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Abstract

Gas phase near-infrared (NIR) spectra of micro-solvated protonated methanol, MeOH2
+⋯

Xn (X = Ar, N2, and CO; n = 1 and 2), in the region of the first overtones of OH stretches 

were obtained via infrared photodissociation spectroscopy. Spectral details were analyzed 

with the support of high-precision ab initio anharmonic simulations. The free OH 

stretching overtones and combination bands of OH stretch and bend are the main features 

in this region. The hydrogen-bonded OH stretching overtone transitions exhibit weak and 

broad characteristics across all solvents (X). This trend increases with the proton affinity 

of X. Hot bands, intramolecular vibrational energy redistribution, and band congestion 

due to strong anharmonic couplings are proposed to have played crucial roles in this 

observation. Meanwhile, perturbations from low frequency modes, such as CH/OH 

rocking, CH bending, and solvent intramolecular vibrations, should not be overlooked in 

this cluster system. Our anharmonic algorithm has demonstrated its potential in 

reproducing precise NIR spectra, and the present system can serve as a benchmark for 

theoretical anharmonic computations in the NIR region.
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Introduction 

Near-infrared (NIR) spectroscopy, which directly probes higher vibrational levels, 

provides valuable and unique information on phenomena such as anharmonic couplings, 

the shape of the potential energy surface, and intramolecular vibrational energy 

redistribution (IVR).1–8 Gas phase molecular clusters, on the other hand, are well-defined 

systems that are highly useful for fundamental modeling of complex systems.9 Charged 

clusters can be readily size-selected by mass spectrometry and are often combined with 

infrared (IR) spectroscopy to investigate their geometric and vibrational structures.9 

However, applying NIR spectroscopy to size-selected gas phase clusters has been very 

limited. This is primarily due to the extremely weak transition intensities in this region. 

Furthermore, combination bands (CBs), overtones, and other vibrational couplings 

that arise from anharmonicities of clusters present additional challenges for spectral 

interpretation in the NIR region. Experimental vibrational spectra of gas phase clusters 

serve as direct benchmarks for high-precision computational chemistry, which in turn 

provides theoretical basis for elucidating observed spectral features. Although the 

theoretical modeling of NIR spectra can be traced back to the mid-twentieth century,10 

reliable and in-depth analyses only become possible with the advent of high-precision 

anharmonic vibrational methods. Despite these advancements, reproducing NIR spectra 

still demands significant computational efforts, even for very simple molecular systems. 

Recent advances in anharmonic vibrational approaches have enabled qualitative and 

even quantitative anharmonic analyses of small-sized protonated systems, such as 

protonated water, ammonia, alcohol, and amine clusters in the mid-infrared (MIR) 

region.11–31 These protonated hydrogen-bonded (H-bonded) systems have long been one 

of the major topics in gas phase vibrational spectroscopy, owing to the ubiquity and 
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significance of proton solvation and the need for its microscopic understanding. 

There have also been some efforts on NIR spectroscopy of protonated and/or neutral 

H-bonded species in the gas phase, including trials to verify the compatibility of 

anharmonic algorithms in the NIR region.32–39 McDonald et al. reported the NIR spectra 

of protonated water clusters, H+(H2O)n (n = 4 ― 8), and Ar-tagged protonated water 

clusters, H+(H2O)n⋯Ar (n = 1 ― 4), using infrared photodissociation (IRPD) 

spectroscopy in the frequency range of 3600 ― 7300 cm-1.35 While the first overtones of 

the Ar-bound OH stretches were clearly visible in the Ar-tagged water clusters, overtones 

of the water-bound OH stretches were either very weak or entirely absent. In the case of 

protonated water dimer, the water-bound OH stretching overtone is expected to show an 

exceptionally low frequency transition owing to its symmetrically shared proton structure, 

making it understandably difficult to detect.40,41 However, such transitions of the clusters 

with n > 2 were still expected to be observed in the region probed by McDonald et al. 

From a micro-solvation perspective, the H2O molecules and the Ar messenger act as 

solvents filling the first solvation shell of the central H3O+. Since H2O is a much stronger 

proton acceptor compared to Ar, the effect of tuning the solvation environment on the OH 

stretching overtones of the solvated cation has emerged as a focal point for us. 

