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effects and vibrational
resonances in organic hydrates: theoretical and
experimental insights from DMSO monohydrate

Giacomo Botti a and Giacomo Mandelli *b

In the present work, we apply first-principles semiclassical dynamics to investigate a characteristic

vibrational resonance in organic monohydrates, between the hydrogen-bonded OH stretching (OHb)

and a three-quanta combination band composed of the water bending overtone coupled to a libration

(b2lib). A reliable method to interpret and predict this feature would open the path to a new

understanding of vibrational energy dissipation in aqueous media. Using the multiple-coherent

semiclassical initial-value representation (MCSCIVR) with on-the-fly ab initio molecular dynamics, we

compute vibrational densities of states that explicitly include zero-point energy, overtones, and

combination bands without any ad hoc scaling procedures. Thanks to these exact quantum mechanical

insights, we are able to directly observe and identify the b2lib combination band and thus the libration

involved in the resonance effects. The computational procedure is further calibrated on available

experimental data on acetone and cycloheptanone monohydrates. Then, it was applied to the newly

obtained experimental spectrum for the dimethylsulfoxide monohydrate, provided by our collaborators

Suhm and coworkers. Our results support the generality of the b2lib OHb intensity-borrowing

mechanism across monohydrates and underscore the power of MCSCIVR to resolve nuclear-quantum

effects in hydrated systems.
Experimental vibrational spectroscopy records all the allowed
transitions between the vibrational quantum states of the
molecules under examination. The main transitions are called
fundamentals and occur between the ground state and the rst
excited states of each vibrational chromophore. In addition,
experimental spectra can detect transitions involving states that
rest at a higher energy than the corresponding fundamental.

These transitions are classied either as overtones or
combination bands. A quantum overtone is a single-mode
excitation toward a state with energy higher than the funda-
mental one. Similarly, a quantum combination band represents
a transition to a higher energy state thanks to more than one-
mode excitation. Both of these vibrational features are multi-
state, single-photon excitations. Usually, they are not very
intense, since they are prohibited (in double-harmonic
approximation) by the selection rules. However, it is possible
for an overtone or a combination to “steal” intensity from
a neighboring allowed transition via a resonance interaction.
The resonance allows the mixing of vibrational states of similar
energy and symmetry, resulting in the less intense transition
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borrowing intensity from the more intense one. The most
common borrowing is occurring between two fundamentals,
and it is called Fermi resonance.1–6

This resonance is the footprint of a strong coupling between
the involved states. This coupling is described, from a classical
point of view, as mechanical coupling and represents a redis-
tribution pathway for the total vibrational energy. Typically,
strongly coupled vibrational modes involve the same set of
atoms. When a resonance occurs between inter- and intra-
molecular vibrational modes, the coupling opens an efficient
pathway for rapid vibrational energy dissipation.7 Notably,
when one of the interacting species is a prototypical solvent
such as water, this effect yields valuable insights into the nature
of molecular hydration.

In this regard, Suhm and coworkers highlighted the role of
these types of couplings in the vibrational resonances occurring
in carbonyl monohydrates, providing state-of-the-art experi-
mental spectra.8 All these resonances involve the H-bonded OH
stretching (OHb) and the combination band between a specic
water libration and the rst overtone of the water bending
(referred to as b2lib), see Fig. 1. As observed experimentally, the
ngerprint of the borrowing is the intensity loss of the OHb
stretching fundamental and the appearance of the combination
band in the spectrum, which may exhibit lower or higher
frequency than the OHb stretching peak. This resonance
Chem. Sci.
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Fig. 1 Vibrational spectra studied in the present paper with the computed and the experimental spectra involving the resonance between the
combination band of the bending overtone and libration motion bnd2 + lib (b2lib) and the hydrogen-bonded OHb stretching. Panel (a):
semiclassical vibrational spectra for the acetone monohydrate (Ace$H2O). A Pictorial representation of the prototypical acetone monohydrate
normal modes involved in the resonant interaction is also provided. Panel (b): semiclassical vibrational spectra for the cycloheptanone
monohydrate (Cen$H2O). Panel (c): semiclassical and experimental vibrational spectra for the dimethylsulfoxide monohydrate (DMSO$H2O).
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involving a fundamental state and a three-quanta combination
band is classied as a (1,3) Darling–Dennison resonance,
following Rosnik et al. classication.9–11 This spectral feature
was registered in a variety of carbonyl monohydrate spectra and
was interpreted using scaled harmonic frequencies and
a simplied VPT2+K model by Suhm et al.8 With this initial
analysis and the experimental evidence, they concluded that
such resonance should happen in a more or less pronounced
Chem. Sci.
form, whenever the OHb stretching transition falls to around
3500 cm−1, close to the b2lib estimated energy.

