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ABSTRACT: C—H and C—D vibrations serve as versatile Raman
probes for molecular detection and structural characterization, while
site-specific vibrational analysis remains challenging due to overlapping
modes and complex isotope effects. 1-Butanol (CH;CH,CH,CH,0H),
a model small molecule with four distinct C—H moieties along its
carbon chain, offers an ideal platform to decipher such complexity—yet
the assignment of its gas-phase vibrational spectra (including Fermi
resonances and site-dependent modes) has long been hindered by
insufficient spectral resolution. Using a sensitive cavity-enhanced Raman
instrument developed recently, we recorded high-resolution gas-phase
Raman spectra of 1-butanol and two selectively deuterated isotopo-
logues (CH,;CD,CD,CD,0OH and CD;CD,CD,CH,0H) in the ranges
of 900—3100 cm™}, covering both C—H/C—D bending and stretching
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regions. By integration of quantum chemical calculations, isotope substitution, and polarization-dependent measurements, the
spectral ambiguities were unraveled. Our analysis enables the assignments of all major spectral features, elucidating the role of
symmetric and antisymmetric stretching vibrations and Fermi-resonant modes at each C—H site along the 1-butanol carbon chain. A
systematic comparison of C—H versus C—D vibrational patterns allows us to quantify isotope-induced shifts in frequency and
intensity. These findings not only advance fundamental understanding of 1-butanol’s vibrational landscape but also provide a robust
framework for site-specific Raman analysis of complex organic molecules and guide the design of Raman-based imaging probes for

biological and environmental applications.

1. INTRODUCTION

Raman spectroscopy, which captures unique molecular finger-
prints, is one of the most versatile analytical tools across
diverse scientific fields, including physics, chemistry, biology,
materials science, and pharmaceutical engineering. The recent
emergence of nonlinear Raman techniques has further
expanded its reach. The structural and dynamical information
on molecules can be revealed from Raman spectra.
Consequently, establishing an accurate correlation between
the observed spectral features and their corresponding
vibrational modes is crucial for subsequent applications.
Many functional groups have been established as a Raman
probe, such as the —CH group, hydroxyl group (—OH),
carbonyl group (—C=O0), amide group (—CONH,), and
nitrile group (—C=N). Among them, the —CH group is
particularly important since it is ubiquitous in organic and

biological molecules. Moreover, C—H vibration is highly Received:  December 10, 2025
sensitive to molecular structures, intermolecular interactions, Revised:  March 3, 2026
and local environments.'™® These features render the C—H Accepted:  March 4, 2026

spectra attractive, especially in the C—H stretching region
between 2800 and 3100 cm™'. For instance, the C—H
stretching vibration is one of the most frequently employed
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probes in the sum-frequency generation (SFG) spectroscopy at
interface and in stimulated Raman scattering (SRS) micros-
copy for real-time imaging within biological cells.””"”

Despite the role of C—H vibrations, their assignments are
challenging. First, molecules often contain several C—H types,
such as methyl (—CHj;), methylene (—CH,), and methine
(—CH) groups. Spectral features can even vary for the same
group type depending on its position along a carbon chain
(e.g, a-CH,, f-CH,, and y-CH,). This limits the ability of C—
H spectra to discriminate molecular species rich in methylene
groups. For example, coherent Raman imaging of lipophilic
compounds often relies on a single vibrational mode, the
methylene symmetric stretch at ~2845 cm™’, highlighting this
limitation.” Second, the C—H stretching region is congested
with multiple modes, including symmetric and antisymmetric
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stretches and the coupled Fermi resonance (FR) modes, which
complicates a comprehensive spectral interpretation. Several
force fields and ab initio calculation models have been
developed to decipher complex C—H spectra as a result of
Fermi resonance.*™*° For example, Sibert and co-workers
developed a first-principles model for describing the Fermi
resonance in the alkyl CH stretching region based on a local
mode Hamiltonian that incorporates cubic stretch—bend
coupling.'” Alternative theoretical treatment on the Fermi
resonance of methyl-groups has been attempted by Kuo and
co-workers using an ab initio calculation based on quartic
potential generated at the MP2/aug-cc-pVDZ level and the
corresponding eigenvalue problem was solved by the vibra-
tional configurational interaction (VCI) method."*'? Recently,
an anharmonic local mode analysis of cyclohexane provided an
interpretation of the C—H stretching spectrum, demonstrating
that Fermi resonance coupling terms are essential for a physical
insight into the vibrational energy levels.”!

Deuteration isotope substitution severs as another way to
resolve complex C—H spectra since it moves the stretching
spectra from 2800—3100 cm™' to a so-called silent region at
2000—2300 cm™', which is separated from almost all Raman
peaks of organic compounds. Consequently, spectral overlap is
minimized by using selectively deuterated samples, enabling
clear identification of the individual contributions from various
C—H groups.” Furthermore, the C—D vibration itself functions
as a versatile Raman tag for tracking structural changes and
dynamics in labeled compounds, particularly drugs and
biomolecules.””** Compared to conventional fluorescent
tags, deuteration labeling offers distinct advantages, including
negligible toxicity to biological samples and minimal steric
perturbation of the system under study. Deuteration can also
enhance drug half-life and reduce membrane peroxidation of
unsaturated fatty acids.”> Given these applications, establishing
a precise correspondence between the observed C—D peaks
and their vibrational modes is also highly desirable.

