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In this study, we utilized the infrared (IR)-vacuum-ultraviolet (VUV) non-resonant ionization and fragmentation
detected IR spectroscopy (NRIFD-IR) technique to explore the IR spectra (2700-7200 cm™) and the structures of
both neutral and cationic hydroxyacetone. By comparing the experimentally obtained IR spectra with the
anharmonic frequencies calculated at the B2PLYP-D3/cc-pVTZ and B3LYP-D3(BJ)/def2-TZVPP level of theory,

we assigned the structures of hydroxyacetone and its cation. Notably, we observed a discrepancy in the neutral
spectrum within the CH stretch region, depending on whether the parent or fragment channel was monitored.
This observation suggests that the near-threshold dissociative ionization process exhibits mode-selectivity,
implying that certain vibrational modes play a crucial role in either facilitating or inhibiting the dissociation

event.

1. Introduction

Hydroxyacetone (HA), also known as acetol (CH3C(O)CH,OH), is a
colorless, distillable liquid organic compound that has attracted
considerable attention from various perspectives. As the methyl deriv-
ative of glycolaldehyde, the simplest sugar component, and the most
basic hydroxy ketone structure with adjacent oxygen atoms on its car-
bon backbone, HA represents the next level of molecular complexity
among the smallest sugar molecules from an astrophysical perspective
[1]. These carbohydrates are believed to serve as energy storage and
participate in the formation of DNA and RNA [2]. Despite being pro-
posed as an interstellar molecule in 2006, insufficient evidence was
found to claim its detection due to the absence of several transitions at 2
and 3 mm during a search towards Sagittarius B2(N) using the Arizona
Radio Observatory (ARO) 12 m telescope [1]. It was not until 2020 that
HA was successfully detected in the solar-type protostar IRAS 16,
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293-2422 B using the Atacama Large Millimeter Array science verifi-
cation data [3]. Beyond its astrophysical significance, HA is
well-recognized as a valuable starting material for the synthesis of
important organic compounds, such as gem-diols, acetals, and ketals
[4]. Moreover, HA, along with methacrolein (MTA) and methyl vinyl
ketone (MVK), has been identified as a secondary carbonyl product of
isoprene oxidation [5,6], and observed as a stable end product from
reactions of the (CH3)oCOO Criegee intermediate [7]. Recent studies
have employed a combination of infrared and Raman spectroscopy,
supported by computational methods, to achieve a comprehensive
vibrational analysis of MVK, providing accurate spectral assignments
[8]. In the troposphere, the reactive pathways of biogenic hydrocarbons
are expected to occur via its reaction with OH or through photolysis,
with the rate and mechanism determined by Orlando and Dillon [6,9].

To date, the vibrational spectra of HA have not been comprehen-
sively characterized. Mohacek-Grosev reported the IR spectra of HA in
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the liquid phase, concentrating on the IR range region below 3500 cm™
[2]. Sharma et al. examined the structure of HA isolated in an argon
matrix at 12 K and in a pristine solid phase across the temperature range
of 12-175 K [10]. They compared experimental IR spectra obtained via
Fourier transform infrared (FTIR) spectroscopy with theoretical spectra
derived from both ab initio (MP2) and density functional theory (DFT)
calculations. Their results indicated that the observed IR spectra corre-
spond exclusively to the most stable Cc conformer. Lindenmaier et al.
methodically assigned the fundamental vibrational modes of HA using
gas-phase IR, far-IR, Raman spectroscopy, and ab initio methods [11],
and attributed some of the observed IR spectra to different vibrational
modes than those identified by Sharma et al. Gordon et al. investigated
the IR spectra of HA at the air-water interface through a combination of
experimental techniques, including vibrational sum frequency spec-
troscopy and surface tensiometry, as well as computational approaches
such as molecular dynamics simulations and DFT calculations [12].
Their study provided detailed information on the conformational dis-
tributions and hydrogen-bonding interactions of HA at the interface.

In the fundamental region of the HA infrared (IR) spectra, discrep-
ancies persist in the assignment of vibrational modes, and several
theoretically predicted modes remain unobserved. Additionally, the IR
spectra in the overtone region are absent, as are the IR spectra for
cationic HA.

In this study, we present an in-depth analysis of the vibrational
spectra of both neutral and cationic HA spanning the range from 2700 to
7200 cm’’. By integrating observed and computed vibrational spectra
with structural data of HA, we have successfully identified the spectral
carriers for both neutral and cationic HA species.

2. Methodology
2.1. Experimental section

In this study, the infrared (IR)-vacuum-ultraviolet (VUV) non-
resonant ionization and fragmentation detected IR (NRIFD-IR) spec-
troscopy technique was employed to ascertain the IR spectra of both
neutral and cationic HA molecules. The NRIFD-IR approach involved the
usage of a VUV laser for single-photon ionization or dissociative ioni-
zation of the neutral compounds. For acquiring the IR spectra of the
neutral species, the IR laser pulse was introduced prior to the VUV laser
pulse; conversely, for the IR spectra of the cationic species, the IR laser
pulse succeeded the VUV laser pulse. The IR spectra were determined by
the differential signals obtained from the target species or their frag-
ments, with and without IR irradiation. By observing the variance in
signal intensities of neutral HA (m/z = 74) and its dissociative ionization
products (m/z = 43) upon exposure to VUV radiation, both in the
presence and absence of IR radiation absorption, we successfully derived
the IR spectra for the neutral and cationic states of HA.

