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ABSTRACT: Elucidating the dynamic couplings of hydrogen bonds remains an important and
challenging goal for spectroscopic studies of bulk systems, because their vibrational signatures are
masked by the collective effects of the fluctuation of many hydrogen bonds. Here we utilize size-
selected infrared spectroscopy based on a tunable vacuum ultraviolet free electron laser to
unmask the vibrational signatures for the dynamic couplings in neutral trimethylamine−water
and trimethylamine−methanol complexes, as microscopic models with only one single hydrogen
bond holding two molecules. Surprisingly broad progression of OH stretching peaks with distinct
intensity modulation over ∼700 cm−1 is observed for trimethylamine−water, while the dramatic
reduction of this progression in the trimethylamine−methanol spectrum offers direct
experimental evidence for the dynamic couplings. State-of-the-art quantum mechanical
calculations reveal that such dynamic couplings are originated from strong Fermi resonance
between the stretches of hydrogen-bonded OH and several motions of the solvent water/
methanol, such as translation, rocking, and bending, which are significant in various solvated
complexes commonly found in atmospheric and biological systems.

Hydrogen bonds (HBs) are the main intermolecular
interactions responsible for solvation, molecular self-

assembly, biological processes, and the formation of atmos-
pheric particles.1−5 The small mass of hydrogen means that the
HBs are inherently fluctuant in nature, which play a crucial role
in determining the structures, properties, and reaction
dynamics.1 What role does the solvent play in such HB
fluctuations? What vibrational motions trigger these HB
fluctuations? How are the HB fluctuations manifested in the
vibrational spectra? Experiments to address these questions
offer the opportunity to better understand the intrinsic
properties of HB motions associated with proton transport
in biology and atmosphere such as fuel-cell membranes and
new particle formation.5,6 However, for measurements in
condense phases, the collective effects of vibrational couplings
produce diffuse bands which are hard to analyze.
Mass-selected solvation clusters are molecular models which

can be interrogated in the gas phase with better spectral
resolution, providing microscopic details about HB fluctua-
tions.7−11 Large amplitude motions of multiple HBs have been
characterized in a few hydrated cluster ions, such as
H3O

+(TMA)3 (TMA = trimethylamine, (CH3)3N),12

H3O
+(18C6) (18C6 = 18-crown-6 ether),13 NO3

−(H2O)n,
14,15

HCO2
−(H2O)n,

15 and H2PO4
−(H2O)n.

16 The OH stretching
(νOH) region of the HB donor is especially interesting, which
could be extended over 400−800 cm−1. Unfortunately, such a
progression either is unresolved, as in the case of

H3O
+(TMA)3 and H3O

+(18C6),12,13 or involves the flipping
of two HBs, as in the case of NO3

−(H2O).
14,15

Studying HBs in neutral clusters is more challenging, due to
the difficulty in size selection. For small clusters, size-selective
measurement can be achieved by rotationally resolved spectra,
and such studies on X−H2O complexes (X = H2O, TMA, N2,
etc.) did provide important insights into the intermolecular
forces and the complex quantum tunneling dynamics.17−19 Yet,
even for such small clusters, there are often several ways to
arrange the HBs, producing multiple isomers that complicate
the interpretation of the experimental spectra. Recently, we
have developed a tunable vacuum ultraviolet free electron laser
(VUV-FEL),20 which makes it possible to measure the size-
selected vibrational spectra of confinement-free, neutral
clusters by the infrared-vacuum ultraviolet (IR-VUV) scheme,
with vibrational modes excited by an IR laser and size-selective
detections achieved by VUV soft ionization near the
threshold.21−23