In the present work, we show that this feature should be
common to all monohydrate compounds meeting the energetic
and mechanical requirements, and not only in carbonyl
monohydrates. This hypothesis suggests a critical energy
pathway for vibrational relaxation between the high-energy,
intermolecular OHb stretching mode and the low-energy,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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intramolecular librations, facilitated by the water bending
mode.7,12–15

To this day, vibrational theories applicable to a molecular
system (such as harmonic approximation or VPT2+K) lack an
organic treatment of overtones and combination bands, since
they usually predict them as weighted sums of the fundamental
transitions and not as quantum states per se.10 Moreover, these
methods were found lacking in describing the potential
anharmonicity, even in fundamental transitions, when
compared with dynamical methods. This was evident in a recent
vibrational spectroscopy blind challenge focused on organic
molecule monohydrates.16 In addition to that, in real systems,
there are quantum overtones and combination bands,17 which
are nuclear quantum effects that cannot be described rigorously
even when using state-of-the-art classical simulations, such as
quasiclassical trajectory (QCT) methods.16,18–20

For these reasons, we decided to employ semiclassical
dynamics to obtain the vibrational spectra of acetone mono-
hydrate (Ace$H2O), cycloheptanone monohydrate (Cen$H2O),
and dimethylsulfoxide monohydrate (DMSO$H2O). Semi-
classical dynamics is a well-established method of including
quantum effects into inexpensive classical dynamics.20–22 In
particular, the versatility of the multiple coherent semiclassical
initial value representation (MCSCIVR) approach made possible
the study of the vibrational spectra of small biomolecules,23–28

supramolecular complexes of biological interest,29,30 and mole-
cules embedded in a solvent box or adsorbed on surfaces.31–33

MCSCIVR uses a single tailored classical trajectory and the
instantaneous Hessian to collect a vibrational spectrum that
includes quantum effects such as zero point energies, overtones
and tunneling splittings.20,23,26,34–36 This allowed us to recover
the quantum vibrational density of states (VDOS) and pinpoint
the combination band location as a quantum state and without
any assumptions, scaling, or other ad hoc parameters, and with
a manageable computational effort. This approach proved to be
a sound framework to rigorously investigate the H bond effects
involved in the peculiar b2lib resonance and to test the
hypothesis of its universality, proposed by Suhm and
coworkers.8,37,38

At the core of MCSCIVR, there is the ability to recover the
accurate estimate of vibrational eigenvalues and eigenfunctions
from a single classical trajectory, provided the trajectory energy
is reasonably close to the true eigenvalue.39 Indeed, the simu-
lation is launched near the true quantum mechanical values
using quantized harmonic conditions(

pið0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ħuið2ni þ 1Þ

p
qið0Þ ¼ qi

ðeqÞ : (1)

where the initial momentum in mass-scaled coordinates for the
normal mode i is proportional to the square root of the relative
harmonic frequency ui and the vibrational quantum number ni.
The initial position is chosen to match the equilibrium geom-
etry. By adding quanta of excitation to a normal mode, one can
enhance the mode prominence, leading to a more accurate
estimate of that mode's frequency. The nal formulation for the
MCSCIVR power spectrum is the following40–43
© 2026 The Author(s). Published by the Royal Society of Chemistry
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dp0dq0
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ðT
0

dte
i
ħ ½Stðpt; qtÞ þ Etþ ftðpt; qtÞ�hcjgtðpt; qtÞi

������
2

; (2)

where E is the absolute vibrational energy, Nv is the dimension
of the vibrational space, (p0, q0) are the initial conditions, T is
the total length of the trajectory, St(pt, qt) is the instantaneous
classical action, ft(pt, qt) the prefactor phase, and hcjgt(pt, qt)i is
the quantum overlap between an arbitrary reference state jci
and a coherent state evolved for a time t (jgti). Coherent states
have a Gaussian spatial representation with a width dened by
harmonic frequencies of vibration. The evolution of the pre-
factor phase ft(pt, qt) requires the Hessianmatrix at each step of
the trajectory integration. To improve the sampling while using
a single trajectory, the MCSCIVR reference state is built using
two coherent states per normal mode34,36

