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A B S T R A C T   

Hydrogen bonding interactions, such as the O-H⋅⋅⋅O interaction, play a crucial role in stabilizing conformations of 
both organic and biological molecules. In this study, we employed the infrared (IR)–vacuum-ultraviolet (VUV) 
non-resonant ionization detected IR spectroscopy (NRID-IR) method to investigate the molecular structure of 
neutral and cationic 2-methoxyethanol (CH3OCH2CH2OH, 2-ME). The stable structures and anharmonic IR 
spectra of neutral and cationic 2-ME were calculated using density functional theory (DFT) at the B3LYP-D3(BJ)/ 
def2-TZVPP level. Our results revealed that the two most stable conformers of neutral 2-ME exhibit a weak O- 
H⋅⋅⋅O intramolecular hydrogen bond, while the cationic 2-ME lacks the O-H⋅⋅⋅O interaction but contains a C-H⋅⋅⋅O 
intramolecular hydrogen bond. A comparison of the experimental and theoretical IR absorption spectra reveals 
that the most stable conformer (gauche-(anti-gauche)-trans) is the primary contributor to the observed IR spectra 
of neutral 2-ME in the 2700–7250 cm− 1 range. Similarly, the second stable conformer is found to be the 
dominant contributor to the observed IR spectra of cationic 2-ME in the range of 2700–7100 cm− 1. Additionally, 
the C-H fundamental stretching mode of cationic 2-ME is found to be blue-shifted by approximately 100 cm− 1 

compared to that of neutral 2-ME. Furthermore, the natural bond orbital (NBO) analysis suggests that in neutral 
2-ME, the n(O)→σ*(CαH) interactions result in significant negative hyperconjugation, leading to the weakening 
of CαH bonds and a subsequent reduction in vibrational energy.   

1. Introduction 

Because of its importance in the molecular structure, function, and 
dynamics of organic, inorganic, and biological chemistry, hydrogen 
bonding is a critical area of research [1–3]. In nature, there are two types 
of hydrogen bonding interactions: inter- and intra-molecular hydrogen 
bonding interactions. Alcohols are frequently employed as model mol
ecules for investigating the inter- and intra-molecular hydrogen bonds 
due to the high sensitivity of their OH stretching vibrational frequency 
to these interactions [4–7]. 

2-Methoxyethanol (CH3OCH2CH2OH, 2-ME), an exemplary ether 
alcohol, has received massive attention as a valuable model compound 
for investigating inter- and intra-molecular hydrogen bonding in
teractions [8–12,5,13,14]. Brinkley et al.[5] studied the impact of con
centration and temperature on the intra- and inter-molecular hydrogen 

bonding of 2-ME in n-hexane. Their findings indicate that the intermo
lecular hydrogen bonding interaction is stronger than the intra
molecular counterpart; at elevated temperatures (318 K), the hydrogen 
bonding in 2-ME is weakened due to the increased thermal energy. Jiang 
et al.[15] reported that the O-H⋅⋅⋅O hydrogen bond between the ether 
oxygen of 2-ME and the surface hydroxyl group of TiO2 enhances visible 
light absorption, thereby promoting the visible light photocatalytic ac
tivity of TiO2. Furthermore, owing to its unique physicochemical prop
erties, 2-ME has found extensive use as a solvent and chemical 
intermediate. For example, it has been identified as a solvent for 
large-area perovskite film coating due to its low boiling point and high 
vapor pressure [16–19]. In addition, the presence of an O-CH2-CH2-O 
group in 2-ME makes it crucial for understanding the structural dy
namics of poly (oxyethylene) crown ether [10]. 

Previous IR spectroscopic studies on 2-ME have primarily focused on 
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the liquid phase [8,11,12,5] or the lower frequency range (800–1500 
cm− 1) during Ar matrix isolation experiments conducted at low tem
peratures (11-44 K) [10]. Fourier transform infrared (FTIR) spectros
copy studies have revealed that the gauche-(anti-gauche)-trans 
conformation was dominated in the liquid phase, with a minor contri
bution from the less stable trans-trans-trans conformation, which lacks 
intramolecular hydrogen bonding interactions [8,12]. Yoshida et al.[10] 
measured the IR spectra of 2-ME in an argon matrix at temperatures 
from 11 to 44 K, demonstrating the presence of only the gauche-(an
ti-gauche)-trans conformation, which is stabilized by intramolecular 
hydrogen bonding interactions. It is expected that the distribution of 
conformers in the gas phase would differ due to the higher internal 
energy that can be attained at room temperature. 

The VUV laser is commonly employed as a highly effective soft 
ionization source for molecules and clusters. This is particularly ad
vantageous under near-threshold ionization conditions, as it avoids 
complications arising from fragmentation. By combining the supersonic 
jet technique with time-of-flight mass spectrometry (TOF-MS) and a 
tunable VUV light source, the resulting IR-VUV spectroscopy enables 
size-selected and conformer-specific analysis. This approach facilitates a 
more reliable investigation of the geometric structures and ionization 
dynamics of molecules, clusters, and radicals. Notably, this method has 
found extensive application in the study of neutral and cationic molec
ular monomers and clusters, including water [20,21], alcohols [22,23], 
ammonia, [24,25] acetone, [26,27] and pyridine [28]. 