The experimental apparatus, comprising of a vacuum ultraviolet
(VUV) ionization source synchronized with an infrared (IR) laser and a
time-of-flight mass spectrometer (TOFMS), has been previously detailed
elsewhere [13]; a brief overview is presented herein. The
helium-entrained anhydrous HA (>98 %, TCI Shanghai Development
Co., Ltd) was entrained in helium using a bubbler at a back pressure of
25 psi. The resultant gaseous mixture (approximately 0.5 % HA in He-
lium) was introduced into a pulsed solenoid valve (Parker, General
Valve Series 9, 0.5 mm orifice, 10 Hz) to generate a molecular beam.
Subsequently, the molecular beam was collimated by passing through a
1.5 mm diameter skimmer situated approximately 2 cm downstream
from the valve nozzle. At the center of the extraction region of the
reflectron TOFMS, the molecular beam was orthogonally intersected by
counter-propagating VUV and IR lasers. The ion signal of the generated
cations was amplified using an amplifier (Stanford research system,
SR445A) before being transmitted to a digital storage oscilloscope
(InfiniiVision DSO-X 3054A) for data acquisition and subsequent
recording by a computer.
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For the measurement of the IR spectra of neutral HA, we utilize the
125.280 nm (9.90 eV, 4.5 pJ/pulse) free electron laser (FEL) of Dalian
Coherent Light Source (DCLS) to ionize the HA molecule (m/z = 74), the
ionization energy (IE) of which is reported to be (9.78 + 0.06 eV) [14].
By introducing the IR laser 50 ns prior to the FEL, the total energy
absorbed by the HA molecule could exceed the appearance energy (AE)
of [CH3CO]™" (10.30 eV) [14,15], thereby inducing dissociative ioniza-
tion of HA. The IR spectra of neutral HA were obtained by monitoring
the signal changes of cationic HA (m/z = 74) or its fragment [CH3CO1™
(m/z = 43) while scanning the IR laser from 2700 to 7200 em’l. The IR
spectra of the cationic HA were measured in an analogous manner, with
the exception of employing a 118 nm (10.5 eV) laser as an ionization and
dissociative ionization source, which was fired 50 ns before the IR laser.

The 118 nm VUV laser is generated by frequency-tripling of the 355
nm laser (40 mJ pulse™), triple frequency of the output of an Nd: YAG
laser (Beamtech, SGR-20, 10 Hz), in a cell containing a gaseous mixture
of Xe and Ar (Xe: Ar = 1:10) at ~280 torr total pressure. The 118 nm
laser is then focused into the center of the ionization region with a
convex MgF; lens that is mounted at the end of the gas cell.

The tunable IR laser was generated by using a potassium titanyl
phosphate (KTP)/potassium titanyl arsenate (KTA) optical parametric
oscillator/amplifier system (OPO/OPA, Laser Vision, 0.9 cm™ resolution
in broadband mode) pumped by a Nd: YAG laser (Continuum Surelite
EX, 5 Hz, 630 mJ pulse). The IR laser with a typical energy of 10 mJ
pulse! (at the entrance of the CaF, window) is focused by a CaFs lens (f
= 500 mm) into the ionization region.

2.2. Computational section

The minimum energy conformation of the HA molecule was deter-
mined through a multi-step computational approach. Initial automated
conformational searches were performed utilizing the Molclus gentor
module [16], involving the rotation of single bonds (C5-C7 and C7-010).
Subsequently, all initial geometries of neutral HA were optimized using
density functional theory (DFT) calculations. These calculations
employed the B3LYP functional with the def2-TZVPP basis set and
Grimme’s D3(BJ) dispersion correction, including Becke-Johnson
damping and three-body terms [17-19].

Four equilibrium structures for neutral HA (Cc, Tt, Tg, Ct, listed in
order of increasing energy) were identified. These conformers are
further discussed in Section 3.1.1. Cationic conformers were derived
from these four equilibrium structures of neutral HA by altering the
charge and spin multiplicity to 1 and 2, respectively. Further optimi-
zation at the B3LYP-D3(BJ)/def2-TZVPP level yielded the structures of
cationic HA-Tg’ and HA-Cg.

Calculations employed the appropriate DFT formalism: restricted
DFT (RDFT) for closed-shell species (HA and CH3CO™") and unrestricted
DFT (UDFT) for open-shell species (HA™ and CH,OH). This principle was
also followed for the anharmonic frequency calculations at the B2PLYP-
D3/cc-pVTZ level. All computations were performed using the Gaussian
16 program suite [20].

Based on the optimized geometries, The relative single-point en-
ergies of these conformers, expressed in kcal/mol, have been calculated
using the RIJK-CCSD(F12*)(T*)/cc-pVTZ-F12//B3LYP-D3(BJ)/def2-
TZVPP level of theory, as implemented in the ORCA quantum chemis-
try software package [21]. These energy values have been subjected to
zero-point energy corrections for improved accuracy.

The anharmonic IR absorption spectra of the neutral and cationic HA
species were computed using the second-order vibrational perturbation
theory (VPT2) method, as implemented in the Gaussian 16 software.
Given our IR spectra scanning range of 2700-7200 em, which en-
compasses overtones and combination modes, anharmonic frequency
calculations were essential. For cationic HA, we selected the B3LYP-D3
(BJ)/def2-TZVPP method due to its optimal balance of accuracy and
computational efficiency. This approach provides high-grade triple-zeta
basis accuracy and incorporates dispersion functions suitable for our
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Fig. 1. Geometrically optimized and energetically stable conformations of four neutral HA conformers (Fig. 1a to 1d) and the electrostatic potential charges (Fig. 1a
to 1d). The figure also highlights the pivotal bond lengths and bond angles that play a crucial role in determining the structural characteristics of neutral HA-

Cc (Fig. 1e).

cationic HA system. The results obtained align well with our experi-
mental data for cationic HA.

For neutral HA, the presence of intramolecular hydrogen bonding
increased system complexity. Additionally, we observed a significant
discrepancy between the calculated voy (3492.3 cm™) and our experi-
mental results (3522.4 cm™) using B3LYP-D3(BJ)/def2-TZVPP. Conse-
quently, we opted for the B2PLYP-D3/cc-pVTZ method, renowned for its
accuracy in describing radical systems and zwitterions [22,23]. This
double-hybrid functional with cc-pVTZ basis provides superior accuracy
compared to B3LYP-D3(BJ)/def2-TZVPP for neutral HA, as demon-
strated in Table S5.

We also applied B2PLYP-D3/cc-pVTZ to calculate anharmonic fre-
quencies for cationic HA (Table S7). Both methods yielded appropriate
results for attributing our cationic HA spectra. However, due to meth-
odological differences, calculations using B3LYP-D3(BJ)/def2-TZVPP
showed better agreement with our experimental spectra compared to
the double-hybrid results for the v¢ mode and modes from the 2vcy re-
gion. Therefore, we chose to use B3LYP-D3(BJ)/def2-TZVPP results for
attributing our cationic spectra.