Previously, we measured the NIR spectra of micro-solvated protonated water clusters, 

H3O+⋯Xn (X = Ar, N2 and CO; n = 1 ― 3) by IRPD spectroscopy.37 Detailed spectral 

features were analyzed with the guidance of high-precision anharmonic vibrational 

calculations.37 The observed spectra of these clusters broadened significantly as proton 

affinity (PA) of the binding solvent increased (with PA following the order Ar < N2 <

CO < H2O), regardless of the cluster size (n). 

To test the generality of these findings, we plan to shift our focus to protonated 
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methanol (MeOH2
+). As an analog to the protonated water system, the spectra of 

protonated methanol are expected to show similar spectral patterns under the similar 

solvation environment. However, there are some key differences. The presence of only 

two OH bonds in a protonated methanol should, in principle, make its spectrum less 

complex compared to protonated water, which can act as a proton donor to form up to 

three OH⋯X H-bonds with surrounding solvent species. On the other hand, based on our 

previous work with MIR spectra of micro-solvated clusters of protonated methanol and 

protonated methylamine,27,31 the methyl group on MeOH2
+ is expected to cause a non-

negligible perturbation to the spectrum through the methyl-hydroxyl rocking motions.

In this work, we continue to use the same solvent species (X = Ar, N2 and CO) that 

were used for our previous study on the H3O+⋯Xn clusters. By varying the solvent species 

and the number of binding solvents (n = 1 and 2), we aim to evaluate the capability of our 

ab initio anharmonic algorithm for overtone analyses and to uncover the anharmonic 

coupling patterns in the NIR region of the MeOH2
+⋯Xn clusters.

Experimental setup

The protonated methanol clusters were produced by the collision of an electron beam with 

a pulsed supersonic jet expansion of a gaseous mixture containing methanol, solvent X 

(X = Ar, N2 and CO), and carrier gas (Ar or He). An Even-Lavie pulsed valve,42 operating 

at a stagnation pressure of 80 atm, was used for the jet expansion. Such a high operating 

pressure facilitates more collisions, which ensures effective cooling of the weakly-bound 

clusters. Parent ions (MeOH2
+ ⋯Xn) were mass-selected by the first quadrupole mass 

analyzer of a tandem type mass spectrometer. Subsequently, they were transferred into 

an octupole ion guide, in which vibrational predissociation occurred following exposure 
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to a pulsed beam of tunable NIR light. The NIR light source used in this work was the 

output of an Nd:YAG laser (Spectra Physics GGR230) pumped IR-OPO/OPA 

(LaserVision). The resulting fragment ions (MeOH2
+⋯Xn-1 or n-2), which had lost one or 

two solvent molecules, were selected at the second quadrupole mass analyzer before 

being detected by an ion detector at the end of the mass-spectrometer. The signal 

difference of the fragment ions, measured with and without irradiation of the NIR light 

was monitored, power-normalized, and plotted against scanned frequency for the 

dissociation spectrum. A more detailed description of the experimental setups can be 

found elsewhere.43

Computational details

Geometric structures of the protonated methanol clusters, MeOH2
+⋯Xn (X = Ar, N2 and 

CO), were optimized at the MP2/aug-cc-pVDZ level using Gaussian 16.44 Cartesian 

coordinates of the optimized structures are provided in Table S1 of the Supplementary 

Information (SI). The number of plausible isomers for small-sized clusters is limited. 

Only one low energy isomer was found for each individual cluster in this work, where 

each OH bond is solvated by a single solvent molecule. Other isomers, e.g., those in which 

a solvent molecule dimer is bound to one of the OH bonds, are much higher in energy, 

and their contribution to the NIR region is negligible.

All vibrational calculations were carried out at the MP2/aug-cc-pVDZ equilibrium 

geometry. The partial Hessian vibrational analysis (PHVA) was used to obtain localized 

normal modes (LNM) for reduced-dimensional vibrational analysis.45 These LNMs 

provide a fragment-focused representation of the vibrational motions which allows us to 

isolate the most relevant motions for high-level anharmonic analysis. The applicability of 
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this approach has been demonstrated in our previous studies, including the analysis of the 

MIR spectra of MeOH₂⁺···Xₙ.31,46,47 Here, the same strategy is adopted. The LNMs used 

in this work are summarized in Table S2.