The subjects for this study are the neutral TMA−H2O and
TMA−CH3OH complexes. With a large proton affinity (227
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kcal/mol),24 TMA is an acceptor for a strong HB from either
H2O or CH3OH. The Fourier transform infrared (FT-IR)
absorption spectra of a gaseous TMA−CH3OH mixture have
been measured over decades, as an archetypical model for HB
interactions.25−30 The broad OH stretching band observed
previously is a clear indication of the coupling between HB
fluctuation and OH stretching, but unfortunately, it was an
unresolved diffuse band. The only high-resolution study on
TMA−H2O was performed in the microwave region with
rotational excitations.18 More recent interest in these
complexes is due to their central role in the formation of
atmospheric nanoparticles with a strong impact on human
health and climate.5,31−33 With the IR-VUV technique applied
to very cold clusters in the gas phase, TMA−H2O and TMA−
CH3OH can be viewed in a new light: two molecules held
together by a single H-bond, as fundamental molecular models
to probe the coupling between the vibrational excitation of a
hydrogen-bonded OH bond and the fluctuation of the relevant
HB. The underlying dynamics of intramolecular and
intermolecular motions can now be examined in detail by
both the state-of-the-art experimental and theoretical techni-
ques.
Herein, we report the well-resolved IR spectra of mass-

selected TMA−H2O and TMA−CH3OH complexes based on
threshold photoionization using a tunable VUV-FEL. Surpris-
ingly, broad progression of OH stretching peaks with distinct
intensity modulation over ∼700 cm−1 is observed for TMA−
H2O, while the dramatic reduction of this progression in the
TMA−CH3OH spectrum offers direct experimental evidence
for the dynamic couplings. While a qualitative understanding
of these features is obtained by harmonic analysis and ab initio
molecular dynamics (AIMD) simulations, quantum mechan-
ical calculations on the vibration modes and frequencies
reproduce the progressions and provide insights into the origin
of dynamic couplings among OH stretches, OH bend
overtone, intermolecular rock, and intermolecular translation.
The experimental IR spectra of TMA−H2O and TMA−

CH3OH complexes were measured using a VUV-FEL-based IR
spectroscopy apparatus (see the Supporting Information (SI)
for experimental details).21 Neutral clusters were generated by
supersonic expansions of gaseous mixtures seeded in helium
using a high-pressure pulsed valve that is capable of producing
very cold molecular beam conditions.34 For the IR excitation of
the clusters, we used a tunable IR optical parametric oscillator/
amplifier system (LaserVision). Subsequent photoionization
was carried out with about a 30 ns delay with a VUV-FEL light
delivered by the Dalian Coherent Light Source (DCLS)
facility. IR spectra were recorded in the difference mode of
operation (IR laser ON minus IR laser OFF). The normal-
ization with the IR laser pulse energy accounted for its
variations over the tuning range. IR power dependence of the
signal was measured to ensure that the predissociation yield is
linear with photon flux.
Figure 1 shows the experimental IR spectra of TMA−H2O

and TMA−CH3OH. Peak positions for TMA−H2O are listed
in Table 1, and those for TMA−CH3OH are listed in Table S1.
The IR spectrum of TMA−H2O comprises six groups of peaks
(labeled A−F). The easily identifiable feature is peak A (Table
1), which is assigned to the free OH stretch of H2O.

8,9 With
one H atom of H2O substituted by CH3, this peak should be
absent in the TMA−CH3OH spectrum, as indeed observed.
The most striking observation in this work is the IR spectrum
of TMA−H2O in the H-bonded OH stretch region (Figure

1a), which shows clear progressions of at least six peaks for H-
bonded OH stretches (labeled B1−B6). In contrast, only two
H-bonded OH stretch peaks are observed in the spectrum of
TMA−CH3OH.
To understand the experimental IR spectra and identify the

structures of the TMA−H2O and TMA−CH3OH complexes,
quantum chemical calculations and AIMD simulations were
carried out (see the SI for computational details). The
calculated IR spectra of TMA−H2O and TMA−CH3OH are
compared with the experimental ones in Figure 2. In the 2700
to 3000 cm−1 region, sharp features labeled as C to F in the
TMA−H2O spectrum (Figure 2a) are due to CH stretching
modes (νCH).

35−37 However, there are more νCH peaks than
those predicted in either the harmonic (Figure 2c) or the

Figure 1. Experimental IR spectra of TMA−H2O (a) and TMA−
CH3OH (b).