In this study, we employed the non-resonant ionization detected IR 
spectroscopy (NRID-IR) method to measure the vibrational spectra of 
neutral and cationic 2-ME. This was achieved by monitoring the changes 
in the ionic signal intensity for the fragment (m/z = 45) and the parent 
(m/z = 76) upon resonance absorption of IR radiation. By comparing the 
experimentally observed IR spectra with those simulated using DFT 
calculations, we proposed the dominant spectral carriers for both 
neutral and cationic 2-ME. Furthermore, we investigated the structural 
differences between neutral and cationic 2-ME using electron density 
distribution calculation. 

2. Methodology 

2.1. Experimental section 

The IR absorption spectra of the neutral and cationic 2-ME molecules 
were obtained by monitoring the changes in the ionic signal of 2-ME (m/ 
z = 76) and its dissociative ionization fragment [C2H5O]+ (m/z = 45) 
while scanning the frequency of the IR laser arriving before or after the 
VUV laser. The 118 nm VUV laser was generated by frequency tripling 
the 355 nm laser (40 mJ pulse− 1), which is the triple frequency of the 
output of a Nd: YAG laser (Beamtech, SGR-20, 10 Hz). The 118 nm laser 
was generated in a cell containing a gaseous mixture of Xe and Ar (Xe: 
Ar = 1:10) at a total pressure of approximately 300 Torr. A convex MgF2 
lens was mounted at the end of the gas cell to focus the 118 nm laser into 
the center of the ionization region. 

The tunable IR radiation was generated using an optical parametric 
oscillator/amplifier (OPO/OPA) system (Laser Vision) with a resolution 
of 0.9 cm− 1 in broadband mode. The OPO/OPA system was pumped by 
the 1064 nm output of an injection-unseeded Nd: YAG laser (Continuum, 
Surelite EX) operating at a repetition rate of 5 Hz with a pulse energy of 
630 mJ. The IR laser, with a typical energy of 10 mJ per pulse at the 
entrance of the CaF2 window, was focused into the ionization region 
using a CaF2 lens (f = 500 mm). 

At a back pressure of 25 psi, Helium was passed through a bubbler 
containing anhydrous 2-ME (99.8%, Sigma-Aldrich) at room tempera
ture (vapor pressure is about 10 Torr). The molecular beam, consisting 
of approximately 1% 2-ME in helium, was generated using a pulsed 
solenoid valve (Parker, General Valve Series 9) with a 0.5 mm orifice 
operating at a repetition rate of 10 Hz. The molecular beam was colli
mated by a 1.5 mm diameter skimmer located approximately 2 cm 

downstream of the pulsed nozzle. Subsequently, it intersected perpen
dicularly with the VUV (118 nm) laser in the ionization region. 

The IR laser was counter-propagated with the VUV laser, and the two 
laser beams overlapped in the ionization region. For the measurement of 
the neutral 2-ME IR spectrum, the IR laser was set to arrive 50 ns before 
the VUV laser, while for the measurement of the cationic 2-ME IR 
spectrum, the IR laser was set to arrive 50 ns after the VUV laser. The ion 
signal was amplified using an amplifier (Stanford Research Systems, 
SR445A) and then fed to a digital storage oscilloscope (InfiniiVision 
DSO-X 3054A) before being recorded by a computer. The IR spectra 
were obtained by subtracting the background ion signal from the VUV 
single-photon ionization (IR on - IR off). 

2.2. Computational section 

To determine the lowest energy structure of the 2-ME molecule, 
automated conformational searches were initially conducted using the 
Molclus program [29]. Subsequently, the 27 searched structures un
derwent preliminary geometry optimizations using density functional 
theory (DFT) with Grimme’s dispersion correction, Becke-Johnson 
damping, and three-body terms D3(BJ) [30–32] at the 
B3LYP/def2-SVP level, utilizing the Gaussian 16 program suite [33]. 
The resulting 12 stable conformers of 2-ME were further reoptimized at 
the B3LYP-D3(BJ)/def2-TZVPP level. Similarly, seven distinct structures 
of cationic 2-ME were identified. 

The vibrational analysis of both the neutral and cationic 2-ME 
structures was performed at the B3LYP-D3(BJ)/def2-TZVPP level to 
obtain the zero-point energies (ZPE). Single-point energy calculations 
were carried out at the RIJK-CCSD(F12*)(T*)/cc-pVTZ-F12//B3LYP-D3 
(BJ)/def2-TZVPP level using the ORCA program, with a ZPE correction 
[34]. 

Mayer bond order analysis was performed using the Multifunctional 
Wavefunction Analyzer (Multiwfn) program [35], based on the wave
function obtained from the Gaussian 16 program. The interaction region 
indicator (IRI) approach and the electron density distribution of the 
highest occupied orbitals of the neutral 2-ME were calculated at the 
B3LYP/def2-SVP level. Visualization analysis was performed using the 
Multiwfn and Visual Molecular Dynamics (VMD) programs [36]. 