A subset of vibrational modes was selected to explicitly describe the NIR spectral 

region of interest. These include 2 OH stretching modes (𝑠), 1 HOH bending mode (𝑏), 1 

or 2 intermolecular stretching modes (𝑡), 4 CH/OH rocking motions (𝑅), and, when 

applicable, the intramolecular stretching modes (𝑠X) of the solvent molecule (N≡N or C

≡O). The selected localized normal modes of MeOH2
+⋯N2 used in the calculations are 

visualized in Figure S1 as examples. Each selected normal mode was represented using 

discrete variable representation (DVR) based on Gauss–Hermite quadrature.48,49 Seven 

grid points were employed for each mode coordinate. This choice was motivated by 

previous convergence tests on protonated water clusters.37 It was demonstrated that this 

grid size provides sufficient accuracy for describing anharmonic vibrational features in 

the NIR region.

A direct-product DVR grid for the full-dimensional system would formally contain 

up to 711 ≈ 2 × 109 grid points, which would make direct diagonalization infeasible. 

This led to the application of n-mode representation (nMR) to the PES, followed by a 

transformation into finite basis representation (FBR) and subsequent truncation into a 

smaller Hamiltonian. The PES was expanded using the nMR scheme proposed by Carter 

et al. 50 as follows

𝑉 𝑞𝑖,𝑞𝑗,𝑞𝑘,… = 𝑉(0) +
𝑖

∆𝑉(1)
𝑖 (𝑞𝑖) +

𝑖𝑗
∆𝑉(2)

𝑖𝑗 𝑞𝑖,𝑞𝑗

+
𝑖𝑗𝑘

∆𝑉(3)
𝑖𝑗𝑘 𝑞𝑖,𝑞𝑗,𝑞𝑘 +

𝑖𝑗𝑘𝑙
∆𝑉(4)

𝑖𝑗𝑘𝑙 𝑞𝑖,𝑞𝑗,𝑞𝑘,𝑞𝑙 + …
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where 𝑉(0) is the energy at the equilibrium geometry, and ∆𝑉(𝑛)
{𝑖}  terms describe 𝑛-

mode coupling contributions from modes {𝑖}. In this work, the expansion was truncated 

at the four-mode level (4MR). The most essential terms, 𝑉(0) to ∆𝑉(2)
𝑖𝑗 , were calculated 

at the DLPNO-CCSD(T)/def2-QZVPPD level for better precision. As higher-order 

coupling terms contribute less significantly to the total PES, three- and four-mode 

couplings terms, ∆𝑉(3)
𝑖𝑗𝑘 and ∆𝑉(4)

𝑖𝑗𝑘𝑙, were evaluated at the RI-MP2/def2-QZVPPD level. 

The dipole moment surface was constructed using an n-mode expansion analogous to that 

employed for the PES. All electronic structure calculations for PES scans were performed 

with ORCA 6.0.0.51

To enable efficient diagonalization for up to 11 explicitly treated modes, we 

employed a finite-basis representation (FBR) built from eigenfunctions of the one-

dimensional single-mode DVR Hamiltonians.48 For each selected normal coordinate 𝑞𝑖, 

the corresponding 1D Hamiltonian, 𝐻𝑖 = 𝑇𝑖 + 𝑉(1)
𝑖 , was represented on a Gauss–

Hermite DVR grid, and diagonalized to obtain a set of single-mode eigenfunctions, 

𝜙𝑛𝑖(𝑞𝑖) . The multi-dimensional vibrational basis functions were then expressed as 

direct products |𝑛⟩ = ∏𝑖 𝜙𝑛𝑖(𝑞𝑖). Rather than using the full direct-product basis, a 

configuration-selected basis was employed using two filters:

1. VCI-type total-quanta truncation: only configurations satisfying

∑𝑖 𝑛𝑖 ≤ 𝑄max were retained. In this work, 𝑄max = 7 or 8 was used to balance 

accuracy and computational cost. Production calculations employed 𝑄max = 7 

to enable an efficient projection of eigenvectors onto another FBR basis built 

from products of selected n-dimensional eigenfunctions. Convergence was 

assessed by repeating representative calculations with 𝑄max = 8 with the 

primitive basis (see Figure S2 in the SI).
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2. Energy-window truncation: Each product basis function |𝑛⟩ was assigned an 

approximate energy, 𝐸est
n = ∑𝑖 𝜀𝑛𝑖 , where 𝜀𝑛𝑖  is the eigenvalue of the 1D 

eigenfunction 𝜙𝑛𝑖 . Only configurations with 𝐸est
n ≤  25000 cm-1 were included 

in the final FBR basis.