Previous studies of the C—H and C—D spectra of organic
molecules have primarily relied on liquid-phase Raman or
infrared spectroscopy. However, intermolecular interactions in
the condensed phase significantly broaden and distort the
spectral bands. As a result, many fine spectral details are
obscured, which has led to frequent misassignments that have
even been used to interpret some important dynamical
processes.”””” In contrast, gas-phase Raman spectroscopy is
free from such complications due to the absence of
intermolecular interactions. Moreover, gas-phase Raman
spectra typically exhibit narrower band profiles compared
with their gas-phase infrared counterparts. This is because gas-
phase IR spectra consist of P, Q, and R branches, while Raman
spectra are dominated by a sharp Q branch, resulting in an
intrinsically higher resolution. Well-assigned gas-phase Raman
spectra can thus provide a critical reference for interpreting
their liquid-phase counterparts and for evaluating the external
factors that perturb intermolecular interactions in the liquid
state. However, the widespread application of gas-phase
Raman spectroscopy has been limited by its inherently low
sensitivity, a consequence of small Raman scattering cross
sections, resulting in a scarcity of high-quality reported
spectra.”® ™" Recently, using a cavity-enhanced instrument
that combines high-precision locking technology, we improved
the detection limit for gas-phase Raman measurements to the
subppm level.”” Such high sensitivity allows the convenient
acquisition of gas-phase Raman spectra, even for organic
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compounds with low saturation vapor pressures such as the 1-
butanol investigated here.

1-Butanol (CH,CH,CH,CH,OH) is an excellent model
system for investigating C—H/C—D spectra due to its small
size and the presence of four distinct C—H groups: a terminal
CHj;, and a-, f-, and y-CH, groups. Each group experiences a
different chemical environment along the carbon chain,
providing key insights into site-specific spectral signatures. In
previous studies, several vibrational spectroscopic methods
have been employed to investigate the C—H spectra of 1-
butanol, including gas-phase and liquid infrared spectroscopy,
low-temperature matrix infrared spectroscopy, SFG spectra,
and liquid Raman spectroscopy.” ** However, a clear
assignment has remained lacking, and high-resolution gas-
phase Raman data have been unavailable. For this end, we
measured and analyzed gas-phase Raman spectra of 1-butanol
and its two deuterated samples in the range 900—3100 cm™,
which covers the C—H/C—D bending and stretching regions.

Finally, the growing role of artificial intelligence (AI) and
machine learning (ML) in spectral prediction, analysis, and
application should be noted. For instance, deep learning
models have recently been developed to predict the spectra of
series of organic molecules with improved efliciency and
accuracy."""” The ML models require reliable data sets for
training and validation. In this context, the well-assigned, high-
resolution gas-phase Raman spectrum of a model molecule
such as 1-butanol serves as an ideal benchmark for developing
such tools. Experimental data validate the accuracy of
calculation and help to further improve theoretical models,
which in turn provides stronger support for interpreting more
complex experimental spectra.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

Deuterated 1-butanol, CH;CD,CD,CD,0OH, and
CD4CD,CD,CH,0H were purchased from ICON isotopes (98%).
Normal 1-butanol (CH;CH,CH,CH,0H) was obtained from Aladin
(99.8%, GC grade).

The gas-phase Raman spectra were acquired using a home-built
cavity-enhanced Raman spectrometer, the details of which have been
described elsewhere.” Briefly, the excitation source was a 1064 nm
fiber laser, the output of which was frequency-doubled to generate a
532 nm radiation. For polarization-resolved measurements, the 532
nm beam was linearly polarized using a Glan-laser polarizer and
coupled into a high-finesse Fabry—Pérot cavity after passing a group
of lenses. This Fabry—Pérot cavity, comprising two high-reflectivity
mirrors, was housed within a stainless-steel vacuum chamber and had
a length of 72 cm, corresponding to a free spectral range (FSR) of
approximately 208 MHz. The laser frequency was stabilized to a
longitudinal mode of the cavity using the Pound—Drever—Hall
(PDH) locking technique, yielding an estimated intracavity circulating
power of 300 W. The forward-scattered Raman signal was collected
by a 100 mm focal length lens and dispersed by a grating spectrometer
(Andor SR-750, 1200 grooves/mm) equipped with a liquid-nitrogen-
cooled charge-coupled device (CCD) camera (Andor DV401A-BVF,
200—1100 nm response).