The anharmonic IR absorption spectra of both the neutral and 
cationic 2-ME were simulated using the vibrational second-order 
perturbation theory (VPT2) approach, implemented in the Gaussian 
16 programs, at the B3LYP-D3(BJ)/def2-TZVPP level of theory. 

To determine the gas-phase acidity (ΔGacid) of the CH bonds in both 
the neutral and cationic 2-ME, the change in Gibbs energy during the 
following reactions was considered: CH3OCH2CH2OH → 
CH2OCH2CH2OH− + H+ and CH3OCH2CH2OH+ → CH2OCH2CH2OH• +

H+. The energies of CH3OCH2CH2OH, CH2OCH2CH2OH− , 
CH3OCH2CH2OH+, and CH2OCH2CH2OH• were calculated at the 
B3LYP-D3(BJ)/def2-TZVPP level of theory, accounting for the ZPE 
correction. The gas-phase acidity was evaluated at a temperature of 
298.15 K. 

3. Results and discussion 

3.1. Structure of neutral and cationic 2-ME 

Neutral 2-ME. The HOCC, OCCO, and CCOC torsions of the 2-ME 
molecule each have three non-trivial torsion angles (or dihedral an
gles), which in turn exist in trans, gauche, and anti-gauche forms, 
denoted as (T, t), (G, g), and (G′, g′), respectively. Consequently, there 
are a total of 27 possible rotamers for 2-ME. In this work, we adopted the 
nomenclature proposed by Gawrilow et al.[14], where lowercase letters 
(t, g, g′) represent the HOCC torsion angles, and uppercase letters (T, G, 
G′) represent those of the OCCO and CCOC torsion angles. The corre
sponding torsion angle ranges are as follows: 0 ≤ (G′, g′) ≤ 120◦ ≤ (T, t) 
≤ 240◦ ≤ (G, g) ≤ 360◦
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Quantum chemical calculations revealed that 12 of the 27 con
formers are stable, consistent with previously calculated results by 
Abdel-Rahman et al. [37] and Gawrilow et al.[14]. The structures of 
these 12 stable conformers, along with their relative energies (ΔE), are 
shown in Fig. S1 (Supporting Information). Among them, the gG′T 
conformer exhibits the lowest energy and is therefore expected to be the 
most stable conformer of 2-ME. Its optimized structure, with certain 
pivotal bond lengths and angles labeled, is shown in Fig. 1a. The next 
most stable conformer, gG′G′, is 1.44 kcal mol− 1 higher in energy than 
gG′T. 

Furthermore, the Boltzmann distribution was calculated for tem
peratures ranging from 0 to 350 K, as summarized in Table S1. It is 
evident that the gG′T conformer is expected to dominate over the other 
conformers at temperatures below room temperature, with the Boltz
mann weight of gG′T exceeding 80%. 

Cationic 2-ME. Six out of seven stable conformers of cationic 2-ME 
have relative energies within a 2 kcal mol− 1 window, with the optimized 
structure of the most stable conformer depicted in Fig. 1b. The next most 
stable conformer is less than 1 kcal mol− 1 higher in energy compared to 
the global minimum structure. The optimized structures of seven stable 

conformers of cationic 2-ME, along with their relative energies, are 
presented in Fig. S2. The optimized structure of cationic 2-ME differs 
from that of neutral 2-ME (shown in Fig. 1a and 1b) in several aspects, 
namely, the hydroxyl hydrogen is oriented away from the ether oxygen; 
the O1-C3 bond length was shortened from 1.42 Å to 1.34 Å, accom
panied by an elongation of C3-C4 bond from 1.51 Å to 1.71 Å. Conse
quently, the Mayer bond order of C3-C4 decreases from 0.96 to 0.67 (at 
the B3LYP/def2-TZVPP level). This suggests that, when the internal 
energy of cationic 2-ME is sufficient, the C3-C4 bond tends to break, 
leading to the formation of CH2OH and [C2H5O]+ (m/z = 45). The 
substantial contrast between the neutral and cationic configurations 
implies that the ion produced during vertical ionization is unstable and 
is expected to undergo isomerization to the stable cationic configuration 
without encountering an energy barrier. The appearance energy (AE) of 
this channel is 10.36 eV, [39] slightly higher than the ionization energy 
(IE) of 2-ME (10.13 eV) [40]. Thus, IR spectroscopy can be obtained by 
monitoring the variation of the [C2H5O]+ signal as the IR wavelength is 
scanned, with the IR pulses before (for the IR spectra of neutral 2-ME) or 
after (for the IR spectra of cationic 2-ME) the VUV laser. 