Natural Bond Orbital (NBO) analyses of the neutral and cationic HA
molecules were conducted using the integrated NBO 3.1 program within
the Gaussianl6 software package at the B3LYP/def2-TZVPP level of
theory. We employed the Multifunctional Wavefunction Analyzer
(Multiwfn) program [24] to perform orbital interaction, Merz-Kollmann
(MK) electrostatic potential (ESP) fitting for atomic charges, and Mayer
bond order calculations. These analyses were based on wavefunction
files generated by the Gaussian16 software package. Visualization of the
results was achieved using a combination of the Multiwfn and Visual
Molecular Dynamics (VMD) software packages [25].

3. Results and discussion
3.1. Structure of neutral and cationic HA

3.1.1. Neutral HA
HA exists in four distinct equilibrium structures, differing in the

orientation of the O = C—C-O and H—O-C—C dihedral angles, as
confirmed by previous theoretical investigations [10,26]. In this study,
we adopted the nomenclature proposed by Sharma et al. [10], where the
capital letters (T, C, G, G’) denote the orientation around the O = C—C-O
dihedral angle, and the lowercase letters (t, c, g, g’) refer to the
H—O0-C—C dihedral angle. The corresponding dihedral angle ranges are
as follows: —45° < (C, ¢) <45° < (G, g) <135° < (T, t) <225°<(G’, g")
< 315°. Among the four conformers, the Cc conformer exhibits the
lowest energy, which can be attributed to the presence of a stabilizing
intramolecular hydrogen bond between the hydroxyl hydrogen and the
carbonyl oxygen. Conversely, the Ct conformer possesses the highest
energy (Azpr = 5.68 kcal mol™) due to the repulsive interactions be-
tween the two oxygen atoms in this configuration. The four neutral
conformers and their relative single-point energies are depicted in
Fig.la-1d.

The second lowest energy conformer, Tt, lies 3.28 kcal mol’! above
the Cc conformer. To assess the population distribution of these con-
formers, Boltzmann distribution calculations were performed for tem-
peratures ranging from O to 350 K based on the Gibbs free energies, as
presented in Table S1. The results clearly indicate that the Cc conformer
is expected to be the dominant species at temperatures below room
temperature, with a Boltzmann weight exceeding 99 %.

The intramolecular hydrogen bond in the molecule results in a
coplanar arrangement of atoms 06, C5, C7, 010, and H11. Despite a
slight torsion of the methyl group in neutral HA-Cc, as indicated by the
H2-C1-C5-06 dihedral angle of 19.6°, we consider C1 and H2 to be
effectively coplanar with this arrangement. This 06-C5-C7-010 plane
serves as the reference for describing vibrational modes of both methyl
and hydroxyl groups in neutral and cationic HA. For instance, terms
such as “OH in-plane wag” or “methyl out-of-plane symmetric CH
stretch” are defined relative to this plane, consistent with previous
literature [11].

3.1.2. Cationic HA
In contrast to the neutral HA, we have observed that the cationic
form of HA exhibits a reduced propensity to engage in intramolecular
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Fig. 2. Geometrically optimized and energetically stable conformations of two cationic HA conformers (Fig. 2a and 2b) and the electrostatic potential charges
(Fig. 2c and 2d). The figure also highlights the pivotal bond lengths and bond angles that play a crucial role in determining the structural characteristics of cationic

HA-Tg’ and HA-Cg.

Neutral HA Cc

n(06) — 6*(010-H11)

Cationic HA

Tg’: n(06,010) — o*(C5-C7)

Cg: n(06,010) — o*(C5-C7)

Fig. 3. Natural bond orbital (NBO) analysis of orbital interactions in neutral and cationic conformers of HA-Cc. In neutral HA-Cc (a-c), the NBO plots demonstrate the
overlap between antibonding orbitals (6*) of O-H or C-H and lone pair (n) orbitals of O6 and O10. In the cationic conformers (d and e), the overlap occurs between
lone pair (n) orbitals of oxygen and the antibonding orbital (6*) of the C5-C7 bond. NBO calculations were performed using the B3LYP functional in conjunction with
the def2-TZVPP basis set, employing the pop=nboread keyword. The isodensity surface is visualized at a value of 0.05, providing a clear representation of the orbital

interactions.

hydrogen bonding. The equilibrium conformations of the H—0-C—C
dihedral angle demonstrate a preference for the gauche orientation,
resulting in the identification of only two conformers, namely Tg" and Cg
(depicted in Fig. 2a and 2b). Consequently, due to the repulsive forces
between the oxygen atoms, the second most energetically favorable
conformer, cationic HA-Cg, possesses a single-point energy that is
approximately 0.55 kcal mol™ higher in comparison to that of the

cationic HA-Tg’ conformer.

The Gaussian 16 package considers only the total charge for the
system, precluding the localization of charge on specific atoms in
cationic HA. To address this limitation and mitigate the influence of
dispersion functions on Mulliken charge results, we employed the
Multiwfn program to evaluate MK ESP fitting charges based on wave-
functions obtained from Gaussian 16. Our analysis revealed that the



E. Huang et al.

Table 1
Ionization energies (IE) and fragment appearance energies (AE) of HA.
Ion Product IE/AE (eV)
m/z =74 [CH5C(O)CH,OH] ™ 10.00 [15] 9.78 [14,27]
m/z=73 [C3Hs0,]" + H 11.60 [14,27]
m/z =57 [C3Hs0]" + OH 11.26 [14,28]
m/z = 45 [CoH50]" + HCO 10.21 [14,29]
m/z =43 [CI—I3CO]Jr + CH,0OH 10.30 [14,15,30]
m/z = 31 [CH,0H]" 4 CH5CO 11.29 [14]

charge in both cationic Tg’ and Cg species is predominantly centered on
the C5 and H11 atoms.

3.1.3. NBO analysis

NBO analysis was performed on the neutral HA-Cc, cationic HA-Tg’,
and HA-Cg using the B3LYP method with the def2-TZVPP basis set, and
the results are presented in Table S2. Fig. 3 illustrates the NBO plot of the
interaction between the lone pair n(O) orbital, showcasing the differ-
ence between neutral and cationic HA. The optimized structures of
cationic HA-Tg’ and HA-Cg differ from that of neutral HA-Cc (depicted
in Figs. le, and Fig. 2a, 2b) in several aspects.

Firstly, the dihedral angle of H—O-C—C changes from 3.1° (Cc) to
—100.0° (Tg’) or —86.2°(Cg) due to the change in the electrical charge of
the carbonyl oxygen (0O6) from negative to positive, resulting in a
repulsive force with the positively charged hydroxyl hydrogen.