All quantum chemical calculations were performed using the
Gaussian 16 program package.”> Geometry optimizations and
harmonic vibrational frequency calculations were conducted at the
B3LYP-D3/6-311++G(d,p) level of theory with zero-point energy
(ZPE) corrections included. To locate the 14 conformers of 1-
butanol, an initial conformational search was performed using the
semiempirical PM7 method based on the Molclus code.** The
resulting structures were subsequently reoptimized at the B3LYP-D3/
6-311++G(d,p) level. To achieve more accurate relative energies,
single-point energy calculations were carried out at the MP2/aug-cc-
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Figure 1. Calculated geometry for 14 conformers of 1-butanol.
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pVTZ level by using the B3LYP-D3/6-311++G(d,p) optimized
geometries and ZPEs. The Boltzmann population factors (F) for
the conformers at 298.15 K were calculated using the Shermo
program (version 2.3.5) based on the Gibbs free energy (AG) at the
MP2/aug-cc-pVTZ level,* according to eq 1

_ exp(—AG/RT)

(= ———— X 100%
" Y exp(—AG,/RT) ’

(1)

where AG; is the relative free energy of conformer “i” which is relative
to the lowest-energy conformer, T is the temperature in Kelvin at
room temperature (298.15 K), and R = 0.00199 kcal/(mol-K) is the
Boltzmann constant.

Harmonic calculations are insuflicient to describe Raman spectrum
of 1-butanol in the C—H and C—D stretching region since the C—H
and C-D stretching fundamental transitions are nearly degenerate
with overtone bands of bending modes, borrowing intensity through
Fermi resonances. In order to overcome the disagreement between
harmonic frequencies and experimental data and to avoid using the
scaled frequency factor, we therefore used second-order vibrational
perturbation theory (VPT2) calculations to assist the assignment of
experimental spectrum in the range of 900—3100 cm™%,*® employing
the same functional and basis sets as for the harmonic frequency and
structure optimization with B3LYP-D3/6-311++G(d,p) by Gaussian
16.

3. RESULTS AND DISCUSSIONS

3.1. Calculated Structures

1-Butanol has rich conformational distributions, which may
affect the spectral features to some extent. A detailed analysis
of its conformers was therefore performed, as presented in
Figure 1. The I-butanol molecule possesses 3 principal
dihedral angles defined by the C-C-C-C, C-C-C-O,
and C—C—O—H atoms, which give rise to 14 distinct
conformations. These conformers can be categorized into
five families: TG'x, TTx, G'G’x, G'Tx, and G'Gx. In this
nomenclature, the uppercase letters (T, G) denote the
approximate dihedral angles of the C—C—C—-C and C—C—
C—O backbones, while the subscript lowercase letter x (which
can be t, g or g’) specifies the C—C—O—H dihedral angle.
Here, T and t correspond to a trans conformation (~180°), G
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and g to a gauche arrangement (~+60°), and the prime (')
indicates a negative dihedral angle (~—60°). Except for the
TTx family, each other family comprises three conformers
corresponding to x = t, g, and g'. The TTx family contains only
two unique conformers, as TTg and TTg are structurally
equivalent. The statistical weight is 1 for the TTt conformer,
whereas those are 2 for all other 13 conformations.

Table 1 summarizes the calculated relative energies and
Boltzmann factors for 14 conformers of 1-butanol, where the

Table 1. Calculated Relative Energies AE (kJ/mol) for 14
Conformers of 1-Butanol along with the Boltzmann Factors

(F)

conformer AE® F (%)°
TG't 0 21.8
TG'g 0.26 114
TG'g 0.42 12.1
TTg 0.57 124
TTt 0.70 9.5
GGy 1.87 52
G'G't 1.94 8.6
G'G'g 2.57 42
G'Ty 3.10 36
G'Tg 3.46 31
G'Tt 3.57 S.1
G'Gg 5.16 0.9
G'Gt 5.38 1.3
G'Gg’ 7.00 04

“Calculated at MP2/aug-cc-pVTZ// B3LYP-D3/6-311++G(d,p)
level. “Boltzmann populations obtained from Gibbs free energy
(AG) calculated by MP2/aug-cc-pVTZ electronic energies with ZPE
using B3LYP-D3/6-311++G(d,p) at 298 K.

global minimum energy structure of TGt was set to zero. The
summed Boltzmann factors of the five lowest-energy con-
formers—belonging to the TG'x and TTx families—account
for 67.2% of the total at room temperature. This indicates that
these conformers are the predominant species under

https://doi.org/10.1021/acs.jpca.5c08365
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experimental conditions and, consequently, the primary
contributors to the observed gas-phase Raman spectra.
Among above five conformers, the most stable conformer,
TG't, has a calculated population of 21.8%, which is
approximately twice that of the other four conformers of
TG'g (11.4%), TG'g (12.1%), TTg (12.4%), and TTt (9.5%),
respectively, as seen from Table 1. Therefore, to simplify the
spectral assignment, the calculated vibrational frequencies and
Raman activities of the most stable conformer of TGt were
used as a guide for interpreting experimental spectra. The
corresponding data for the other four low-energy conformers
are provided in the Supporting Information (Figures S1—S3).
As seen from Figures S1—S3, for the same kind of vibrations,
the calculated CHj; frequencies show almost no differences
among the first five low-energy conformers, whereas for the a-
CH,, f-CH,, and y-CH,, they exhibit some conformational
dependencies but the frequency differences are generally
within 10 cm™.