Table 1. Comparison of the Experimental Peak Positions
(cm−1) of the Neutral TMA−H2O Complex to the
Anharmonic Vibrational Frequencies Obtained from
Potential-Energy-Surface Quantum Mechanical Calculations

label exp anharm assignment

A 3715 3709 free OH stretch
B1 3530 3479 coupling of water bend overtone and

intermolecular translation
B2 3462 3407 coupling among H-bonded OH stretch, water bend

overtone, intermolecular translation, and
intermolecular water in-plane and out-of-plane
rocks

3428 3383

B3 3356 3333 coupling among H-bonded OH stretch, water bend
overtone, and intermolecular translation

B4 3210 3254 coupling between H-bonded OH stretch and water
bend overtone

B5 3156 3169 coupling between H-bonded OH stretch and water
bend overtone

B6 3086 3092 coupling between H-bonded OH stretch and high-
order excitation of intermolecular water out-of-
plane rock

C 2992 3010 antisymmetric CH stretch
2962 2971

D 2885 2932 combination of two CH3 bends
E 2842 2869 coupling of symmetric/antisymmetric CH

stretches with overtones of CH3 bend and CH3
umbrella

F 2795 2795 coupling of symmetric CH stretch with overtones
of CH3 bend and CH3 umbrella
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AIMD spectra (Figure 2e). In the TMA−CH3OH spectrum,
the number of νCH peaks increases further, and the bands
become quite congested, presumably due to the presence of an
additional CH3 group in CH3OH.
Between 3000 and 3600 cm−1, there is a progression of

several broadened peaks in the TMA−H2O spectrum (Figure
2a), although only one peak is identified in this region by the
harmonic analysis (Figure 2c), which is indicated as νOH

HB for
the hydrogen-bonded OH forming the HB with TMA. It
shows the coupling between the fluctuation in the HB and the
stretching of the solvated OH. Dynamic simulation by AIMD
can reproduce the approximate extent of the progression
(Figure 2e), as reported before,16,38−41 and the plot of the
vibrational density of states shows that features in this region
are indeed due to the hydrogen-bonded OH (Figure S5). What
is unique in the case of TMA−H2O is that this progression
over 600 cm−1 is due to the anomalously large amplitude
fluctuation of a single HB.
Furthermore, the TMA−CH3OH spectrum in the 3000−

3600 cm−1 region offers a striking contrast with TMA−H2O:
dominated by only two peaks, b1 and b2, separated by only 120
cm−1. CH3OH is also bound to TMA by a single HB. With an
equilibrium distance of 1.83 Å, this HB is slightly stronger than
the HB in TMA−H2O (1.86 Å). In previous studies,16,38 it was
shown that a shorter HB distance indicates stronger
interactions and produces larger HB fluctuation and longer
progression in the νOH

HB feature. Yet, the progression for νOH
HB in

the TMA−CH3OH spectrum is more limited than that for
TMA−H2O, indicating a significant difference in the dynamics
of HB fluctuation, although neither the free H in H2O nor the
CH3 group in CH3OH is directly involved in the HB
interactions. Moreover, it is counterintuitive that the

substitution of H by a larger CH3 group would simplify the
νOH
HB band.
To reproduce the extent of the νOH

HB progression for TMA−
H2O, the AIMD simulation temperature has to be raised to
250 K (Figure S6). To do it for TMA−CH3OH, a simulation
temperature of 100 K is good enough (Figure S7). Note that
AIMD treats atomic motions in classic mechanics and the
simulation temperature does not really correspond to the
experimental temperature, especially for cold systems, since
zero-point vibrations and quantum effects are not taken into
consideration,42,43 but it does indicate the extent of atomic
motions, as the temperature is calculated from the average
kinetic energy.41

As observed in AIMD trajectories, two types of motions are
involved in perturbing the single N···HO hydrogen bond
holding TMA and H2O together. The first is the stretching of
this HB, and the second is the rotation of the H2O molecule
around this HB consistent with the microwave spectroscopic
studies.18 As shown in Figure 3a for TMA−H2O, the HB bond

distance could vary by 0.5 Å, and the N···H−O bond angle was
over 50° during the AIMD run at 250 K (Figure 3b). However,
these motions are much slower than the stretching of a
covalent OH bond. Their effects on νOH can therefore be
qualitatively examined by constraining the HB bond distance
or the N···H−O bond angle to a specific value and calculating
the corresponding harmonic frequencies. As shown in Figure
S9a, the variation in the HB bond distance produces no
obvious effect on the stretching of CH or of the free OH in the
harmonic TMA−H2O spectra. Interestingly, for νOH