Secondly, the bond length of C7-010 is reduced from 1.40 At01.33
A, as a consequence of the gauche structure of cationic HA. In this
structure, the lone pair n(010) orbital exhibits minimal interaction with
the two neighboring methylene 6* bond orbitals (C7-H8 and C7-H9). In
contrast, the second-order perturbation energy for n(010) — ¢*(C7-H8)
and n(010) — 6*(C7-H9) in neutral HA are 8.51 and 7.34 kcal mol,
respectively (shown in Fig. 3b and 3c). This difference accounted for a
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redshift of approximately 150 cm™ in the methylene asymmetric CH
stretch bands of cationic HA compared to neutral HA. (See Table S3-S9
in the Supporting Information)

Finally, accompanied by an elongation of the C5-C7 bond from 1.52
A to more than 1.79 A, the Mayer bond order of C5-C7 decreases from
0.96 to 0.56 (at the B3LYP/def2-TZVPP level). This suggests that the
excited cationic HA can readily transform to CH3CO' and CH,OH
through the cleavage of the C5-C7 bond, which is the primary dissoci-
ation channel, as shown in Table 1.

The NBO analysis can be employed to justify the dissociation pref-
erence of cationic HA in the C5-C7 bond, which is attributed to the
spatial proximity of the C5-C7 bond and the two oxygen atoms with lone
pair orbitals. Notably, the gauche tendency in cationic HA can be
effectively described by the preference for better overlap of the lone pair
n(10) orbital with the C5-C7 anti-bond. The orbital interaction analysis
for cationic HA-Tg’ has been employed to elucidate this issue, and we
will discuss it further in Section 3.5.

3. 2. VUV photoionization mass spectra of HA

Table 1 presents a series of dissociative ionization products of HA,
resulting from various dissociation pathways. These pathways include
simple bond cleavage, which forms C3Hs03 (m/z = 73), CH3CO" (m/z =
43), and CHy,OH" (m/z = 31), as well as more complex processes
involving hydrogen migrations from the methyl group to the carbonyl
oxygen, followed by OH dissociation to form Cs3Hs0" (m/z = 57).
Additionally, rearrangement to CH3CH(OH)CHO and subsequent bond
cleavage can yield CoHsO" (m/z = 45), as suggested by a previous study
using synchrotron radiation as the ionization source [14].

Fig. 4 displays the mass spectra of HA obtained using a time-of-flight
mass spectrometer. As shown in Fig. 4a and 4b, the resonant absorption
of infrared photons with a frequency of 2008 cm™ (0.36 eV) prior to the
ionization by 125.2 nm (9.90 eV) FEL radiation enhances the ionization

—— IR off + FEL 125.2 nm

74
A

- IR on + FEL 125.2 nm

74

Intensity (a.u.)

45

A

off

74

—— VUV 118 nm + IR

d 43

45
N

—— VUV 118 nm + IR on

74

A

15 20 25 30 35 40 45

50 55 60 65 70 75 80

m/z (amu)

Fig. 4. Mass spectra of HA and its fragmentation products obtained using two distinct photoionization techniques. Fig. 4a and 4b show the results of using a free-
electron laser (FEL) operating at 125.2 nm, where the introduction of IR radiation prior to FEL induces the fragmentation of the parent ion CH3C(O)CH,OH" (m/z =
74) into the fragment ion CH3CO"(m/z = 43). Fig. 4c and 4d display the results of using vacuum ultraviolet (VUV) radiation at 118 nm, where the subsequent
introduction of IR radiation induces further fragmentation of HA cations, generating CH3CO"(m/z = 43), which appeared as a separate peak between m/z = 43 and
45. Notably, the spectra in panels (b) and (d) were acquired with the assistance of an IR laser operating at a wavenumber of 2908 cm™.
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Fig. 5. IR spectra of neutral HA in the fundamental vibrational region. (a) Experimental IR spectrum was obtained from both parent and fragment channels. In-
tensities were normalized to the OH stretching mode, with peak positions explicitly labeled, facilitating direct comparison. (b) and (c) Computed anharmonic and
harmonic IR spectra, respectively, at the B2PLYP-D3/cc-pVTZ level of theory. The harmonic IR spectrum was scaled by a factor of 0.952 to account for anharmonicity
effects. (d) Calculated anharmonic IR spectrum at the B3LYP-D3(BJ)/def2-TZVPP level of theory. To simulate spectral broadening in (a), the stick spectra in (b-d)
were convoluted with a Lorentzian profile (full width at half maximum (FWHM) of 30 cm™). In the calculated spectra, fundamental, overtone, and combination

modes are represented by blue, red, and black lines, respectively.

probability of HA and facilitates the formation of the dissociative ioni-
zation product CH3CO™ (m/z = 43). The total energy of the IR and VUV
photons (10.35 eV) exceeds the appearance energy of the CH3CO™
fragment, resulting in its appearance in Fig. 4b. The continuous increase
in the photoionization efficiency curve of HA from 9.78 to 10.35 eV
explains the increment in the m/z = 74 signal in Fig. 4b.

Fig. 4c and 4d illustrate the appearance of CH3CO cations in the
absence of the IR laser and when the IR laser (2908 cm™) is fired 100 ns
after the 118 nm VUV laser pulse, respectively. When the IR laser is fired
subsequent to the 118 nm VUV laser, resonant absorption of IR photons
can dissociate the HA cation, which is initially generated by the VUV
laser, as long as the total photon energy exceeds the dissociation energy
of the corresponding channel. Consequently, the formation of CH3CO
cations, as illustrated in Fig. 4d, occurs through two distinct pathways:
(1) dissociative ionization of HA molecules by the VUV laser, resulting in
a peak at m/z = 43 (Fig. 4c and 4d), and (2) IR laser-induced dissociation
of the HA cations, which are initially produced by the 118 nm VUV laser.
This process is characterized by the peak between m/z = 43 and 44 in
Fig. 4d. The observed dislocation of the CH3CO cations in the mass
spectra from the second pathway, relative to the first, can be attributed
to their delayed formation. This delay occurs because these cations
initially existed as HA cations before the arrival of IR radiation.
Furthermore, the greater mass of HA cations results in a slower flight
velocity compared to CH3CO cations, contributing to their delayed
arrival (CH3CO cations produced via the second pathway, compared to
those from the first pathway) at the MCP detector. Notably, the IR
spectra of the HA cation are obtained by subtracting the HA or CH3CO
cation signal without IR radiation from that with IR radiation. To
enhance the signal-to-noise ratio of the observed IR spectra, it is

desirable to separate the two CH3CO cation sources completely. There-
fore, the IR radiation is set to fire with a longer delay relative to the 118
nm laser, specifically 100 ns in this case.