3.2. Gas-Phase Raman Spectra of 1-Butanol

3.2.1. C—H and C-D Bending Regions. Raman bands in
the fingerprint region exhibit intensities nearly 10 times lower
than those in the stretching region. Benefited from high
sensitivity of the cavity-enhanced Raman spectroscopy
employed in this work, we successfully recorded these low-
intensity signals. Figure 2 displays the polarized and

in subsequent figures as follows: blue for a-CH,, green for f-
CH,, dark yellow for y-CH,, and pink for the terminal CHj,
group, as presented in Figure 2.

We first focus on the C—H bending region (1300—1600
cm™!). As seen from Figure 2b,c, both deuterated
CH,;CD,CD,CD,0H and CD,;CD,CD,CH,OH exhibit a
broad band in the range of 1400—1500 cm™', which is
centered at 1464 and 1478 cm™’, respectively. According to the
calculations, these two bands can be assigned to the CH; and
a-CH, scissoring vibrations, labeled as 6CH; and 6C,H,,
where 0 denotes the scissoring vibration. Furthermore,
comparing normal 1-butanol with two deuterated samples in
the same spectral region, it is evident that the spectra show a
noticeable frequency shift of the band center toward lower
wavenumber while the bandwidth has increased significantly,
as shown in Figure 2a. This change can be attributed to the
contributions of 6C4gH, and 6C,H,. To show their contribu-
tions, the experimental spectra were fitted with four Lorentz
bands, of which two bands have a fixed position and width as
in the case of CH;CD,CD,CD,0OH and CD,CD,CD,CH,OH
and the other two are unconstrained, the results of which are
presented in Figure 3a. Clearly, the spectra could be
deconvoluted into four bands as expected. Thus, the 6C;H,
and 6C,H, were determined at 1431 and 1447 cm™}, in whole
agreement with the calculated positions at 1435 and 1441
cm™, respectively. Therefore, the observed C—H scissoring

v,C-C/C-0 <,

Polarized (a)
M

Raman intensity (a.u.)

1100 1200 1300

‘Wavenumber(cm™)

1400

Figure 2. Gas-phase Raman spectra in the bending region (900—1600
cm™") for 1-butanol and its two deuterated isotopologues along with
the predicted anharmonic frequencies and Raman intensities for the
most stable conformer (TG't). (a) Polarized and depolarized spectra
of normal 1-butanol (CH;CH,CH,CH,0H). (b) Polarized spectrum
of CH;CD,CD,CD,0OH. (c) Polarized spectrum of
CD;CD,CD,CH,OH. The spectral assignments are color-coded as
follows: the blue for a-CH,, the green for -CH,, the dark yellow for
7-CH,, and the pink for CHj. O: scissoring vibration; 7, twisting
vibration; p, rocking vibration.

depolarized gas-phase Raman spectra of normal 1-butanol in
the 900—1600 cm™' fingerprint region, together with the
polarized spectra of the two deuterated isotopologues
(CH,CD,CD,CD,0H and CD;CD,CD,CH,0H). The use
of selectively deuterated samples allows for the discrimination
of the spectral contributions of different sites along the carbon
chain. For each species, the calculated anharmonic frequencies
and Raman activities are plotted according to the most stable
TG't conformer. To achieve visual clarity, the spectral
contributions of four distinct C—H groups are color-coded
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Figure 3. (a) Experimental and fitted (solid red line) gas-phase
Raman spectra of normal 1-butanol in the C—H bending region
(1400—1500 cm™), (b) the experimental and fitted (solid red line)
gas-phase Raman spectra of deuterated 1-butanol in the C—D bending
region (1070—1170 cm™'). The predicted anharmonic C—H/C—D
frequencies and Raman intensities are also plotted. Both spectra are
fitted with Lorentz line shape functions. The components are color-
coded as follows: the blue for a-CH,, the green for -CH,, the dark
yellow for y-CH,, and the pink for CHj;. &: scissoring vibration; p:
rocking vibration.
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Table 2. Observed Band Positions (cm™") of the Main Vibrational Modes and Their Assignments in Normal and Deuterated 1-

Butanol

vibrational modes” CH,(CH,),0H CH,(CD,);0H
7(CH,/CD,) 1300 970
8(CH,/CD;) 1464 1464
8(C,H,/C.D,) 1478 1121
8(C4H,/CyD,) 1431 1088
8(C,H,/C,D,) 1447 1093
v,(CH,/CD3) 2963 2967
v,(CH,/CD,) 2879 2879
0,(CH,/C,D,) 2870 2083
0,(C;H,/CyD,) 2846 2105
0(C,H,/C,D,) 2856 2127
FR(CH,/CD) 2941 2938
FR(C,H,/C,D,) 2963 2245
FR(C4H,/C,D,) 2910 2181
FR(C,H,/C,D,) 2916 2196

isotopic shift ratio

CD,(CD,),CH,0H exp cal
960 1.34/1.35 1.33/1.36
1054 1.39 1.38
1478 1.32 1.32
1107 1.32/1.29 1.32/1.31
1119 1.32/1.29 1.33/1.32
2227 1.33 1.32
2080 1.38 1.39
2876 1.38 1.38
2119 1.35/1.34 1.36/1.36
2136 1.34/1.34 1.35/1.35
2143 1.37 1.39
2965 1.32 1.32
2167 1.33/1.34 1.34/1.33
2176 1.33/1.34 1.34/1.33

“7: twisting vibration; &: scissoring vibration; v: stretching vibration; FR: Fermi resonance.

vibrations of 1-butanol follow the descending frequency order:
6C,H, > 6CH; > 6C,H, > 5C4H,, with a maximum difference
of approximately 47 cm™'. Additionally, a medium-intensity
band at ~1300 cm™" in Figure 2a is assigned to the in-phase
CH, twisting mode (7CH,), in which all CH, groups twist
cooperatively in the same direction (see the corresponding
atomic displacements in Figure S4).