Off-diagonal Hamiltonian couplings ⟨𝑎│𝐻│𝑏⟩ were also neglected when both basis 

functions |𝑎⟩ and |𝑏⟩ have estimated energies in the interval 20000-25000 cm-1. This 

screening affects only couplings among highly excited configurations well above the 

targeted spectral range (0-8000 cm-1). Diagonal elements were retained for all selected 

basis functions.

The 4MR PES enables the Hamiltonian matrix elements in the FBR basis to be 

evaluated using low-dimensional integrals. Specifically, for each n-mode coupling term 

∆𝑉(𝑛)
{𝑖} , we evaluated the corresponding matrix elements in the product basis of the 

involved modes, ⟨{𝑖𝑎}│∆𝑉(𝑛)
{𝑖} │{𝑖𝑏}⟩. These low-dimensional blocks were generated once 

and reused. The full-dimensional Hamiltonian elements, ⟨𝑎│𝐻│𝑏⟩, were assembled by 

combining contributions from the relevant n-mode potential blocks, exploiting the fact 

that each n-mode term only couples a limited subset of quantum indices. This strategy 

avoids explicit construction of the full direct-product Hamiltonian on the DVR grid and 

substantially reduces the computational cost. Meanwhile, the matrix-element generation 

and assembly were embarrassingly parallelized over multiple CPU cores. 

The resulting sparse Hamiltonian was solved using Extended Eigensolver in Intel 

MKL, which is based on Krylov–Schur algorithm.52,53 Eigenpairs were computed for 

states up to 8000 cm-1 above the vibrational ground state. No empirical scaling factors 

were applied to the calculated vibrational frequencies. Simulated spectra were obtained 

by applying Lorentzian broadening with a full width at half maximum (FWHM) of 10 
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cm-1.

Results and discussion

The IRPD spectra for both the singly and doubly solvated protonated methanol clusters 

were measured in the first overtone region of the OH stretching modes (4700 ― 7200 cm-

1). Additionally, spectra in the frequency range of 3800 ― 4700 cm-1 were also obtained 

primarily to assist with band assignments. In practice, an inevitable gap (<20 cm-1) exists 

between these two frequency ranges due to the photon splitting process of OPA. 

Consequently, the absolute intensity ratios of observed IR signals from the two distinct 

frequency ranges cannot be determined. 

Singly solvated protonated methanol MeOH2
+⋯X

The observed NIR spectra of the singly Ar-solvated protonated methanol, MeOH2
+⋯Ar, 

is shown by the black trace in Figure 1a. The signal intensity of the photodissociation 

fragment ions was about two orders of magnitude weaker than that observed in the OH 

stretching fundamental region. Hence, extensive spectrum accumulation (over 10 scans) 

was required to improve the signal-to-noise (S/N) ratio of the observed spectrum. The 

sharp band at the high energy end of the spectrum (6948 cm-1) is assigned to the first 

overtone transition of the free OH stretching vibration, |𝑠2
free⟩. Its fundamental transition 

was previously found at 3555 cm-1 in our study of the MIR spectra of MeOH2
+⋯Xn.31 

The most intense band in the observed spectrum appears at 5170 cm-1. This frequency 

region is consistent with the CB of one quantum HOH bend (transition at ~1600 cm-1) 

and one quantum free OH stretch, |𝑏 + 𝑠free⟩. While the strongest transition in the MIR 

region is the Ar-bound (H-bonded) OH stretch (~3300 cm-1), its overtone transition, |

𝑠2
HB⟩, peaking around 6430 cm-1, is significantly weaker than either |𝑠2

free⟩ or the major 

CB of |𝑏 + 𝑠free⟩. Such a profound suppression of the |𝑠2
HB⟩ transition was not clearly 
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observed in the micro-solvated hydronium ion clusters until solvation by CO,37 though 

similar suppressions have been generally reported in condensed phase studies of H-

bonded species.32,54–59 Despite this, the gross feature of the observed NIR spectrum of 

MeOH2
+⋯Ar basically resembles that of H3O+⋯Ar.35,37

The simulated DVR-FBR spectrum of MeOH2
+⋯Ar (red trace in Figure 1a) is in 

overall good agreement with the observed spectrum. A few minor experimental features 

are not reproduced, most notably near 6000 cm-1, where overtones and combination bands 

involving CH3 bending and/or stretching vibrations are expected. These transitions are 

not captured in the present reduced-dimensionality vibrational analysis because the 

corresponding CH3 modes were not included explicitly in the DVR–FBR treatment. Their 

harmonic fundamentals are listed in Table S2 for reference. According to the assignment 

table for pronounced calculated transitions (Table S3), the assignments based on the 

simulation are consistent with the qualitative interpretation given above. The relatively 

weaker band at 6875 cm-1 next to |𝑠2
free⟩ can be attributed to the CB of |𝑠free + 𝑠HB⟩. 