jci ¼
YNn

j

���peq;j ; qeq;j�þ 3j
���peq;j; qeq;j

��
(3)

where (peq,j, qeq,j) are the equilibrium coordinates and
momenta of the j-th vibrational mode. By changing the value of
the weight 3j, one can collect the spectrum of the zero-point
energy (3j = 1, cj) or of the j-th normal mode (3j = −1). It is
also possible to build the braket using harmonic states. In this
case, the reference state jci is the product of the Harmonic
Oscillator (HO) eigenstates that represent the desired state of
the system. In this way, the ZPE is obtained by using the ground
eigenstate in all normal modes, whereas the signal for a certain
mode fundamental is selected by using the rst excited HO
eigenstate for that mode. The harmonic reference state is
particularly useful when searching for signals of overtones and
combination bands, as it lters the signal based on the state
composition rather than the symmetry of the states, making the
identication of these elusive features more straightforward.
For these reasons, the harmonic reference state was initially
employed to build the semiclassical vibrational wavefunctions,
which can be employed to compute the semiclassical IR spec-
trum.25,26,44,45 The reference state is arbitrary, so there is no
difference in the energy values obtained using the coherent or
the harmonic reference state. Taking into account the limita-
tions of MCSCIVR—such as the limited sampling time, and the
single-trajectory approach—we expect some uncertainty in the
treatment of librational modes. Nonetheless, these are well-
known limitations, and MCSCIVR remains a reliable and
effective approach for vibrational spectroscopy, particularly for
identifying nuclear quantum features. Further theoretical
details on MCSCIVR can be found in the SI.

To assess the accuracy of the simulation setup, preliminary
calculations were done using B3LYP-D3BJ/def2-TZVPD level of
theory on Ace$H2O and Cen$H2O, for which previous experi-
mental results were available. The simulation results are
compared against the bound water vibrational frequencies in
Table 1. The mean absolute error (16 cm) for both systems gives
Chem. Sci.
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Table 1 Harmonic (Harm), MCSCIVR (SC), and experimental (Expt) frequencies in cm−1 for ACE$H2O and CEN$H2O. The mean absolute error
(MAE) for the harmonic and MCSCIVR results with respect to the experimental frequencies is included

Mode

Ace$H2O Cen$H2O

State Harm MCSCIVR Expt State Harm MCSCIVR Expt

OH str 331 3855 3731 3723 631 3854 3750 3721
OHb str 321 3599 3514 3538 621 3576 3509 3512
MAE — 96 16 — — 98 16 —
b2lib 81242 3701 3464 3516 111482 3716 3507 3532
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us an indicative accuracy estimate for our simulation, in line
with other SCIVR investigations.27,28,30,46

Thereaer, we veried the presence and the positions of the
combination bands. To identify the libration involved in the
combination band, we started from the assignment provided by
Suhm et al., looking for a mode around 300 cm.8 We employed
the normal mode analysis at the equilibrium geometry to
choose themost suitable vibrations. As customary in vibrational
analysis, we classied the normal modes by ordering them with
increasing energy. The corresponding vibrational state is indi-
cated as mn, where m is the normal mode number and n is the
number of quanta in the vibrational state. Since this was
proposed as a universal resonance, we focused on the libration
modes, which imply similar molecular displacements in the two
systems. To improve the description of the b2lib combination
band, a quantum of excitation was provided to the bending
mode of water (therefore nbnd= 1). Computational details about
the parameters for the on-the-y molecular dynamics can be
found in the SI. The combination band VDOS signal was ltered
by selecting the harmonic reference state corresponding to the
possible b2lib nal state (rst excited eigenstate for the libra-
tion under investigation, second excited eigenstate for the water
bending). In this way, the spectrum of each b2lib combination
band can be compared with that of the OHb stretching,
selecting as resonance partner the closest in energy. The spectra
of the examined b2lib combination bands are reported in the SI.