We now turn to the assignments in the lower-frequency
region (900—1300 cm™'), which covers C—D scissoring,
rocking, and twisting vibrations as well as the C—C/C-O
stretching. Therefore, the spectral identifications within this
range becomes very complex due to the mixing of various
vibrations. As shown in Figure 2a, several bands are observed
in 900—1300 cm™! range for normal 1-butanol, e.g, at 1026,
1045, 1098, and 1120 cm™, which are assigned to the coupled
C—C and C—O stretching motions, labeled as v, C—C and
v,C-0.

For deuterated CH;CD,CD,CD,OH, all of the CH, groups
of normal 1-butanol are replaced by the CD,. As seen from
Figure 2b, upon deuteration, some C—C/C—O stretching
vibrations are no longer clearly visible due to the coupling with
the CD, bending vibrations. To obtain individual contributions
of three CD,, the observed Raman spectra between 1070 and
1170 cm™" were fitted with five Lorentz line shape functions
based on the calculated results, as shown in Figure 3b. By
contrasting to the calculations, the fitted component at 1137
cm™" can be assigned to the ,C—C/C—O which is mixed with
some CD, scissoring vibrations according to the atomic
displacements by GaussianView software, whereas the
components at 1121, 1112, 1093, and 1088 cm™' can
correspond to the 6C,D,, pCH; 6C,D, and 5CyD,,
respectively, where p represents the CH; rocking vibration.
With such an assignment, it seems that the predicted
anharmonic band positions are consistent with the observed
ones. However, the intensity ordering between 6C,D, and
O6CyD, is exactly reversed with a large deviation. Therefore,
another possibility exists that the §C,D, and §C4D, overlap to
give rise to one peak due to their close frequencies. In addition,
a strong low-frequency band at 970 cm™" was assigned to the
in-phase twisting vibration of three CD, groups in
CH,CD,CD,CD,0H, which lied at 1300 cm™ in normal
CH;CH,CH,CH,OH. In previous studies on deuterated long-
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chain hydrocarbon, the identification of 970 cm™ band has
been confused. It was initially assigned to a CD, scissoring
mode in early work but was recently reassigned to a C—C
stretching vibration in the all-trans conformation, serving as a
conformational marker.”>***”

For the deuterated sample of CD,;CD,CD,CH,OH in
Figure 2c, it gives very complex band shape in the range of
1000—1200 cm™. Unlike the case in CD,CD,CD,CH,OH, it
is difficult to deconvolute the spectra into several Lorentz
bands based on the calculated results. Contrasting to the
calculations, we assign the prominent band at 1054 cm™" to the
symmetric CD; scissoring vibrations (SCD;), which super-
imposes the C—O stretching vibration, as seen from Figure 2c.
The increased isotopic mass lowers the CD3 bending
frequency relative to that of CD,. For the bands at 1129,
1119, and 1107 cm™), it can be attributed to ©,C—C/C—O,
0C,D,, and 6C;D,, respectively, while the band at 960 cm™is
attributed to 7CD, vibration.

The assignments of the main vibrational modes in the C—H
and C—D bending regions are collected in Table 2, in which
the frequencies corresponding to the same C—H and C-D
vibrations are compared. Experimental isotopic shift ratios are
in good agreement with the calculated isotopic shift ratios,
indicating a correct association between them.

3.2.2. C—H Stretching Region. Figure 4 presents the
polarized and depolarized Raman spectra of gaseous 1-butanol
in the C—H stretching region (2800—3100 cm™"), along with
the polarized spectra of the two deuterated samples. A
dramatic contrast is observed between the polarized and
depolarized spectra in Figure 4a. The polarized spectrum
exhibits many well-resolved bands, whereas the depolarized
spectrum is characterized by a weak and broad profile. This
indicates that the well-resolved bands in the polarized
spectrum arise from totally symmetric vibrational modes,
while the depolarized spectrum is dominated by antisymmetric
ones. It is known that the weak intensity of the depolarized
spectrum is inherent to Raman spectroscopy, as antisymmetric
stretches typically exhibit low Raman scattering cross sections
but are strong in IR absorption due to different selection rules.
Furthermore, the broad spectral features can be explained by
the rotational branch structure. For the antisymmetric modes
of depolarization ratio p ~ 0.75, the Raman transitions involve

https://doi.org/10.1021/acs.jpca.5c08365
J. Phys. Chem. A 2026, 130, 2523-2532


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c08365/suppl_file/jp5c08365_si_001.pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c08365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

v,CH,

(€))

CH,-FR

v,,CH; & C H,-FR

Polarized

e ———
Depolarized

()

Raman intensity (a.u.)

overtone i)

overtone @ .