HB , it does
induce a shift of ∼600 cm−1 as the HB bond distance is varied
from 1.72 to 2.22 Å, in the same OH stretching vibrational
frequency region of the progression observed in the
experimental TMA−H2O spectrum. Similarly, such shifts
could also be observed when the N···H−O bond angle is
varied, although it only produces a shift over ∼300 cm−1

(Figure S10).
These two types of motions are also observed in the AIMD

simulations for TMA−CH3OH. As the experimental TMA−
CH3OH spectrum is best reproduced by AIMD at 100 K
(Figure 2f), considerably lower than the simulation temper-
ature of 250 K for TMA−H2O (Figure 2e), the extent of
fluctuations in the N···H bond distance and the N···H−O
bond angle is less in the AIMD simulation on TMA−CH3OH

Figure 2. Comparison of the experimental and calculated IR spectra
of the TMA−H2O and TMA−CH3OH complexes. Experimental
spectra of TMA−H2O (a) and TMA−CH3OH (b). MP2/aug-cc-
pVDZ (AVDZ) calculated harmonic vibrational spectra of global-
minimum isomers TW1A (c) and TM1A (d). Ab initio molecular
dynamic (AIMD) simulated vibrational spectra of TW1A at 250 K (e)
and TM1A at 100 K (f). The corresponding structures are shown
above (g and h).

Figure 3. Normal distribution of N···H bond distances and N···H−O
bond angles during AIMD simulations of TMA−H2O at 250 K (a and
b) and TMA−CH3OH at 100 K (c and d).
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(Figures 3c and 3d), which is responsible for the smaller
frequency shifts shown in Figure S9b (and also Figure S11).
Nonetheless, for the same value of the varied N···H bond
distance or N···H−O angle, the calculated frequency shift in
νOH
HB is quite similar. From the perspective of classical dynamics,
the main difference between TMA−H2O and TMA−CH3OH
is the extent of HB fluctuation. Once one H atom of H2O is
substituted by CH3, the inertia of CH3OH is larger than that of
H2O. Furthermore, previous experiments indicated that the
barrier of internal rotation of a solvent H2O around the HB in
TMA−H2O (∼0.003 kcal/mol) is much smaller than that of
CH3OH in TMA−CH3OH (0.5 kcal/mol).18,44 Going from
H2O to CH3OH, the extent of HB fluctuation in TMA−
CH3OH is significantly reduced, compared to that in TMA−
H2O, which accounts for the observed changes in the νOH

HB

progression of their respective spectrum.
To elucidate the origin of dynamic couplings between

vibrational excitations responsible for the observed vibrational
spectra, quantum mechanical treatment is needed. For that
purpose, we employ two methods. For TMA−H2O, a
multidimensional ab initio potential energy surface (PES) is
constructed by using the fundamental invariant neural network
(FI-NN) fitting method (see the SI for details).21,45−47 With
the essential dimensions for the H2O and CH3 group included,
the vibrational wave functions and frequencies are solved on
such a surface. For TMA−CH3OH, which is too large to be
described by ab initio PES, the anharmonic vibrational
spectrum of TMA−CH3OH is calculated using the discrete
variable representation (DVR) method at the CCSD/AVDZ
level of theory (see the SI for details). Such a protocol has
been recently applied to study the Fermi resonance in
ammonia, monomethylamine, dimethylamine, and protonated
trimethylamine clusters.35,36,47−49 The calculated anharmonic
vibrational spectra of TMA−H2O and TMA−CH3OH are
compared with the experimental ones in Figure 4.
For TMA−H2O (Figure 4c), a number of peaks are

obtained with frequencies in good agreement with the
experimental values. Both the νOH