Previous studies have suggested that the stability of neutral 2-ME 

Fig. 1. Optimized most stable structure of neutral (a) and cationic (b) 2-ME (pivotal bond lengths and bond angles are labeled). Isosurface map of IRI=1.1 of neutral 
(c) and cationic (d) 2-ME. sign(λ2)ρ is mapped on the isosurfaces according to the coloring method of (e) [38]. 
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and tetrahydropyran-2 methanol is influenced by an intramolecular 
hydrogen bond between the ether oxygen and hydroxy group of the 
CH2OH group [37,41]. To assess the strength of this intramolecular 
hydrogen bond, the interaction region indicator (IRI) approach was used 
to analyze weak interactions in neutral 2-ME. The IRI is a new real-space 
function that slightly modifies the reduced density gradient (RDG) [38]. 
Similar to the noncovalent interaction (NCI) method, [42] the sign(λ2)ρ 
function was mapped onto the IRI isosurface using different colors to 
represent both covalent and noncovalent interactions. Here, sign(λ2) 
represents the sign of the second largest eigenvalue (λ2) of the electron 
density (ρ) Hessian matrix, which can be used to distinguish attractive 
and repulsive interactions [42]. The IRI maps of neutral and cationic 
2-ME are shown in Fig. 1c and 1d, respectively, using the coloring 
method shown in Fig. 1e. The IRI map of neutral 2-ME reveals an 
intramolecular hydrogen bond between the ether oxygen and the ter
minal hydroxy group of CH2OH. Due to the relatively long hydrogen 
bond (2.38 Å) and the large bending degree of O2-H13⋅⋅⋅O1 (see Fig. 1a), 
the strength of the hydrogen bond is weak and similar to the van der 
Waals interaction. However, this weak hydrogen bond plays a crucial 
role in stabilizing 2-ME, as evidenced by the fact that the energy of 
conformer gGT (where the terminal OH is rotated by 120̊ relative to 
conformer gG′T, resulting in no bond formation between H13 and O1) is 
more than 2.91 kcal mol− 1 higher than that of conformer gG′T (see the 
corresponding relative energies of conformer gG′T and gGT in Fig. S1), 
and that the second most stable conformer of gG′G′ also contains a weak 
hydrogen bond (O2-H13⋅⋅⋅O1). The weak intramolecular hydrogen bond 
(O2-H13⋅⋅⋅O1) is broken when an electron is removed from the 
nonbonding p-orbital of the oxygen atom at the ether linkage while 
forming the cationic 2-ME. The IRI map of cationic 2-ME shows a 
particularly weak C-H⋅⋅⋅O hydrogen bond between the C5-H11 of the 
CH3 group and the O atom of the hydroxy group. Previous studies have 
shown that intramolecular C-H⋅⋅⋅O interactions are important [43,44] 
and compete with the commonly accepted intramolecular hydrogen 
bonds such as O-H⋅⋅⋅O and O-H⋅⋅⋅S [45,46]. The calculated gas-phase 
acidity (ΔGacid) of cationic 2-ME is 200.6 kcal mol− 1 (at 298.15 K), 
which is 207.1 kcal mol− 1 lower than that of neutral 2-ME. This in
dicates an enhanced ability to donate protons from the C5-H11 bond in 
the cationic form, leading to an increased electrostatic attraction be
tween H11 and the negatively charged O atom and the formation of a 
weak C–H⋅⋅⋅O hydrogen bond. 

3.2. VUV photoionization mass spectra of 2-ME 

Fig. 2 shows the mass spectra of 2-ME and its fragmentation products 
obtained by single-photon ionization at 118 nm (10.5 eV) with (pink) 
and without (purple) the IR radiation at 2940 cm− 1. The ionization 
energy (IE) of 2-ME and the AE of its fragments are provided in Table 1. 
The dominant fragment is [C2H5O]+ (m/z = 45), which arises from the 
cleavage of the C3-C4 bond of the 2-ME cation, accompanied by the co- 
product CH2OH. Holmes et al.[47] proposed that [CH3O(H)CH2]+

serves as the carrier for the m/z = 46 peak, as the hydroxyl hydrogen is 
transferred to the ether oxygen atom prior to the cleavage of the C3-C4 
bond. On the other hand, Burgers et al.[48] suggested that it is 
[CH2=CH⋅⋅⋅H⋅⋅⋅OH2]+, based on the experiment with partially deuter
ated 2-ME. The cationic 2-ME can decompose into formaldehyde 
(H2C=O) and the O-protonated methoxymethyl radical, which features 
a proton bridge between the two entities. This radical abstracts a 
hydrogen atom from the formaldehyde before decomposing into HCO 
and [(CH3)2OH]+ (m/z = 47) [49]. Furthermore, the cationic 2-ME can 
generate [C3H6O]+ (m/z = 58) and H2O, as the hydrogen atom from 
either the methyl or the β-methylene group is transferred to the terminal 
OH prior to the breaking of the C–O bond [50,51]. 

Figure 2 illustrates that the introduction of the IR laser (2940 cm− 1, 
0.37 eV) into the ionization region 50 ns prior to the VUV laser (118 nm, 
10.5 eV) resulted in a decrease in the signal of m/z = 76 and an increase 
in the signal of m/z = 45. This can be attributed to the higher total 
energy (10.9 eV compared to 10.5 eV) absorbed by 2-ME, which 
enhanced its dissociative ionization efficiency. 