1 1 1 L
2900 2950
Wavenumber(cm™)

Figure 4. Gas-phase Raman spectra of 1-butanol in the C—-H
stretching region (2800—3100 cm™!) along with the predicted C—H
Fermi resonance pairs by VPT2 method. (a) Polarized and
depolarized spectra of normal 1-butanol (CH,;CH,CH,CH,OH).
(b) Polarized spectrum of CH;CD,CD,CD,OH. (c) Polarized
spectrum of CD;CD,CD,CH,OH. Spectral assignments are color-
coded as follows: the blue for a-CH,, the green for -CH,, the dark
yellow for y-CH,, and the pink for CH;. v,: stretching vibration; FR,
Fermi resonance. A line with a circle above it denotes the overtone
after the Fermi resonance interaction. It should be mentioned that for
the CH;CD,CD,CD,0H, only the calculated symmetric in-plane
0,,CH; is plotted, whereas the antisymmetric out-of-plane v,,CHj; is
not.

P, Q, and R branches (A] = +1, 0), while for the symmetric
modes, the Raman transitions are dominated by the Q branch
(AJ = 0). The closer the depolarization ratio is to 0, the more
dominant the Q branch becomes.

It should be mentioned that the depolarized spectra were
not measured for two deuterated 1-butanol due to the limited
quantity of our isotope samples. However, as the isotope
substitution employed here does not alter the symmetric
properties of vibrational modes of 1-butanol, the well-resolved
bands in two deuterated samples (Figure 4b,c) should also
belong to symmetric categories. Therefore, considering that all
major prominent Raman peaks originate from symmetric
modes, we plotted only the calculated C—H symmetric
stretching vibrations (v,) in Figure 4a—c, whereas the
antisymmetric stretches (v,,) are omitted, except for v,,CH,,
for reasons detailed below.

As mentioned earlier, Fermi resonance (FR) generally
occurs between the stretching fundamental and the first
overtone of a bending mode when they are close in frequency
and share the same symmetry. This interaction leads to
intensity borrowing by the overtone and a mixing of the wave
functions between the fundamental and the overtone, resulting
in one component to a lower frequency and the other to a
higher frequency. The involvement of the FR significantly
increases spectral complexity and is a major source of
misassignment in C—H spectra. While theoretical calculations
can predict relatively reliable fundamental band positions,
accurately modeling FR interactions remains challeng-
ing."*"*"** To guide the assignment of experimental spectra,
the calculated Fermi resonance pairs using the VPT2 method
are plotted in Figure 4.
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As seen from Figure 4b,c, for two deuterated samples of
CH,;CD,CD,CD,0H and CD;CD,CD,CH,0H, the anhar-
monic prediction on the band positions and Raman intensities
of CH; and a-CH, Fermi resonance pairs are in good
agreement with the observed gas-phase Raman spectra,
although it underestimates the frequency of Fermi resonance
pairs as a whole. According to the calculations, for
CD;CD,CD,CH,0H, a pair of peaks at 2876 and 2965
cm ™! was assigned to @-CH, Fermi resonance pairs labeled as
v,C,H, and FR-C,H,, respectively, whereas for the
CH;CD,CD,CD,0H, the two very strong bands at 2879
and 2938 cm ™" was assigned to the CH; Fermi resonance pair
of »,CH; and FR-CH,, and another weak band at 2967 cm™
corresponds to the CHj in-plane antisymmetric stretching
(UasCHZ’;) .

It should be especially mentioned that for the a-CH,, the
2965 cm™! band was assigned to C,H, symmetric stretching of
different conformers in li%uid Raman spectra on monohydric
alcohol in previous study.”’ Here, our VPT?2 calculations on 1-
butanol indicate that this band originates from the a-CH,
Fermi resonance, as shown in Figure 4c. Comparing spectral
features of CH; and a-CH, in two deuterated samples, the a-
CH, bands are much broader than those of CH;. This is in
good agreement with the calculations that the a-CH, vibration
is more sensitive to molecular conformation;, leading to band
broadening due to the superposition of multiple conformers
and an observable weak band at 2895 cm™!, as illustrated in
Figure S2. In recent studies, it is also shown that the C—H
stretching vibration can be used a probe for the conformations
of phenylalanine.>

As for why the v,,CH; mode appears in the polarized spectra
with an observable intensity in CH;CD,CD,CD,OH while the
0,,CH, does not be assigned in CD;CD,CD,CH,OH, this can
be attributed to the fact that the CH; group possesses two
nearly degenerate antisymmetric stretching vibrations with
different symmetries: an in-plane symmetric vibration and an
out-of-plane antisymmetric vibration.”' As a matter of fact, it is
the symmetric in-plane v,,CH; component that exhibits the
intensity in the polarized Raman spectrum, whereas the
antisymmetric out-of-plane component is still weak. This has
often led to the erroneous assumption that the CH,
antisymmetric stretching (v,,CH,) should also present in
polarized Raman spectra,”™ and consequently, the intense CH,
Fermi resonance band could be misassigned as v,,CH,. Our
gas-phase Raman measurements unambiguously show that the
intrinsic Raman intensity of the v,,CH, modes is, in fact, very
low.