The structured band patterns in the lower frequency region (3800 ― 5000 cm-1) primarily 

result from combinations of the CH/OH rocking modes 𝑅 with 𝑠free or 𝑠HB. A typical 

example is the |𝑅 + 𝑠free⟩ peak centered at 4812 cm-1, which also carries an intensity 

comparable to the |𝑠2
free⟩ transition.   

Figure 1b displays the observed and calculated NIR spectra of MeOH2
+⋯N2. The |

𝑠2
free⟩ transition appears at 6960 cm-1, and the dominant CB of |𝑏 + 𝑠free⟩ is observed 

at 5196 cm-1. These features exhibit only slight blueshifts relative to MeOH2
+⋯Ar. The 

overtone of N2-bound OH stretching band, |𝑠2
HB⟩, centered at 5810 cm-1 (the 

corresponding fundamental was found at ~3100 cm-1)31 is red-shifted by ~600 cm-1 

relative to |𝑠2
HB⟩ in MeOH2

+⋯Ar. This pronounced redshift reflects a weakening of the 
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OH covalent bond due to the strengthened OH⋯N2 H-bond. Consequently, the CB |𝑠free

+ 𝑠HB⟩ also shifts to 6640 cm-1. In contrast, the |𝑠2
free⟩ band is hardly affected by the 

change of solvent species.

One of the most intriguing observations for MeOH2
+⋯N2 is the relatively broad and 

weak appearance of the |𝑠2
HB⟩ transitions. The DVR-FBR calculation suggests that |

𝑠2
HB⟩ is strongly mixed with nearby vibrational states, leading to pronounced spectral 

congestion. In the observed spectrum of MeOH2
+⋯N2, there are a few resolvable minor 

peaks surrounding |𝑠2
HB⟩ at 5810 cm-1. According to Table S3, the main intensity 

carriers of these bands originate from |𝑠2
HB⟩, which strongly mixes with other states such 

as |𝑠2
HB + 𝑡⟩, |𝑅2 + 𝑏2⟩, and so on. This mixing results in intensity borrowing from the 

bright state |𝑠2
HB⟩ to various dark states, primarily through mechanical anharmonicity. 

The deep involvement of the 𝑅 modes again highlights the contribution of the methyl 

group in the NIR region of protonated methanol clusters. In contrast, the |𝑠2
free⟩ 

transition of MeOH2
+⋯N2 remains sharp, and its projection shows that it is almost free 

from couplings. Meanwhile, several weaker bands under the |𝑠2
HB⟩ envelope show 

nearly negligible contribution from |𝑠2
HB⟩. Their presence adds another layer of 

complexity to the assignment of the OH stretching overtone features. 

An analogous situation occurs for the broad feature centered at ~5000 cm-1 in the 

spectrum of MeOH2
+⋯Ar in Figure 1a, which lies between the |𝑏 + 𝑠free⟩ and |𝑅 +

𝑠free⟩ peaks. This feature is loosely attributed to the CB |𝑏 + 𝑠HB⟩. However, a more 

careful review of its composition reveals that similar state mixing effects, including Fermi 

resonance (FR)-like interactions between the |𝑏 + 𝑠HB⟩ state and |𝑅2 + 𝑠HB⟩ or |𝑅2

+ 𝑠HB + 𝑡⟩, have manifested themselves. These interactions appear in the form of 

intensity suppression of the main |𝑏 + 𝑠HB⟩ transition and a broadened lineshape. Upon 
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replacing Ar with N2, the |𝑠HB⟩ band shifts away from |𝑠free⟩, giving rise to a wider gap 

between |𝑠2
HB⟩ and  |𝑠2

free⟩. The CB of |𝑏 + 𝑠HB⟩ is expected to shift accordingly to 

~4700 cm-1, which unfortunately falls into the gap separating the two experimental scan 

ranges. 