Starting from the Ace$H2O system, the spectrum is shown in
Fig. 1 panel a. The most likely resonant partners are the OHb
hydrogen bonded stretching mode (321) and the b2lib combi-
nation (81242) between the bending overtone (242) and the
libration (81). The 81 libration mode is a water frustrated rota-
tion coplanar with the C]O bond. Some early data of the
Ace$H2O investigation have been reported in ref. 33. For the
Cen$H2O, the resonance is most likely between the OHb mode
(621) and the 111482 b2lib combination band, see Fig. 1 panel b.
The 111 libration is similar to the 81 of the Ace$H2O system,
being the water frustrated rotation coplanar with the carbonyl
bond.

Remarkably, as we can see from the relative positions of the
MCSCIVR peaks, the nuclear quantum effects involved in the
b2lib and the resonant interaction with the hydrogen-bonded
stretching are accurately reproduced and accounted for. The
main difference between the two examined systems is the
position of the OHb signal, which follows the b2lib peak in the
Ace$H2O spectrum, but precedes the same in the Cen$H2O one.
Our setup can reliably identify the resonant combination band,
Chem. Sci.
but we have to account for its inherent error mainly due to the
ab initiomethod limitations. For this specic case, we estimated
this error using the OH stretching MAE reported in Table 1, and
found it very close (16 cm−1) to the experimental resonance
splitting of 15 cm−1. Given the recognized MCSCIVR accuracy,
the method is more accurate than either the scaled harmonic
previously employed or the VPT2+K treatment included in the SI
from Fischer et al. paper.8 In addition, the attribution is not
predicated on the faithful reproduction of the spectral features,
but on the harmonic reference state lter and the MCSCIVR
energy matching: the former selects faithfully the desired
vibrational state contribution to the VDOS, the latter allows to
check that the energetic resonance condition is met. In this way,
we proceeded not by relying on the method's higher accuracy,
but by resolving the signals of the b2lib candidates and select-
ing the one closest in energy to the OHb state with the
compatible mechanical requirements.

We decided to investigate further whether this spectral
quantum feature can be reliably captured in other monohydrate
complexes, as hypothesized in the literature.8,12 This will be the
rst step in understanding the universality of this quantum
resonance and its importance in quantum vibrational energy
dissipation pathways. Therefore, we chose the di-
methylsulfoxide (DMSO) water complex because of its peculiar
H bond, presenting a higher H-bond strength and a different
water orientation, with respect to the other dimers, as shown in
Fig. 1 panel c. Indeed, water rests on the DMSO mirror plane,
whereas the water molecule of the other dimers is coplanar with
the carbonyl bond, attacking the carbonyl moiety at an angle. In
addition to that, the strength of DMSO$H2O H bond pushes the
OHb frequency much lower than any carbonyl compound,
changing the energy required to participate in the resonance.
Finally, the DMSO-water mixture is widely used as a cryopro-
tectant in biological applications,47 due to its unusually low
freezing eutectic point, which is not yet fully understood.48–53

For this reason, any advance in the understanding of the water-
DMSO interaction could be essential for unraveling this elusive
behaviour.

The new DMSO monohydrate experimental vibrational
spectrum was obtained by M. Boedecker and T. Fischer, who
courteously made it available for us. The full spectrum is
available in the Göttigen Research Online Data repository,54

while the portion of our interest is included in the SI. The
spectrum is obtained using a cutting-edge slit jet FTIR spec-
trometer, described by Suhm and coworkers in ref. 55.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Harmonic (Harm), MCSCIVR (SC), and experimental (Expt)
frequencies in cm−1 for DMSO$H2O and CEN$H2O. The mean abso-
lute error (MAE) for the harmonic and MCSCIVR results with respect to
the experimental frequency is included

Mode

DMSO$H2O

State Harm MCSCIVR Expt

OH str 331 3854 3750 3718
OHb str 321 3480 3380 3400
MAE — 108 26 —
b2lib 51252 3510 3400 3380
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The experimental spectrum (Fig. 1 panel c) presents the ex-
pected resonance feature for the hydrogen-bonded OH
stretching. From our semiclassical analysis, performed with the
same setup as those of Ace$H2O and Cen$H2O, the only
combination band compatible for the DMSO$H2O b2lib is the
51252 at 3400 cm