3.3. IR spectra of neutral 2-ME 

The IR-VUV non-resonant ionization and fragmentation detected 
(NRIFD-IR) vibrational spectra of neutral 2-ME follows a similar prin
ciple as that of methanol, ethanol, acetone, acetic acid [23,27,53,54]. 
Fig. 3 shows the observed and calculated IR spectra of neutral 2-ME in 
the wavenumber range of 2700–7250 cm− 1. Specifically, Fig. (3a) and 
(3b) display the IR dip and IR enhancement spectra, respectively, ob
tained by monitoring the parent cation m/z = 76 mass channel and its 
fragment cation m/z = 45 mass channel. Additionally, Fig. (3c-e) depict 
the calculated anharmonic (VPT2) IR spectra at the B3LYP-D3 
(BJ)/def2-TZVPP level of theory for the three most stable conformers 
of 2-ME. Among these conformers, two involve an intramolecular 
hydrogen bond (gG′T and gG′G′), while the C-O-C-C-O of the third 
conformer lies in the same plane (tTT). Due to the lower signal-to-noise 
ratio of the IR dip spectra, our discussion primarily focuses on the results 
obtained from the enhancement spectra. 

In the 2700–3100 cm− 1 region, we observed a broadband featuring 
two strong peaks centered at approximately 2898 and 2933 cm− 1, along 
with three shoulder peaks centered at around 2840, 2959, and 2974 
cm− 1 (for detailed information, see Fig. S3a in the Supporting Infor
mation). Fig. 3 demonstrates that the simulated IR spectra of the most 
stable conformer, gG′T, exhibit better agreement with the experimental 
results in this region. Additionally, Fig. S3b shows several simulated 
vibrational modes with integrated intensity >1 km mol− 1 in the 
2700–3100 cm− 1 range. The calculated vibrational frequencies and in
tensities of these modes can be found in Table S2 in the Supporting In
formation. Among seven fundamental CH stretching transitions (from ν2 

Fig. 2. Mass spectra of 2-ME and its fragmentation products obtained by single- 
photon ionization at 118 nm, with the presence (2940 cm− 1, top panel) or 
absence (bottom panel) of an IR laser. 

Table 1 
The ionization energy (IE) of 2-ME and appearance energy (AE) of its fragments.  

Ion Product IE/AE (eV) 

m/z = 76 [CH3OCH2CH2OH]+ 10.13 [40] 
m/z = 45 [C2H5O]+ + CH2OH 10.36 [39] 
m/z = 46 [C2H6O]+ + CH2O 10.30 [48] 

9.96 [52] m/z = 47 [C2H7O]+ + HCO 
m/z = 58 [C3H6O]+ + H2O /  
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to ν8), the four highest frequencies correspond to antisymmetric modes 
(two for the CH3 group and one for each CH2 group), while the three 
lowest frequencies are assigned to the symmetric modes of CH3 and two 
CH2 stretching, respectively. Furthermore, the modes from ν9 to ν13 are 
attributed to the CH3 bending vibrations. 

Accurate assignment of these absorption peaks is challenging due to 
the complexity of the predicted IR spectra and the broad experimental 
spectra. After careful comparative analysis, the shoulder feature at 
approximately 2840 cm− 1 can be assigned to the sum contribution of 
CH2 symmetric stretching (ν6 and ν8). Previous studies on tetrahydro
furan (C4H8O) have reported that the stretching frequencies of the CαH 
(the first carbon atom attached to the oxygen atom) are lower than those 
of the CβH (the second carbon atom attached to the oxygen atom) [55]. 
This observation was attributed to the negative hyperconjugation 
[56–59] between the CαH bonds and the nonbonding orbital of the ox
ygen atom. In the case of 2-ME, the frequencies of the two CH2 sym
metric stretching modes (ν6 and ν8) show no noticeable difference. This 
can be explained by the presence of negative hyperconjugations be
tween the CH bonds of the two CH2 groups and the nonbonding orbitals 
of the two oxygen atoms. 

The feature centered at approximately 2898 cm− 1 is tentatively 
assigned to the sum contribution of CH asymmetric stretching for the 
CH2 group ν5, combination bands of ν13 + ν11 and ν13 + ν12, and over
tone bands of 2ν12 and 2ν13. The feature centered at around 2933 cm− 1 is 
attributed to the sum contribution of ν3, 2ν10, ν11 + ν9, and ν10 + ν9. The 
two shoulder features at approximately 2959 and 2974 cm− 1 are 
attributed to the overtone of the CH3 bending vibration mode (2ν9) and 
the CH antisymmetric stretching of CH3 (ν2), respectively. The observed 
IR spectrum in the 2700–3100 cm− 1 region closely resembles the FTIR 
spectra obtained in the liquid phase [11]. In these spectra, five bands 
were observed, centered at 2828, 2882, 2895, 2931, and 2980 cm− 1. 

As shown in Fig. 3a, one broadband and two peaks were observed in 
the 4900–5100 cm− 1 and 5600–5900 cm− 1 regions, respectively. The 
detailed assignments of these bands are presented in Fig. S4. The feature 
in the 4900–5100 cm− 1 region consists of two bands centered at 
approximately 4975 cm− 1 and 5015 cm− 1. According to the simulated 

spectra from gG′T, these bands can be attributed to the combination of 
COH bending vibration (δCOH) with OH stretching vibration (ν16 + ν1), 
and the combination of C-C stretching vibration with OH stretching vi
bration (ν14 + ν1), respectively. Three features centered at approxi
mately 5750, 5789, and 5875 cm− 1 originate from overtones of CH3 and 
CH2 stretching modes (2νCH region), specifically the CH3 antisymmetric 
stretching overtone 2ν4, CH2 antisymmetric stretching overtone 2ν3, and 
CH3 antisymmetric stretching overtone 2ν2. Two weaker peaks at 5735 
and 5891 cm− 1 are assigned to the (ν8 + ν4) and (ν4 + ν2) combination 
bands, respectively. 