Figure 1c shows the observed and calculated spectra of MeOH2
+⋯CO. The |𝑠2

free⟩ 

band slightly blueshifts to 6972 cm-1, and the intense feature at 5200 cm-1 can be assigned 

to the CB |𝑏 + 𝑠free⟩. The CB |𝑅 + 𝑠free⟩ appears at 4835 cm-1. These bands remain 

essentially unshifted. However, assigning the CO-bound OH stretching overtone (|𝑠2
HB⟩) 

is not straightforward without the guidance from theoretical simulations. Given that CO 

has a larger PA than N2,60 the |𝑠2
HB⟩ band is expected to exhibit an additional redshift 

and it is therefore likely buried under the broad feature in the 4800 ― 5200 cm-1 region 

(its fundamental transition was found at ~2600 cm-1).31 The simulation (Table S3) 

indicates that |𝑠2
HB⟩ couples with many dark overtone/combination bands, but most of 

the projections of |𝑠2
HB⟩ are very low (less than 5%) in each case. In the lower frequency 

part, two groups of weak peaks around ~4200 cm-1 and ~4400 cm-1 are assigned as the 

CB |𝑏 + 𝑠HB⟩, showing reasonable correspondence with the broad feature in the 

experimental spectrum. 

Doubly solvated protonated methanol MeOH2
+⋯(X)2

Figure 2 shows the observed and calculated NIR spectra of MeOH2
+⋯(X)2. In the case 

of the singly solvated clusters, the free OH stretching overtones serve as intensity metrics 

due to their less perturbed character. However, these transitions are absent in the n = 2 

spectra because both OH groups are solvated. Consequently, directly comparing the IR 

absorption intensities of the H-bonded OH stretching overtones across different solvent 

species is more challenging. 
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For MeOH2
+⋯(Ar)2 (Figure 2a), the features observed at 6497 cm-1 and 6662 cm-1 

are assigned to the first overtones of the Ar-bound OH stretches, |𝑠2⟩. Both bands exhibit 

slight blueshifts relative to the |𝑠2
HB⟩ transition in MeOH2

+⋯Ar. This observation 

demonstrates the anti-cooperative effect of H-bonds,61 in which the positive charge is 

delocalized to both proton acceptors during the formation of the second H-bond. This 

delocalization weakens the first H-bond and, in turn, strengthens the corresponding OH 

bond, which leads to an increase in its stretching frequency. Table S3 further indicates 

that the OH stretching overtones are strongly coupled with nearby vibrational states. The 

intense feature at 5002 cm-1 is likely a CB of one-quanta OH bending and one-quanta OH 

stretching mode, |𝑏 + 𝑠⟩. 

The black trace in Figure 2b displays the experimental NIR spectrum of MeOH2
+⋯

(N2)2 measured by monitoring the single N2-loss channel, while the inset presents the 

spectrum obtained by monitoring the 2N2-loss channel. For photon energy above ~6000 

cm-1, absorption provides sufficient energy to trigger a switch in the major dissociation 

channel, which explains the absence of the OH stretching overtone bands in the single 

N2-loss channel spectrum. Accordingly, the bands centered at 6090 and 6320 cm-1 in the 

inset are assigned to the N2-bound |𝑠2⟩ transitions. In the calculations, these bands are 

associated with many CBs. These overtone frequencies are redshifted by about 300 ― 400 

cm-1 compared to those of MeOH2
+⋯(Ar)2. The CB of |𝑏 + 𝑠⟩ is found at 4860 cm-1, 

and is broader than the corresponding band in the spectrum of MeOH2
+⋯(Ar)2. Our 

calculation suggests that it is engaged in couplings with the |𝑅 + 𝑠⟩ and |𝑅 + 𝑏2⟩ states. 

The origin of the doublet at 5550 cm-1 is assigned to the CBs involving one-quanta N≡N 

stretching modes (𝑠X) and one-quanta H-bonded OH stretching modes, |𝑠 + 𝑠X⟩. 

Figure 2c presents the NIR spectrum of MeOH2
+⋯(CO)2, in which pronounced 
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bands are concentrated in the 5000 ― 6000 cm-1 region with a maximum at ~5200 cm-1, 

which is attributed to overtones or CB of H-bonded OH stretches. The observed bands 

are substantially broadened, with linewidths in the order of a few hundred wavenumbers. 