−1, which partially overlaps with the OHbmode
at 3380 cm−1 (Table 2). The starting geometry for the
DMSO$H2O simulation was selected by conformational analysis
using Crest.56 The results are reported in SI. The inversion of the
peaks position with respect to the experiment prompted us to
further validate our results by running an additional simulation
with theuB97X functional. The results conrm our assignment,
even though uB97X both harmonic and MCSCIVR frequencies
are less accurate than the B3LYP ones. The results are reported
in the SI. Although the MCSCIVR approach yields highly accu-
rate vibrational frequencies, remaining inaccuracies in the
potential energy surface (PES) still inuence the predicted
spectral features, leading to more noticeable discrepancies, as
we can see by comparing the harmonic and MCSCIVR estimates
obtained with B3LYP and uB97X functionals. In MCSCIVR
analyses, it is customary to compare only peak maxima, so the
two simulated transitions appear “inverted”. However, by
looking at the peak shape, it is more appropriate to describe
them as overlapping. In this context, such overlap is an
acceptable outcome, since the computed signals lie only 20
cm−1 from the experimental band—an agreement that is better
than what alternative methods typically achieve (see Tables S1
and S2). This accuracy is compatible with the results from the
literature.27,28,30,46 Taking into account that MCSCIVR could not
reach the experiment resolution, the assignment was conducted
by rst computing all the possible b2lib modes, then by
selecting the ones involving the water molecule, and nally by
selecting the one matching in energy with the simulated OHb
signal. For the discarded spectra, see Fig. S6 and S7.

The 51 librationmotion is an accordionmotion involving both
DMSO and water, as opposed to the pure water frustrated rota-
tion of Ace$H2O 81 and Cen$H2O 111. For this reason, the b2lib
resonant mode in DMSO$H2O should be more properly labeled
as b2OO, in analogy with the nomenclature used by Suhm et al.
for combination of monohydrate amines (b2ON).38 This new
experiment supports the idea that “universality” of this reso-
nance extends beyond the carbonyl monohydrates. However, our
vibrational analysis concludes that even if the same resonance
appears, the resonant combination band is not the same: both
themechanical and energetic requirementsmust bemet. Indeed,
the resonance should appear only when the transition energies
match and when a mechanical coupling opens the way for an
energy transfer. In other words, the b2lib closest to the OHb will
be the one that enters into resonance, and the libration-bending
coupling will ensure that the mechanical requirements are met,
at least in these types of complexes. The change of the involved
libration is not reected in the vibrational spectrum and can only
be captured by the vibrational state selectivity afforded by the
MCSCIVR formulation. We must point out that assigning the
right libration inside the resonance is not trivial at all for spectral
assignment purposes, and it can have a substantial impact on the
vibrational energy redistribution pathways available to the
© 2026 The Author(s). Published by the Royal Society of Chemistry
system, and in the study of DMSO and H2O interaction in
general.

To summarize, in this work we applied semiclassical
dynamics to investigate an intrinsically quantum feature of the
vibrational spectra of monohydrate complexes. Using MCSCIVR
ability to lter the signal relative to a single vibrational state,25

we identied the b2lib combination band responsible for the
resonance reported by Fischer et al.8 Using MCSCIVR, which
intrinsically includes nuclear quantum effects and anharmo-
nicities, the combination bands come out naturally in the power
spectrum, and no assumption needs to be made, even when the
combination occurs with an overtone as in these cases.20 Both in
Ace$H2O and Cen$H2O complexes, the libration involved is
a frustrated rotation of water in the same plane of the carbonyl
bond. By expanding this analysis to the DMSO$H2O complex,
we discovered that—even if the resonance is still present—the
involved libration is now changed, due to the different OHb
energy and complex geometry. This is a crucial information not
only for extending the investigation beyond carbonyl
compounds, but also for gathering insights on the accessible
pathways for vibrational energy redistribution in water-solvated
systems. Thus, we showed how one can use state-of-the-art
experimental vibrational spectroscopy in concert with
quantum simulation methods to collect and rationalize data
that could have a signicant impact on related investigations.
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and parameters; (5) optimized geometries. See DOI: https://
doi.org/10.1039/d5sc08339g.

Acknowledgements

This material is based upon work supported in part by the
National Science Foundation of U.S.A. under Grant No. CHE-
2308922. The authors thank Professor Martin Suhm (Univer-
sity of Göttingen) and his research group for providing the
experimental data and for the insightful suggestions on the
manuscript. The authors gratefully acknowledge Professor Nino
Famulari (Politecnico di Milano) and Sophya Garashchuk
(University of South Carolina) for their suggestions and the
support provided during the authors' time in their research
group. Finally, the authors thanks Michele Ceotto (Università
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