The sharp and intense peak centered at approximately 3635 cm− 1 

corresponds to the fundamental OH stretching region (ν1). The OH 
stretching vibration can be categorized into three types: free (unbonded) 
OH stretching, intramolecular hydrogen-bonded OH stretching, and 
intermolecular hydrogen-bonded OH stretching. In the gas phase, 
intramolecular hydrogen bonding dominates over the intermolecular 
intramolecular hydrogen-bonded OH stretching and vice versa for the 
liquid phase, in which the vibration of the free OH stretching is negli
gible [5]. Our DFT calculations predicted that the OH stretches of gG′T 
(3619 cm− 1) and gG′G′ (3606 cm− 1) are red-shifted by about 48 and 61 
cm− 1, respectively, compared to the tTT conformer (3667 cm− 1, which 
exhibits free OH stretching due to the absence of a hydrogen bond). The 
observed peak at 3635 cm− 1 is red-shifted from the free OH stretch of 
gas-phase alcohols (3665–3682 cm− 1) [22,53], and we tentatively 
assign it to the intramolecular hydrogen-bonding stretch. This assign
ment is supported by the fact that the measured intramolecular 
hydrogen-bonding stretch of tetrahydropyran-2-methanol (3614 cm− 1) 
[41], which contains both ether oxygen and hydroxyl groups, is close to 
that of 2-ME (3635 cm− 1). 

The calculated frequencies from ν1 for different conformers, gG′G′ 
(3606 cm− 1), gG′T (3619 cm− 1), and tTT (3667 cm− 1), indicate that the 
OH stretch frequency decreases with an increasing number of gauche 
arrangements. The feature at approximately 7095 cm− 1 is assigned to 
the first overtone of the OH stretch (2ν1). The predicted frequencies of 
2ν1 are 7060, 7033, and 7159 cm− 1 for gG′T, gG′G,′ and tTT conformers, 
respectively. 

In the supersonic molecular beam, neutral 2-ME is dominated by the 
gG′T conformer, as the simulated IR spectra of the gG′T conformer 
closely match the experimental one. The gG′G′ conformer, which ex
hibits a similar intramolecular hydrogen bonding structure, is energet
ically higher by 1.44 kcal mol− 1 compared to the gG′T conformer. 

3.4. IR spectra of cationic 2-ME 

The IR spectra of cationic 2-ME were obtained using a method 
similar to that of neutral 2-ME, with the exception that the IR pulse was 
fired 50 ns after the VUV radiation. The measured IR spectra, obtained 
by monitoring the variation of the m/z = 45 and m/z = 76 signals upon 
the IR radiation, are shown in Fig. 4a and 4b, respectively. The simu
lated IR spectra of the two most stable conformers of the 2-ME cation are 
presented in Fig. 4c-d. These spectra were obtained by convoluting the 
simulated IR stick spectra (Fig. S5-S6 in the Supporting Information) 
with a Gaussian profile (24 cm− 1 FWHM). 

Similar to the IR spectra of neutral 2-ME, the cationic spectra also 
exhibit a broad band between 2800 and 3100 cm− 1 in the νCH region. 
This band is characterized by a strong peak centered at around 2979 
cm− 1 and four shoulder features at about 2945, 2992, 3033, and 3069 
cm− 1 (Fig. S5a in the Supporting Information). The predicted stick 
spectrum of the C2 conformer (Fig. S5b in the Supporting Information) 
includes seven CH stretch fundamental vibrations (modes from ν2 to ν8), 
four combination bands (ν11 + ν10, ν10 + ν9, ν33 + ν8, ν33 + ν5), and two 
overtone bands (2ν9, 2ν11). Although other combination and overtone 
bands have been predicted in this energy range, none exhibits significant 
IR intensity. Based on the calculated IR frequency and relative intensity 
(Table S3 in the Supporting Information), the strong peak at about 2979 
cm− 1 is assigned to the antisymmetric CH3 stretching (ν5), the 2945 