The DVR-FBR simulation noticeably overestimated the major band position (|𝑠2⟩) to 

~5423 cm-1 in this case. To evaluate whether this discrepancy can be attributed to hot 

bands, we carried out a hot band simulation by initiating transitions from an excited H-

bond stretching mode 𝑡, which has the lowest excitation energy among the vibrational 

modes included in our reduced-dimensional analysis and is therefore most thermally 

populated. The resulting simulated hot band spectra is shown in Figure S3. For the case 

of MeOH2
+⋯(CO)2 (Figure S3b), the simulated transitions from |𝑡1

A"⟩ and |𝑡1
A′⟩ show 

intense bands at ~5320 cm-1 and ~5500 cm-1, improving the overall outline of the 

calculated spectrum to some extent, but mismatch in band maxima remains between the 

experimental and the calculated spectra, along with discrepancies in the intensity 

distribution. 

Three conspicuous neighboring peaks are observed in the lower frequency region of 

MeOH2
+⋯(CO)2. For the peak at 4513 cm-1, a similar band is observed in the other two 

spectra of the n = 2 clusters with an almost unchanged frequency. It can be found at ~4520 

cm-1 also in the spectra of the n = 1 clusters. The same situation holds for the peak at 4233 

cm-1. These bands likely originate from the same vibrational source, suggesting a link to 

the CH vibrational motions excluded in the present calculations, given their consistent 

frequency and absence in every calculated spectrum. On the other hand, a pronounced 

peak is observed at 4391 cm-1, to which corresponding bands are missing in the other n = 

2 spectra. Though this band seems to be assigned to |𝑏 + 𝑠⟩ because this CB is expected 

to be a major band in this region, this assignment cannot be reliable. Theoretically, the |𝑏
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+ 𝑠⟩ transition should undergo coupling mechanisms resembling the situation in 

MeOH2
+⋯CO with the dark states, which would lead to an appreciable broadening and 

redistribution of intensity rather than a narrow, well-isolated feature. Instead, this band 

may be attributed to the CB of the symmetric and antisymmetric C≡O stretches, which is 

reproduced at 4412 cm-1 by the DVR-FBR simulation. The |𝑏 + 𝑠⟩ transition likely 

contributes to the broad background enveloping the prominent peaks around 4400 cm-1. 

Spectral broadening 

Overall, both the NIR spectra reported here and the MIR spectra reported earlier 31 

of MeOH2
+⋯Xn exhibit significant spectral broadening. The extent of broadening tends 

to become more remarkable as the PA of the binding solvents increases. To examine 

whether thermal effects contribute to this broadening, we focused on the MeOH2
+⋯(CO)n 

clusters, for which the broadening effects are most pronounced.

The internal energy of a cluster is capped by the weakest intermolecular interaction 

in the cluster (here, the hydrogen bond), because clusters with internal energy surpassing 

this limit would undergo spontaneous dissociation before the spectroscopic measurement. 

We therefore compare the spectra of “bare” and Ar-“tagged” CO-solvated clusters. The 

additional Ar atom introduces a much weaker intermolecular bond, thereby limiting their 

internal energy. However, as the weakly-tagged clusters are thermodynamically unstable, 

the signal intensity of the parent ions is greatly reduced. This makes a direct comparison 

in the NIR region practically difficult. Instead, we compare the spectra in the MIR region 

by assuming their broadening mechanisms are similar to that of the NIR region. 

Figures 3a and 3b present the MIR spectra of MeOH2
+⋯CO and MeOH2

+⋯(CO)2, 

whereas Figures 3c and 3d display the spectra of their Ar-tagged counterparts. Ar-tagging 

(i.e., cooling) in Figure 3c has substantially narrowed the linewidths in the H-bonded OH 
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stretching region (2500-3000 cm-1) for the MeOH2
+⋯CO spectrum, supporting an 

inhomogeneous contribution to the broadening, that is expected to also influence the NIR 

region. In contrast, the lack of such narrowing for the “free” OH stretching bands at ~3400 

cm-1 and ~3600 cm-1 (noted that in the Ar-tagged MeOH2
+⋯(CO) cluster, the Ar atom 

binds to the free OH site, causing a red-shift of the band from ~3600 cm-1 to ~3400 cm-

1); these modes are less sensitive to the cooling in this situation. On the other hand, the 

cooling effect on MeOH2
+⋯(CO)2 in Figure 3d is less significant across the entire 

spectral range, suggesting a smaller contribution of inhomogeneous broadening in the 

NIR region for this cluster.