With the assignments established for two deuterated
samples, the spectra of normal 1-butanol can be easily
interpreted. As seen from Figure 4, Raman feature of a-CH,
and CHj; groups remains at similar position and intensity from
the deuterated to normal 1-butanol. Namely, for normal 1-
butanol, the band at 2870 cm™ corresponds to v,C,H,, the
two most intense bands at 2879 and 2941 cm™ correspond to
the Fermi resonance pairs of v,CH; and FR-CH3, and the band
at 2963 cm™' corresponds to the overlapping of FR-C,H, and
v,,CH;. Therefore, the remaining spectral features should
originate from the Fermi resonance pairs of the - and y-CH,
groups. By contrasting to the anharmonic predictions in Figure
4a, the bands at 2846 and 2910 cm™! can be attributed to
v,CgH, and FR-C4H, while those at 2856 and 2916 em™! can
be attributed to v,C,H, and FR-C,H,. However, unlike the
CH; and a-CH, (Figure 4b,c), the comparison between
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Table 3. Assigned CH; and @-CH, Fermi Resonance Pairs, Their Unperturbed Fundamental Frequency, and Bending
Overtone Estimated by a Two-State Deperturbation Model”

molecule 0, Upr AE
CH,(CD,);0H 2879 2938 59
CD,(CD,),CH,0H 2876 2965 89

b b
Ufundamental Uovertone

R AE, [0}
1.26 7 29 2905 2912
3.27 47 37 2897 2944

“The units are in cm™ for all of the data except for R, which is dimensionless. YThe estimated unperturbed fundamental frequency and bending

overtone of CH; and a-CH, in the deuterated samples.

experimental and predicted anharmonic spectra shows the
discrepancy in the intensity pattern of - and y-CH, Fermi
resonance, especially for #-CH,, in which the fundamental and
overtone intensities are switched. Such an inverse correlation is
a consequence of the modulation of the relative contribution of
the stretching and bend-overtones during VPT2 calculations.
In addition, for the - and y-CH,, the VTP2 calculations
overestimated the frequencies of FR-C4;H, and FR-CH,
compared to FR-C,H, and FR-CHj. Therefore, it remains a
challenge to properly treat the resonant vibrational modes in
anharmonic calculations.

From the above assignments, it is evident that Fermi
resonance plays a dominant role in reshaping Raman features
of 1-butanol in the C—H stretching region. A comparison of
four C—H Fermi resonance pairs reveals Raman spectra of 1-
butanol are dominated by the terminal CH; and a-CH,
groups, with much weaker contributions from the internal -
and y-CH, groups, as seen from Figure 4a. On the other hand,
the comparison with previous measurements on gas-phase
Raman spectra of shorter-chain alcohols such as ethanol and 1-
propanol reveals that the features of the terminal CH; and a-
CH, groups remain almost unchanged as the chain length
increasing,”>*® whereas that of internal CH, groups are highly
sensitive to the molecular structure and local environment.
Additionally, the gas-phase Raman spectra show that the
v,CH; and v,C H, are very close in frequency, and thus the
band broadening in the condensed phases can cause them to
merge into a single band. However, this integrated band has
often been solely attributed to the v ,CH, in liquid Raman
measurements, whereas the contribution from the terminal
CH; was overlooked.” These results provide insights into
interpreting complex C—H stretching spectra in molecules
containing various C—H groups.

In order to obtain more information about the C—H Fermi
resonance, we use a two-state perturbation theory to estimate
the Fermi resonance coupling constant and the unperturbed
fundamental frequency and bending overtone according to the
following equations.>*

R-1
AE, = AE-
0 R+1 )
w = AE- \/i
R+1 (3)

where AE is energy separation of the observed Fermi
resonance pairs and R is their intensity ratio. AE; is the
separation between the zero-order (unperturbed) vibrational
states and @ is the coupling constant, assuming that the
intrinsic (unperturbed) overtone intensity is negligible. The
results are listed in Table 3, where only the parameters of CHj;
and a-CH, are shown, whereas for the f- and y-CH,, it is
difficult to determine the individual spectral contribution due
to severe overlap with other vibrational modes in normal 1-
butanol. To obtain integral intensity of Fermi resonance pairs,
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the CH; and a-CH, stretching spectra in two deuterated
samples were deconvoluted by using Lorentz line shape
functions, as presented in Figure SS5. As seen from Table 3, the
Fermi resonance coupling constants of CH; and a-CH, are 29
and 37 cm™!, respectively, which are lower than about 50 cm™
of NH, determined in the hydrogen-bonded complex
recently.”>*°

3.2.3. C-D Stretching Region. Figure S presents the
polarized Raman spectra of normal 1-butanol and the two

(@)

¥,CgD,

v,C,D,

CD FR ¢ p ¥R
: C,D,-FR

Raman intensity (a.u.)