Fig. 3. Observed IR spectrum of neutral 2-ME in the 2700–7250 cm− 1 region 
(the 2700–3800 cm− 1 region is compressed by a factor of ten) obtained by 
monitoring the parent cation of the m/z = 76 mass channel (Fig. 3a) and its 
fragment cation of m/z = 45 mass channel (Fig. 3b). The optimized structures 
and simulated anharmonic IR spectra (VPT2) of the three most stable con
formers are shown in (Fig. 3c-e). The simulated anharmonic IR spectra were 
obtained by convoluting the simulated IR stick spectra (Fig. S3 in the Sup
porting Information) with a Gaussian profile (24 cm− 1 FWHM). The calcula
tions were performed at the B3LYP-D3(BJ)/def2-TZVPP level. The relative ZPE- 
corrected energies of the three conformers are also provided. 
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cm− 1 feature is assigned to the combination band of ν10 + ν9, which 
arises from CH3 and CH2 bending vibrations, and the weaker band at 
about 2992 cm− 1 arises from the antisymmetric CH2 stretching (ν4). The 
two weaker bands at 3033 and 3069 cm− 1 are assigned to antisymmetric 
CH2 (ν3) and CH3 (ν2) stretching, respectively. Additionally, a sharp 
peak centered at 3560 cm− 1 corresponds to the fundamental OH 
stretching vibration. The broader bandwidth observed in the cationic IR 
spectrum compared to the neutral spectrum suggests that the cationic 2- 
ME may possess a higher temperature due to the excess energy acquired 
during the ionization process. This behavior is consistent with the pre
viously reported IR spectra of neutral and cationic ethanol [53]. It is 
worth noting that the OH vibrational frequency of cationic 2-ME is 
redshifted by 75 cm− 1 relative to that of neutral 2-ME, and the origin of 
this shift will be discussed in Section 3.5. 

In the frequency range of 4600–7000 cm− 1, two broad bands were 
observed at 4750–4950 and 5785–5885 cm− 1. Three features centered 
at 4795, 4821, and 4908 cm− 1 (labeled in Fig. S6) are attributed to the 
combination bands of the ν19 + ν1, ν18 + ν1, and ν14 + ν1 transitions, 
respectively. The weak broadband observed between 5785 and 5865 
cm− 1, with a centered at 5825 cm− 1, is mainly contributed by the 
combination bands of CH stretching. Additionally, the sharp peak at 
6958 cm− 1 is undoubtedly assigned to the first overtone stretching vi
bration of OH (2ν1). 

The simulated IR spectra of the C2 conformer exhibit better agree
ment with the experimental spectra, particularly in the CH fundamental 
stretching region. Despite the C1 conformer being energetically favored 
over the C2 conformer by 0.59 kcal mol− 1, as determined by the RIJK- 
CCSD(F12*)(T*)/cc-pVTZ-F12//B3LYP-D3(BJ)/def2-TZVPP level of 
theory, the dominance of the C2 conformer in the cationic 2-ME can be 
attributed to the distribution of a portion of the excess energy (about 
0.37 eV, considering that 2-ME is ionized by 118 nm laser and its IE is 
10.13 eV) to the internal energy of the 2-ME cation. 

3.5. Comparison of IR spectra between neutral and cationic 2-ME 

To investigate the orbital from which an electron was removed 

during photoionization, a molecular orbital (MO) analysis of neutral 2- 
ME was conducted at the B3LYP/def2-TZVPP level. The highest occu
pied molecular orbital (HOMO) of neutral 2-ME, as shown in Fig. 5a, is 
primarily localized on the oxygen atom at the ether linkage (O1). Its 
electron densities in this orbital are predominantly associated with the 
oxygen lone pair orbital (n(O)), with contributions from the p orbitals of 
the neighboring carbon atoms (C3 and C5), and a negligible contribution 
from n(O2). Consequently, the removal of an electron from the HOMO 
weakens the adjacent C3-C4 bond, resulting in an elongation of the C3- 
C4 bond length from 1.51 to 1.71 Å. This increased bond length renders 
the C3-C4 bond susceptible to cleavage, thereby explaining the domi
nance of the [C2H5O]+, as shown in Fig. 2. In contrast, the ionization 
process has a minimal impact on the OH stretching due to the limited 
contribution of the n(O2) nonbonding electrons to the HOMO. Conse
quently, the OH vibrational frequency of the 2-ME cation experiences 
only a modest redshift of approximately 75 cm− 1 relative to that of the 
neutral 2-ME. This behavior differs significantly from ethanol, where the 
HOMO is located on the n(O) orbital of the OH group. In the case of 
ethanol, the OH vibrational frequency of the cation undergoes a redshift 
of over 200 cm− 1 compared to that of neutral ethanol [53]. The 
discrepancy arises from the fact that the electron loss from the 
nonbonding p orbital of the oxygen atom in cationic ethanol imparts 
chemical similarity to the N atom, thereby reducing the energy associ
ated with the OH stretching [60]. 

The experimental results reveal a blueshift of about 100 cm− 1 in the 
C–H stretching bands of cationic 2-ME compared to the neutral 2-ME. 
This observation is unexpected, as the removal of an electron from the 
HOMO would typically result in a slight weakening of the C–H (C3 and 
C5) stretching energy, leading to small redshifts or at least no blueshifts 
in the C–H vibrations of the cationic 2-ME. The presence of two oxygen 
atoms in the 2-ME molecule may account for these findings, as negative 
hyperconjugation occurs between the CαH bonds and the nonbonding 
orbital of the oxygen atoms. This delocalizes the nonbonding n(O) 
electrons into the CαH bonds. To further investigate this phenomenon, a 
Natural Bond Orbital (NBO) calculation of neutral 2-ME (gG′T) was 
performed at the B3LYP/def2-TZVPP level (pop=nboread). As depicted 
in Fig. (5b-c), a significant overlap was observed between the n(O1) 
orbital and the two neighboring σ* bond orbitals (C3-H6 and C5-H12). A 
similar strong interaction was also observed between the n(O2) orbital 
and the neighboring σ*(C4-H8) orbitals, as shown in Fig. (5d). Table 2 