An alternative source for the spectral broadening is the highly coupled low frequency 

vibrational modes such as 𝑡 , 𝑅, and 𝑠X modes. These modes can give rise to not only 

additional bands, but they also serve as pathways for IVR-based homogeneous 

broadenings. Here, the 𝑠X and 𝑅 modes, which have relatively higher frequencies, are 

isoenergetic with the OH stretching mode at several quanta; thus, these modes are 

expected to act as promoting modes in the IVR theory.62 In contrast, the 𝑡 mode, 

characterized by its extremely low frequency, functions as a typical bath mode. 

The peak density distribution in the present NIR spectra of the protonated methanol 

clusters appears to be much higher in the 4000-5000 cm-1 region. As the solvent PA 

increases, the H-bonded OH stretching overtones gradually shift to this region where 

numerous minor states involving the low frequency modes are present. The further the 

|𝑠2⟩ transition shifts toward this region, the more resonance/energy matching 

opportunities arise for couplings between |𝑠2⟩ and other states. In extreme cases such as 

MeOH2
+⋯CO and MeOH2

+⋯(CO)2, the OH stretching overtone evolves into a strongly 

mixed manifold where mode-specific assignments are nearly inapplicable. Under such 
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circumstances, intensities of the bright states are severely diluted to form numerous 

“daughter” bands, ultimately leading to accelerated IVR and congested spectral profiles. 

In the regions near and below 5000 cm-1, |𝑏 + 𝑠⟩ is another major contributor to spectral 

broadening resembling the mechanisms of |𝑠2⟩. State densities in the doubly solvated 

protonated methanol clusters are generally higher than those in the singly solvated ones 

due to the presence of an additional H-bonded solvent, which suggests even more of the 

above-mentioned coupling opportunities in the clusters with n = 2. However, there has 

been no strong evidence showing clear size dependence of spectral broadening at present. 

Such trends may be better viewed in solvated ammonium clusters in which the first 

solvation shell of the central cation may accommodate 4 solvent molecules.

Summary

We reported the NIR spectra of micro-solvated protonated methanol clusters in the region 

of the first OH stretching overtone. The H-bonded OH stretching overtones are 

significantly weaker than both the free OH stretching overtones and several pronounced 

CBs, which is consistent with the previously reported H-bonded systems. As the solvent 

species changes from Ar to CO (in the order of ascending solvent PA) at a fixed solvation 

number, the H-bonded OH stretching overtone bands become less intense, and a clear 

trend of spectral broadening was observed. The broadening can be attributed to a 

combination of hot band, IVR, and increased band congestion induced by numerous 

anharmonic couplings. Our reduce-dimensional DVR-FBR anharmonic analysis 

reproduces the overall spectral patterns of the NIR spectra. For the present system, our 

results also show the importance of explicitly including the relevant low-frequency modes, 

such as intermolecular H-bond stretching, CH bending, and solvent intramolecular 
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vibrations, since the overtone region is governed by extensive anharmonic mixings with 

these degrees of freedom.
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Figure 1. Observed (black) and calculated (red) NIR spectra of MeOH2
+⋯X, (a) X = Ar, (b) X = N2, 

and (c) X = CO. Each observed spectrum was obtained by monitoring its one-solvent-loss dissociation 

channel. All numbers labeled on the spectra are observed band frequencies.
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Figure 2. Observed (black) and calculated (red) NIR spectra of MeOH2
+⋯(X)2. (a) X = Ar. The 

observed spectrum was obtained by monitoring the 2Ar-loss dissociation channel. (b) X = N2. The 
main spectrum was obtained by monitoring the N2-loss dissociation channel. The inset shows the 
spectrum obtained by monitoring the 2N2-loss dissociation channel. (c) X = CO. The spectrum was 
obtained by monitoring the CO-loss dissociation channel. All numbers are observed band frequencies.
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Figure 3. Experimental IRPD spectra of (a) MeOH2
+⋯CO, (b) MeOH2

+⋯(CO)2, (c) MeOH2
+⋯CO⋯

Ar, and (d) MeOH2
+⋯(CO)2⋯Ar in the MIR region. 
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