3.3. IR spectra of neutral HA

The IR spectra of neutral HA molecules were acquired by simulta-
neously monitoring the parent ion (m/z = 74) and its fragment ion (m/z
= 43) while scanning the IR laser across the spectral range of 2700-3700
em™ (Fig. 5a). Both spectra in Fig. 5a represent the IR spectra of HA, as
the IR laser was introduced before the 125.2 nm laser.

The calculated anharmonic and harmonic frequencies of the HA-Cc
conformer, obtained using B2PLYP-D3/cc-pVTZ method, are presented
in Fig. 5b and 5c, respectively. Initially, we employed a frequency
scaling factor of 0.961 for B2PLYP-D3/cc-pVTZ, as reported in the
literature [31]. However, the poor agreement between the scaled voy
(3698.6 to 3554.3 cm™) and our experimental voy frequency (3522.4
em™) prompted us to derive a custom scaling factor. Following previous
approaches [32], we used three well-resolved peaks (voy, V2, and v3)
observed in our experiments to perform a linear fit. Although limited to
three data points, the fit yielded a scaling factor of 0.952 with a perfect
coefficient of determination (R?=1) and a zero intercept, supporting the
validity of the fitting procedure. This custom scaling factor was subse-
quently applied to the harmonic frequencies to account for anharmo-
nicity effects. Additionally, the anharmonic frequencies of the HA-Cc
conformer, computed using B3LYP-D3(BJ)/def2-TZVPP method, are
shown in Fig. 5d. The computed IR absorption profiles of the HA-Cc
conformer in Fig. 5b-d were obtained by convoluting the calculated
stick spectra with a Lorentzian profile (full width at half-maximum of 30
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Fig. 6. Infrared spectra of HA in the overtone and combination bands region
(4600-7000 cm™). () Experimental IR spectrum obtained by monitoring the
fragment ion channel (m/z = 43), with observed peak positions labeled. (b)
Simulated IR spectrum generated by convoluting the stick spectrum, calculated
from anharmonic frequencies of neutral HA-Cc at the B2PLYP-D3/cc-pVTZ
level, with Lorentzian profiles (FWHM = 30 cm™). The corresponding stick
spectra with assigned vibrational modes are provided in Supplementary
Figures S4 and S5.

Table 2

Assignment of experimentally observed features of neutral HA to calculated
frequencies (anharmonic) of HA-Cc in the 4500-7000 cm! region, computed at
the B2PLYP-D3/cc-pVTZ level.

Observed features Calculated anharmonic frequencies at B2PLYP-D3/cc-pVTZ

position (em™) mode position (em™) intensities (km mol™)
4805 Vi+vis 4786.1 2.10
4937 vi+vii 4913.8 1.28
4974 V1+vg 4967.8 0.223
5157 vi+vy 5244.3 0.0429
5618 2ve 5627.8 0.576
5652 Vs+Ve 5678.6 0.312
5768 2vs 5737.7 0.214
5804 V3+va 5844.4 0.137
2v4 5849.8 0.0647
5870 2v3 5907.8 0.330
5934 Votvs 5984.5 0.136
2vy 5986.4 0.310
6839 2v; 6827.4 2.14

cm'!). Only the IR spectra of the HA-Cc conformer are shown, as its
Boltzmann distribution exceeds 99 % at or below room temperature. The
stick spectra of all four neutral conformers are provided in Figure S1,
and the frequencies of all 27 fundamental vibrational modes of the
HA-Cc conformer are listed in Table S3.

In Fig. 5a, the prominent peak at 3522.4 cm™ is assigned to the OH
stretching mode (v;), which exhibits a redshift compared to the typical
frequency of unbound OH stretching near 3700 cm'l [33,34]. Our
calculated OH stretching frequency for the Cc conformer is 3512 cm’
(Fig. 5¢), suggesting that the interaction between the ¢*(O-H) and the
nonbonding n(O) orbital of the carbonyl oxygen atom, as depicted in
Fig. 3a, is slightly overestimated. This interaction, including hyper-
conjugative electron transfer from n(O) to 6*(0O-H) elongates the O—H
bond, resulting in a redshift in frequency. Consistently, our calculations
reveal that the three conformers (Tt, Tg, and Ct) exhibit shorter O-H
bonds (approximately 0.96 A) compared to the Cc conformer (0.97 i\),
and their anharmonic frequencies exceeding 3674 cm™, as shown in
Figure S1. The absence of the OH stretch feature in the observed spectra
around 3674 cm! further supports our suggestion that the Cc conformer
is the dominant spectral carrier. Additionally, we observe a feature
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centered at 3464 cm™', which is consistent with the overtone of the
carbonyl CO stretch (2vy) in terms of both peak position (calculated to be
3449 cm’!) and intensity (2.71 km mol'l), as shown in Tables S3 and S5.
Our experimental frequencies exhibit excellent agreement with the
gas-phase frequencies reported by Lindenmaier et al. [11]. Specifically,
our v, frequency at 3522.4 em™ is in close proximity to their value of
3523.68 cm™’. Furthermore, our observed peak at 3464 cm™ is compa-
rable to their observation at 3461.37 cm™}, although they did not provide
a definitive assignment for this peak.

In the spectral region of 2700-3200 cm’, significant differences are
observed between the spectral contours obtained from the parent and
fragment channels, as shown in Fig. 5a. For comparison, the simulated
spectral profiles from convoluting calculated stick spectra with Lor-
entzian profiles (FWHM 30 em’™) are presented in Fig. 5b-d. Notably, the
observed spectral shape of m/z = 74 exhibits better alignment with the
anharmonic B2PLYP-D3/cc-pVTZ contour, whereas the fragment chan-
nel spectra are more consistent with the harmonic B2PLYP-D3/cc-pVTZ
contour (calculated with a scaling factor of 0.952). In the following
discussion, the observed peaks are compared to the calculated anhar-
monic IR spectra at the B2PLYP-D3/cc-pVTZ level.