HB and intermolecular
translation play a significant role as expected, while two
other modes (water bend overtone and intermolecular water
rocking modes) are also involved (Table 1). The Fermi

resonance between the hydrogen-bonded OH stretch and
water bend overtone yields the B4 and B5 bands, which couples
with one quantum of the translation mode to give the B2 and
B3 bands. The splitting of band B2 is due to the involvement of
intermolecular water in-plane and out-of-plane rocks. Major
contribution for the B1 band is from the coupling of the water
bend overtone and intermolecular translation. The B6 band is
mainly due to the coupling between hydrogen-bonded OH
stretch and high-order excitation of intermolecular water out-
of-plane rock. These results confirm the importance of the
coupling between the motions of the HB (i.e., the translation,
bending, or rocking of H2O) and the stretching of hydrogen-
bonded OH. As the Fermi resonance is a quantum effect, the
AIMD spectrum could only produce the dynamic broadening
(Figure 2e), in contrast to the splitting obtained by the
anharmonic calculation.
For TMA−CH3OH (Figure 4d), the ab initio anharmonic

calculation results confirm the significant reduction in the νOH
HB

progression. The dominant b2 band is due to the νOH
HB , and its

coupling with intermolecular translation is responsible for b1.
The b3 band is due to the coupling between the OH bend
overtone and intermolecular translation. The frequency of the
OH bend overtone in TMA−MeOH is lower than that in
TMA−H2O, which causes only minor intensity borrowing
from the hydrogen-bonded OH stretch and produces a band at
2977 cm−1. With Fermi resonance playing a less significant
role, this region is better reproduced in the AIMD spectrum as
shown in Figure 2f.
It is also gratifying to note that the quantum treatments also

reproduce the νCH region reasonably well for both TMA−H2O
and TMA−CH3OH. While there is little coupling between the
νCH of TMA and H2O or CH3OH (Figure S13), there are
significant couplings between CH stretches and CH3 bends
within a CH3 group on TMA, and Fermi resonance is
responsible for the extra peaks as reported recently.35−37,49

Note that the calculated relative intensities, especially for the
νOH related features, are less satisfactory in comparison to
experiment. Whether this is due to the complexity of
experiment (IR absorption combined with dissociation,
saturation effects, etc.) or to the limitation of theoretical
calculations (neglected degrees of freedom or limited sampling
of the potential energy surface, etc.) requires further
studies.23,50,51

In summary, with TMA−H2O and TMA−CH3OH as
archetypical models bound by a single hydrogen bond, we
have been able to resolve the previously masked coupling
between the fluctuation of the hydrogen bond and the stretch
of hydrogen-bonded OH. The dynamic nature of such
couplings is clearly demonstrated by the contrast between
TMA−H2O and TMA−CH3OH spectra, as the substitution of
H in H2O by CH3 significantly reduces the progression.
Quantum mechanical calculations show that the more
extensive splitting in the OH stretch region can be attributed
to Fermi resonance, more in TMA−H2O than in TMA−
CH3OH. The coupling between the stretch of hydrogen-
bonded OH and the motion of the solvent H2O/CH3OH, such
as translation, rocking, and bending, is an important factor in
understanding these vibrational spectra. In AIMD simulations,
the extent of the HB fluctuation is larger in TMA−H2O than in
TMA−CH3OH. Such a robust hydrogen bond with a large
fluctuation, as observed in the TMA−H2O complex, has been
suggested before in the water−catalyzed reactions during the
formation of atmospheric new particles.5,33 Since the proposed

Figure 4. Comparison of the experimental and simulated anharmonic
vibrational spectra of the TMA−H2O and TMA−CH3OH complexes.
Experimental spectra of TMA−H2O (a) and TMA−CH3OH (b).
Calculated anharmonic vibrational spectra of isomers TW1A (c) and
TM1A (d). The calculated CH and OH stretching spectra are shown
in blue and red, respectively. The simulated anharmonic vibrational
frequencies were unscaled.
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vibrational coupling scheme does not rely on specific
properties of TMA, the identification and understanding of
such features in the TMA−H2O and TMA−CH3OH spectra
provide a general model to elucidate the dynamic coupling of
the hydrogen bond and its role in reaction mechanisms for a
wide range of atmospheric and biological systems.
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