Fig. 4. Observed IR spectrum of cationic 2-ME in the 2700–7100 cm− 1 region 
(νOH region are compressed by a factor of two) obtained by monitoring the 
parent cation of the m/z = 76 mass channel (Fig. a) and its fragment cation of 
the m/z = 45 mass channel (Fig. b). The optimized structure and simulated 
anharmonic IR spectra (VPT2) of the two most stable conformers of cationic 2- 
ME (νOH region is compressed by a factor of ten) are shown in Fig. c and d. The 
structures and spectra were obtained at the B3LYP-D3(BJ)/def2-TZVPP level. 
The calculated IR spectra were generated by convoluting the stick spectra 
(Figs. S5-S6) with a Gaussian profile (24 cm− 1 FWHM). The relative ZPE- 
corrected energies of the two conformers are also provided. 

Fig. 5. The calculated electron density distribution of the HOMO in neutral 2- 
ME (Fig. 5a) and the overlap between the n(O) and σ*(C–H) orbitals illustrated 
by the natural bond orbital (NBO) plots (Fig. 5b-d). The calculation was con
ducted at the B3LYP/def2-TZVPP level (pop=nboread). The isodensity surface 
is depicted at the value of 0.05. 
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presents the second-order perturbation energies (E(2)), which serve as 
indicators of the extent of electron delocalization through hyper
conjugation, between the nonbonding n(O1 and O2) orbitals and the 
bonding σ*(CαH) orbitals (only E(2) values greater than 2 kcal mol− 1 are 
listed in the table). The E(2) values for the n(O1)→σ*(C3− H6), n 
(O1)→σ*(C5− H12), and n(O2)→σ*(C4− H8) interactions are 7.85, 7.06 
and 7.86 kcal mol− 1, respectively. Consequently, negative hyper
conjugation weakens the CαH bonds, resulting in a further decrease in 
the vibrational frequency of the C-H, similar to what is observed in 
tetrahydrofuran (THF) and tetrahydropyran (THP) molecules [55]. 
Previous studies have demonstrated that the negative hyperconjugation 
of n(O)→σ*(CαH) in the neutral state can transition to the positive 
hyperconjugation of σ(CαH)→n*(O) upon ionization, thereby weakening 
the cationic CαH bonds [55]. However, no significant σ(CαH)→n*(O) 
interaction was observed in cationic 2-ME through the second-order 
perturbation analysis (with a threshold of 0.5 kcal mol− 1) using the 
NBO calculation. 

In summary, while the removal of electrons from the HOMO has 
minimal impact on the C–H bonds, the NBO analysis revealed that the 
strong negative hyperconjugation resulting from the n(O)→σ*(CαH) 
interactions weakens the CαH bonds in neutral 2-ME. This phenomenon 
leads to a blueshift of approximately 100 cm− 1 in the C-H stretching 
frequencies of cationic 2-ME compared to neutral 2-ME. 

4. Conclusions 

In summary, the dominant conformer and IR spectra of neutral and 
cationic 2-ME in the gas phase were obtained using the IR− VUV NRIFD- 
IR method. Quantum chemical calculations revealed that the gG′T, sta
bilized by an intramolecular hydrogen bond (OH⋅⋅⋅O), is the most stable 
conformer of neutral 2-ME. This conformer was found to be the primary 
carrier of the IR spectrum, as the simulated IR spectra showed better 
agreement with the experimental results. The three prominent features 
observed were assigned to the CH stretching fundamental mode (νCH), 
the OH stretching fundamental mode (νOH), and the OH first overtone 
mode (2νOH). 

The most stable conformer of cationic 2-ME exhibited significant 
structural changes compared to the neutral 2-ME. The IRI map analysis 
indicated that although the O-H⋅⋅⋅O intramolecular hydrogen bond was 
disrupted upon ionization, a weak C-H⋅⋅⋅O hydrogen bond was formed, 
which played a crucial role in stabilizing the cationic species. The 
simulated IR spectra of the C2 conformer showed better agreement with 
the experimental spectra, particularly in the CH stretching region, 
compared to the C1 conformer. 

The measured IR spectra show that the C-H fundamental stretching 
mode of cationic 2-ME is blue-shifted by about 100 cm− 1 compared to 
that of neutral 2-ME. This observation aligns with the findings from the 
NBO analysis, which revealed that in neutral 2-ME, the n(O)→σ*(CαH) 
interactions result in significant negative hyperconjugation, leading to a 
weakening of the CαH bonds. Consequently, the C-H stretch of neutral 2- 
ME experiences a redshift relative to that of cationic 2-ME. 

The present work highlights the critical role of intramolecular 

hydrogen bonds in stabilizing both neutral and cationic species. More
over, it provides an illustrative example of the substantial structural 
changes between neutral and corresponding cationic species upon 
breaking the O-H⋅⋅⋅O intramolecular hydrogen bond following 
ionization. 
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