To facilitate peak assignment, we focus on the less ambiguous
spectral features at the extremes of the 2700-3200 cm'! region, specif-
ically at 3020, 2976, 2943, 2839, and 2809 em’!. Based on the calcu-
lated absorption positions and intensities, we attribute the peak at 3020
cm™ to the in-plane methyl CH stretching mode (v), the peak at 2976
em™ to the out-of-plane methyl asymmetric CH stretching mode (v3),
and the peak at 2943 cm! to the out-of-plane methyl symmetric CH
stretching mode (v4). These assignments are supported by the calculated
values of 3028.6 cm™ and 5.47 km mol™! for v,, 3013.0 cm™ and 9.65 km
mol™! for vs, and 2946.3 cm™ and 13.6 km mol™! for va, respectively. Our
observations and assignments of vy and v3 are in good agreement with
those reported by Lindenmaier et al., who observed the corresponding
peaks at 3020 and 2973 cm’}, respectively.

The relative intensities of the methyl CH stretch (vo, v3, and v4) are
weaker in the fragment channel compared to the HA channel, indicating
incomplete intramolecular vibrational redistribution (IVR) of the methyl
CH stretch excitation. This leads to less efficient dissociation of the C5-
C7 bond, likely due to the methyl group being farther from the C5-C7
bond compared to the methylene group.

The peak at 2839 cm! can be attributed to the combination modes of
methyl symmetric scissor and in-plane OH wag (v1o + v11, calculated at
2839.8 cm™!, 1.65 km mol ™). The peak at 2809 cm™ is assigned to the
overtone of the OH in-plane wag (2v;1, calculated at 2796.2 cm'l, 7.27
km mol ), consistent with the assignment of the observed peak at 2803
cm™ by Lindenmaier et al. [11].. Sharma et al. reported a peak at 2824
cm™ for IR absorption of HA in an Ar matrix at 12 K, but did not provide
an assignment. Notably, the absence of the absorption peak at 2809 cm'!
in the fragment spectra suggests that this near-threshold photodissoci-
ation process is vibrationally mode-selective. It is important to note that
the terminal OH group is not only spatially separated from the C5-C7
bond but also exhibits a dipole orientation perpendicular to the bond
axis. Consequently, the energy associated with the in-plane OH wag
excitation does not directly contribute to the dissociation of the C5-C7
bond.

After completing the above assignment, two remaining CH stretches
and several combination and overtone modes with intensities stronger
than 1 km mol™, as predicted by calculations, remain to be assigned.
Notably, the vibrational excitations relevant to C5 and C7 facilitate the
dissociation of the C5-C7 bond, leading to similar absorption intensities
in the IR spectra of both HA and its fragment m/z = 43. Based on the
calculated absorption positions and intensities, we assign the peaks at
2913 and 2898 cm™ to the methylene asymmetric CH stretch (vs) and
methylene asymmetric CH stretch (vg), respectively, which are calcu-
lated to be at 2878.8 cm™ (5.93 km mol™) and 2851.5 cm™ (11.6 km
mol ), respectively. Our assignments are in good agreement with those
of Sharma et al. [10].. who assigned their observed peaks at 2914 and
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Fig. 7. Observed IR spectrum of cationic HA in the 2700-4200 cm* region obtained by monitoring the HA cation (m/z = 74) (Fig. 7a) and its fragment cation (m/z =
43) (Fig. 7b). (¢) Simulated anharmonic IR spectrum of cationic HA, weighted by populations of 30 % Cg conformer and 70 % Tg’ conformer. (d) and (e) the
simulated anharmonic IR spectra of the two cationic conformers, Tg" and Cg, respectively, calculated using the VPT2 method at the B3LYP-D3(BJ)/def2-TZVPP level
of theory. The stick spectra (Table S6 in the Supporting Information) were convoluted with Lorentzian profiles (FWHM = 40 cm™) to generate the final spectra.

Table 3

Assignment of experimentally observed features of cationic HA to calculated
anharmonic frequencies in the 2800-3700 cm ! region, computed at the B3LYP-
D3(BJ)/def2-TZVPP level of theory.

Observed Calculated anharmonic frequencies at

features B3LYP-D3(BJ)/def2-TZVPP

position (cm™) conformer  mode position (cm” intensities (km mol

h )

2822 Tg Ve 2865.9 5.08

2915 Tg V4 2916.7 18.3
Cg V4 2893.3 24.9

2984 Tg’ 2vg 2969.7 10.2
Cg V3 3010.0 19.9

3046 Tg Vs 3032.2 3.04
Cg Vs 3047.4 2.32

3554 Tg’ V1 3548.6 251
Cg Vi 3540.0 229

3597 Tg Vs+vyo  3564.0 5.11
Cg Vi+ve  3584.4 3.39

2897 cm™! to vs and ve, respectively.

The discrepancies between our experimental observations and cal-
culations for vs and vg are 34 and 46 cm™, respectively. The anharmonic
frequencies for vs and v modes were calculated considering the
anharmonicity from the Coriolis X Matrix and resonance with other
states. Our analysis reveals that resonance interactions play a crucial
role in determining the vibrational energies of these modes. Specifically,
Vs experiences resonance interactions with v3 and vg, while vg interacts
with 2vg and vg+vy. These interactions generally result in a reduction of
vibrational energy for both modes, except that the resonance between vs
and vg causes a decrease in vg while simultaneously increasing vs. The
substantial discrepancies between experimental and theoretical values

may be attributed to an overestimation of these resonance effects in our
theoretical calculations. It is noteworthy that our experimentally
observed peaks exhibit good agreement with the scaled MP2/cc-pVTZ
frequencies (2927 and 2889 cm™) reported by Lindenmaier et al.
[11]. using GAUSSIANOQ9. However, their assignment of vs and v modes
differs from ours, likely due to the fact that they observed fewer peaks in
their study. Specifically, they failed to detect the absorption peak around
2943 cm™! and, consequently, assigned the peak at 2917 cm™ to v,
whereas we, along with Sharma et al., assign it to vs. Additionally, they
did not observe the peak near 2898 cm™ and, instead, assigned the peak
at 2862 em’! to V6.

