B Vs () 2853 172 229 0.75
A 2862 0 85.9 0
A+C 2884 7.15 29.8 0.24
A+C 2893 2.55 5.76 0.44
A+C 2898 1.13 2.86 0.40
B vy () 2021 470 627 0.75
A 2922 29.1 415 0.07
A v (ayy) 2935 418 597 0.07

“Fundamental bands were assigned according to ref 44. Experimental
band intensity values were normalized as a percentage relative to the
s band at 799 cm™.

shown in Figure 7, we observed four depolarized broad
features at 2048, 2155, 2228 cm™" with profiles resembling that
shown in Figure 3¢, and 2348 cm™" with profiles resembling
that shown in Figure 3b. By comparing to the calculation and
taking into account the symmetry, the band at 2048 cm™~! was
attributed to bands v,, + v,; and 2v,,. However, no calculated
result matches the bands observed at 2155, 2228, and 2348
cm™.

The polarized bands observed at 2046, 2112, 2175 and 2195
cm™" have similar intensities, which are tentatively assigned to
the 2vi5 (ay,), 24y (ay) and vy + 13 (a1 + ¢,) bands.
Likewise, the bands located at 2207, 2222, and 2287 cm ™! are
assigned to vg + v (alg), 2ug (alg) and v; + Vg (alg),
respectively. But we are unable to give a convincing assignment
to the band at 2195 cm™". For the polarized band observed at
2312 cm™’, we consider two possible assignments: the v, + 13
(aig + ¢;) combination band and the 2u, (a,,) overtone. The
band near 2368 cm™, which appears as a prominent double
peak, is the strongest polarized feature in the region shown in
Figure 7. This band is tentatively assigned to the v,, + v3 (alg
+ eg) band, with the calculated band center near 2362 cm™.

2400—-3000 cm™'. Figures 8 and 9 show the Raman spectra
recorded in the range of 2400—3000 cm™'. In the C—H
stretching re_;ion, four strong fundamental Raman bands are
e}cpected:%6 v, (2854 cm™') and v; (2940 cm™) with ay,
symmetry and v;g (2854 cm™') and vy, (2924 cm™') with €
symmetry. Matrai et al. assigned v 5 to a doublet observed at
2888 and 2898 cm™' in the Raman spectrum of liquid
cyclohexane. In our spectra, two broad and intense bands with
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a depolarization ratio of 0.75 are identified at 2853 and 2921
cm ™' (orange dashed lines in Figure 9), corresponding to v
and vy, respectively. The strong polarized band at 2851 cm™"
observed in our spectrum matches the v, (alg) assignment,
being consistent with the analysis by Bernath and Silbert.**

Two strong polarized bands were observed at 2922 and
2935 cm™ in our spectra, as shown in Figure 9, which
contrasts with the single peak at 2940 cm™' observed in the
liquid phase.”” This observed doublet aligns well with the
Hamiltonian model by Bernath and Silbert,** predicting two
strong a,, bands at 2926.6 and 2943.9 cm™, due to Fermi
coupling between CH stretching and scissor modes.

We also observed many polarized and depolarized bands in
this region, and they are marked with arrows in Figures 8 and 9
listed in Table 2. Due to the severe interaction among different
vibrational states, it is hard to identify the vibrational quantum
numbers for the eigenstates obtained in the calculation. We
show the calculated band positions and intensities in Figures 8
and 9 without identifying the symmetries, and we can see a
considerable deviation from the observed results. Some
observed bands are notably intense, such as the narrow band
near 2660 cm”', indicating that a comprehensive analysis
should include overtone and combination bands. Many of
these bands remain unassigned due to limitations in current
calculations and effective models with reduced vibrational
modes.™*

We can see that the calculation does not agree well with the
experimental results in the C—H stretching region. C—H
stretching vibrations are well-known for large amplitude
motions, which is a challenge for perturbation methods,
especially for the cyclohexane molecule with 6 identical C—H
stretching modes. Fermi resonances with the bending modes
and accidental resonances with other overtone and combina-
tion bands considerably complicate the interaction diagram of
the vibrations in this region. Therefore, we investigate the low-
frequency regions in this work and will extend the analysis to
high-frequency regions in the future.

B CONCLUSIONS

In this study, we present a polarized Raman spectroscopy
analysis of cyclohexane using a cavity-enhanced Raman
spectrometer with a resolution of approximately 2 cm™.
Polarized Raman spectra of gaseous cyclohexane were
recorded at room temperature across a spectral range of
200—3200 cm™'. The high sensitivity and resolution of the
spectrometer enabled us to identify about 80 bands, with
intensities spanning over 4 orders of magnitude. Through
analysis of the polarized and depolarized components, we
determined the positions, intensities, and depolarization ratios
of these bands, subsequently assigning the bands by
comparison with DFT calculations and force field models.
Gas-phase measurements allowed for the resolution of bands
that overlap in the condensed phase. Notably, we identified a
double peak in the prominent v; band, which was previously
observed as a single peak in liquid-phase Raman spectra. The
narrow, polarized bands in the gas-phase Raman spectra
offered significant advantages for vibrational analysis, enabling
us to identify a few tens combination and overtone bands for
the first time. Most combination and overtone bands below
2400 cm™" were successfully assigned through comparison of
experimental and calculated data. Our analysis highlights the
necessity of accounting for anharmonicity and right resonances
analysis when modeling vibrational modes, especially for the
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combinations and overtones. However, the complexity of these
bands presents challenges in reliably assigning bands in the
high-frequency region. New simulation models are required to
be developed in the future, to account for the enhanced
magnetic and electric field more precisely due to the confined
cavity.

As cyclohexane serves as a model molecule, the method-
ology developed in this work can be extended to other
molecules. For many compounds, vibrational spectra are
available only for liquid-phase samples due to sensitivity
limitations, while most vibrational studies rely on single-
molecule calculations that align more closely with gas-phase
properties. Sensitive Raman analysis of gaseous molecules thus
provides a valuable link, bridging these studies and clarifying
interactions among different vibrational modes. Comparisons
with new experimental observations from advanced techniques
can provide valuable insights for improving both molecular
structure calculations and spectra simulation methods. Such
experimental data can guide the development of more accurate
and efficient theoretical approaches, bridging the gap between
theory and experiment. We anticipate broad applications of
this approach across various fields.
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