2050 2100 2150 2200

Wavenumber(cm™)

2250 2300

Figure 5. Gas-phase Raman spectra in the C—D stretching region
(20002300 cm™) for 1-butanol along with the predicted C—D
Fermi resonance pairs by the VPT2 method. (a)
CH,CH,CH,CH,0H. (b) CH,;CD,CD,CD,0OH. (c)
CD,CD,CD,CH,0H. Spectral assignments are color-coded as
follows: the blue for a-CH,, the green for f-CH,, the dark yellow
for y-CH,, and the pink for CH;. v: stretching vibration; FR, Fermi
resonance. A line with a circle above it denotes the overtone after
Fermi resonance interaction. It should be mentioned that for
CD,;CD,CD,CH,0H, only the calculated symmetric in-plane
0,,CDj is plotted, whereas the antisymmetric out-of-plane v,,CDj is
not.

deuterated isotopologues in the C—D stretching region. As
anticipated, no bands are observed in this region for normal 1-
butanol (Figure Sa). For CH;CD,CD,CD,OH in Figure Sb,
the spectrum reveals many C—D stretching bands. With the
help of the predicted Fermi resonance pairs by the VPT2
method, the bands at 2083 and 2245 cm™! can be assigned to
the v,C,D, and FR-C,D,, the bands at 2105 and 2181 cm™!
correspond to the v,C4D, and FR-C;D,, and the bands at 2127
and 2196 cm™" correspond to the v,C,D, and FR-C,D,.

In CD,CD,CD,CH,0H (Figure Sc), the spectral features
associated with the a-CD, group are absent, whereas a very
intense band appears at 2080 cm™’, which corresponds to the
CD; symmetric stretching (v,CD;), in agreement with VPT2
calculations. Another two prominent bands at 2119 and 2136
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cm™" can be assigned to »,C4D, and »,C,D,, respectively. A
comparison of the spectrum between CH,;CD,CD,CD,OH
and CD;CD,CD,CH,OH reveals a significant broadening of
the assigned v,C,D, accompanied by a distinct shoulder at
2143 cm™', as seen from Figure Sc. This shoulder should
correspond to the CD; Fermi resonance partner (FR-CD5). In
addition, an obvious band at 2227 cm™! can be attributed to
the CD; antisymmetric stretching (v,,CD;) based on the
calculations and its characteristic frequency in other deuterated
compounds.”® Notably, the relative intensity of v,,CD; is
significantly enhanced compared to that of v,(CH;. Finally, the
remaining bands at 2167 and 2176 cm™ should be from FR-
CsD, and FR-C,D, although the anharmonic prediction
overestimated the band positions of these two Fermi resonance
modes. The parameters such as the Fermi resonance coupling
constant are difficult to obtain due to spectral overlapping
between the C—D vibrations in two deuterated samples.

4. CONCLUSIONS

The C—H and C-D bending and stretching regions in
vibrational spectra contain a wealth of structural information. A
precise interpretation of these bands is, therefore, crucial for
expanding their analytical utility. In this work, we have
employed a sensitive cavity-enhanced Raman instrument to
acquire high-resolution gas-phase spectra of 1-butanol and two
selectively deuterated isotopologues across the 900—3100
cm™' range, covering both the C—H/C—D bending and
stretching regions. The observed spectra were successfully
interpreted with the aid of quantum chemical calculations and
polarization-resolved measurements.

Our analysis reveals the frequency orders of site-specific C—
H bending and stretching spectra in 1-butanol. Also, it shows
that vibrational signatures of both the methyl and methylene
groups are complicated by Fermi resonance splitting. The
deuteration substitution does not cause a mere shift in the
position from the C—H to the C—D region, and the relative
positions and intensities vary due to differences in the Fermi
resonance. Furthermore, a comparative analysis between
normal and deuterated 1-butanol shows that the spectral
features of the two terminal groups (CH; and a-CH,) exhibit
greater similarity and transferability compared to the internal
pB- and y-CH, groups. In addition, the CH, antisymmetric
stretching vibrations make a negligible contribution to the gas-
phase Raman spectra when contrasting to the CHj
antisymmetric stretch, clarifying the confusions in previous
studies that the CH, Fermi resonance modes are often
mistaken as ©0,,CH,. These results establish a reliable
foundation for analyzing the structure and dynamics of 1-
butanol in various environments. Moreover, they provide
fundamental insights that can be applied to the interpretation
of C—H and C—D spectra in other molecular systems
containing alkyl chains, which are ubiquitous structural motifs
in organic and biological chemistry. Future work will focus on
the development of more sophisticated theoretical models to
accurately simulate the anharmonic interactions, particularly
Fermi resonance in the C—H and C—D stretching regions of
alcohols like 1-butanol.
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Figures S1—S3 plotted the calculated harmonic
frequencies and Raman activities for the first five
conformers of normal 1-butanol and two deuterated
samples in the C—H/C—D bending and stretching
regions from 900 to 3100 cm ™' along with experimental
spectra; Figure S4 displays the atomic displacement
vector of in-phase CH, twisting mode in normal 1-
butanol; Figure SS shows the fitted gas-phase Raman
spectra of two deuterated I1-butanol in the C—H
stretching region using Lorentz line shape functions
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