Lindenmaier et al. attributed the peaks at 2885 and 2862 cm™ to vs
and v, respectively. In contrast, our analysis assigns the peak at 2885
cm! in the IR spectra of m/z = 74 to the overlap of two overtone modes:
the methylene scissor 2vg (2928.4 em’l, 9.05 km mol!) and the methyl
asymmetric scissor 2vg (2895 cm'l, 12.0 km mol™). The excitation in 2vg
is less efficient in dissociating the C5-C7 bond, which explains the lower
intensity of this peak in the IR spectra of m/z = 43 compared to m/z =
74. In the IR spectra of m/z = 43, the peak near 2885 cm’! primarily
contributed by 2vg, resulting in a narrower peak profile compared to the
IR spectra of m/z = 74. Furthermore, the peak at 2866 cm™ can be
reasonably assigned to the combination modes of methylene CH scissor
and methyl symmetric scissor, specifically vg+v1o (2890 cm™}, 4.75 km
mol ™).

We have successfully assigned all calculated transitions in the
2700-3200 cm! region, with intensities exceeding 1 km mol, to the
observed peaks, through a thorough examination of both peak position
and intensity. However, two predicted transitions, 2968.6 em™ (1.89 km
mol™h) and 2950.1 cm™ (2.27 km mol'l), were not detected in the
measured IR spectra, likely due to their relatively weak intensities and
the presence of nearby strong transitions.
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Fig. 8. (a) Observed IR spectrum of cationic HA in the 4600 to 7000 cm?! region obtained by monitoring HA fragment cation (m/z = 43). (b) Simulated anharmonic
IR spectrum of cationic HA, weighted by 30 % Cg conformer and 70 % Tg’ conformer. (c¢) and (d) the simulated anharmonic IR spectra of the two cationic conformers,
Tg’ and Cg, respectively, calculated using the VPT2 method at the B3LYP-D3(BJ)/def2-TZVPP level of theory. The stick spectra (Table S6 in the Supporting In-
formation) were convoluted with a Lorentzian profile (FWHM = 40 cm™) to generate the final spectra.

For IR laser frequencies exceeding 3600 cm™, no discernible peaks
were observed in the parent ion signal (m/z = 74). The lack of change in
the parent ion signal upon IR radiation indicates that the photoioniza-
tion efficiency (PIE) curve of HA exhibits only a slight increase in the
energy range of 10.48-10.79 eV, which corresponds to the total energy
of a 125.2 nm photon with IR radiation spanning 4700 to 7200 cm ™. As a
result, no signal enhancement is observed in this energy range, unlike
the case where IR radiation energy falls within the range of 2700-3600
em’l. The increase in the ionization cross-section of HA due to resonant
absorption of IR radiation is counterbalanced by the increase in the
dissociative ionization pathway. Therefore, only the IR spectra of HA,
obtained by monitoring the signal intensity variation of the fragment ion
CH3CO™(m/z = 43) in the 4600-7000 em’! region, are presented, as
depicted in Fig. 6a.

In the 4000-7000 cm! region, some vibrational fundamental modes
that are unlikely to directly contribute to the dissociation of the C5-C7
bond are observed in the form of combination or overtone modes.
This observation is attributed to the reduced mode selectivity in this
region, resulting from the increased density of vibrational states that
facilitate intramolecular vibrational energy redistribution (IVR). For
instance, the density of states of CH3CHOO is approximately 5 states/
em’! when excited by IR radiation at about 3000 cm’! [23], which is
close to the threshold vibrational state density required for IVR [35]. As
the energy increases, the density of vibrational states rises to 25
states/cm! at 4000 cm™ and reaches about 335 states/cm™ at 6000 cm™
[36].

The spectral region between 4500 and 5500 cm™ exhibits excellent
agreement between the observed peak positions and intensities and
those calculated, as illustrated in Fig. 6b. However, the peak at 5157 cm’
lisan exception, attributed to the combination mode v;+v7, which was
calculated to be located at 5244.3 cm’™, with an intensity of 0.043 km
mol ™. The assignment of the observed peaks in this region is summa-
rized in Table 2.

Between 5500 and 7000 cm™, seven distinct spectral features are
observed, centered at approximately 5618, 5652, 5768, 5804, 5870,
5934, and 6839 cm’l. These features can be attributed to the

combination and overtone vibrational modes of CH and OH stretches, as
detailed in Table 2.

3.4. IR spectra of cationic HA

The IR spectra of HA cation in the region of 2700 — 4200 cm™ were
obtained by observing the signal variation of the HA cation (Fig. 7a) and
its fragment ion m/z = 43 (Fig. 7b). The contours of both spectra exhibit
a high degree of similarity. However, the IR laser-induced dissociation of
the HA cation is evident in Fig. 7a, resulting in the depletion of the HA
signal and the concomitant increase of the fragment ion signal at m/z =
43. Notably, the IR spectra obtained from observing HA cations exhibit a
poor signal-to-noise ratio for absorptions above 3700 cm™, due to the
small change in the HA cation signal caused by weak absorption, which
is overwhelmed by the large background signal arising from the ioni-
zation of HA by the 118 nm laser. Therefore, IR spectra for absorptions
above 3700 cm’, obtained from observing HA cations, are not
presented.

Although the neutral HA-Cc conformer is dominant in the neutral
HA, our calculated IR spectra of the Tg" conformer (Fig. 7d) show better
agreement with our experimental observations than those of the Cg
conformer (Fig. 7e). To simulate the experimental spectra, we convo-
luted the stick spectra with Lorentzian profiles (FWHM 40 em) to
generate the contours. The neutral HA, generated via supersonic
expansion, is mainly in the ground vibrational state, with a rotational
temperature of approximately 10-20 K. After ionization, the internal
energy of the HA cation is primarily derived from the excess energy of
118 nm, which is equivalent to approximately 16.6 kcal mol. Our
calculations reveal that the barrier between the Tg” and Cg conformers is
2.69 keal mol™* (Figure S9), suggesting that the internal energy of the HA
cation is sufficient to overcome this barrier and redistribute between the
two conformers. The insignificant collisional relaxation between HA
cations in the molecular beam, combined with the short 100 ns time
delay between the VUV and IR laser pulses, justifies the assumption that
the conformers are not in thermal equilibrium, and hence, do not follow
a Boltzmann distribution. Notably, our simulated spectra (Fig. 7c),
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visualized as isosurface graphs with an isovalue of 0.05 au The composition of the MOs was evaluated using the Mulliken population analysis method [37].

weighted by the populations of 30 % Cg and 70 % Tg’ conformers,
successfully replicate the key spectral patterns and peaks observed in
Fig. 7a and 7b.

In the spectral region between 2800 and 3700 cm™, the IR spectra
display a distinctive profile characterized by three prominent peaks at
2915, 2984, and 3554 cm™, accompanied by three shoulder features at
approximately 2822, 3046, and 3597 cm™'. Based on peak positions and
intensities, the peaks at 2822, 2915, and 3554 cm’! are assigned to
fundamental vibration modes, specifically the methylene symmetric CH
stretching, methyl out-of-plane symmetric CH stretching, and OH
stretching modes, respectively. The remaining three peaks are attributed
to absorption from combination or overtone modes. Detailed assign-
ments are provided in Table 3.

The infrared spectrum exhibits a cluster of well-resolved peaks in the
3800 - 4150 cm™! region, which can be attributed to voy vibrational
modes. Specifically, peaks are observed at 3883, 3923, 3963, 3998,
4028, 4064, and 4123 cm™. These spectral features are assigned to
combination bands (Table S9), as supported by good agreement with
theoretical calculations.

The IR spectra of the HA cation in the 4600 to 7000 cm™ spectral
region are presented in Fig. 8a, accompanied by the calculated IR
spectra for the Tg” and Cg conformers (Fig. 8c and 8d) and the weighted
IR spectrum (Fig. 8b). The region between 4750 and 5000 cm™ exhibits
three distinct peaks at 4782, 4812, and 4895 cm’!, which are attributed
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to combination transitions (Table S9). Specifically, the peak at 4782 cm’
! is assigned to the combination of the OH stretching and C—O
stretching modes, v; + V16, of the Tg’ conformer, although the calculated
intensity was relatively low at 0.0601 km mol ™. This peak appears more
intense due to the significant contribution of the C—O stretch (C7-010)
to the C5-C7 bond cleavage. Moreover, the combination of these two
modes may induce torsional motion of the CH,OH rotor, potentially
accelerating the intramolecular vibrational redistribution (IVR) process.

The spectral region between 5700 and 6100 cm™ is characterized by
CH stretch overtones. However, the high density of fundamental CH
stretch modes (v, to vg) within this narrow 400 em’! (5700-6100 cm™!
region) range poses a significant challenge in resolving individual peaks.
As a result, the broad feature spanning 5772-5804 cm! is attributed to
the cumulative contribution of three transitions: (2ve, V3 + V4, and 2vy)
from both conformers. Similarly, the peak at 5837 cm™ is assigned to the
overlapping transitions of vs + v¢ and 2vs from both the Tg and Cg
conformers, which exhibit the strongest intensity in the simulated
spectra. The features at 5922 and 5962 cm’! are characterized as a
combination of vo + v3 (5945 cm'l), 2v5 (5954 cm'l), and 2vs5 (5985 cm”
1 of the Tg’ conformer, considering their close resemblance to the
experimental contour. Finally, the shoulder peak at 6023 cm™ is
assigned to the overtone of the methylene asymmetric CH stretch, 2vs, of
the Cg conformer (6010 cm’™)). The peak at 6945 em’! was attributed to
the overtone of OH stretching mode, 2v;.
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Based on the good agreement between the experimental and
weighted simulated spectra, we propose that both the Tg” and Cg con-
formers contribute to the experimental spectra. This observation sug-
gests that ionization triggers rapid energy redistribution in the neutral
HA-Cc. Subsequently, approximately 70 % of the CH,OH moiety in
the HA cation undergoes distortion, attributed to the repulsive force
between the positively charged carbonyl oxygen and hydroxyl hydrogen
atoms, resulting in the formation of the Tg’ conformer. The remaining
fraction of the CH2OH group in the cationic HA undergoes a confor-
mational change to the Cg conformer, facilitated by the OH wagging
motion.

3.5. Orbital interaction analysis

The molecular orbitals (MOs) of the cationic HA can be understood
as a result of the orbital mixing between the MOs of the CH3CO™ and
CH,OH fragments. As an open-shell molecule, the cationic HA has 20
alpha electrons and 19 beta electrons. For the purpose of this analysis,
we treat the cationic HA as a complex comprising CH3CO" and CH,OH
fragments. By performing a comprehensive orbital interaction analysis,
we gain valuable insights into the cleavage mechanism of the C5-C7
bond.

The closed-shell CH3CO" fragment, with 11 pairs of alpha and beta
electrons, exhibits an orbital (numbered 12) that undergoes a bonding-
like interaction with orbital 9 of the CHyOH fragment, analogous to the
bonding process observed in the highest occupied molecular orbital
(HOMO), denoted as orbital 20, of the cationic HA, whose energy level is
below that of orbital 12 of CH3CO™. In contrast, orbital 23 of orbital 9 in
CH,OH (Fig. 9).

Upon interaction between the two fragments, the HOMO-1 and the
lowest unoccupied molecular orbital (LUMO) of the cationic HA bear a
striking resemblance to orbital 13 in CH3CO™" and orbital 8 in CH,0H,
respectively. These orbitals can be regarded as non-bonding in nature.
This orbital diagram provides a rationale for the observed decrease in
the Mayer bond order of the C5-C7 bond from 0.96 to 0.56. The Mayer
bond order, which is a measure of the electron density between two
atoms, indicates that the C—C sigma bond in the HOMO of the cationic
HA molecule is occupied by a single electron.

4. Conclusion

In this study, we have presented a comprehensive analysis of the
vibrational spectra of both neutral and cationic HA molecules in the
range of 2700 to 7200 cm™’. By employing the NRIFD-IR spectroscopy
technique, we successfully obtained the IR spectra of both neutral and
cationic HA species and identified their spectral carriers by comparing
the observed spectra with computed spectra and structural data. Our
findings reveal that neutral HA exists in four distinct equilibrium con-
formers, with the Cc conformer being the most stable. In contrast,
cationic HA exhibits two conformers, Tg’ and Cg, which differ signifi-
cantly from the neutral form in terms of dihedral angles and bond
lengths. NBO analysis indicates that the lone pair orbitals of oxygen
atoms in cationic HA interact with the antibonding orbital of the C5-C7
bond, leading to a preference for dissociation at this bond. Our findings
offer valuable insights into the structural and spectroscopic properties of
HA and its cation, as well as shed light on the underlying mechanisms of
near-threshold dissociative ionization processes.
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