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Manipulating hydrogen bond dissociation
rates and mechanisms in water dimer
through vibrational strong coupling

Qi Yu1,2 & Joel M. Bowman 2

The vibrational strong coupling (VSC) betweenmolecular vibrations and cavity
photon modes has recently emerged as a promising tool for influencing che-
mical reactivities. Despite numerous experimental and theoretical efforts, the
underlying mechanism of VSC effects remains elusive. In this study, we com-
bine state-of-art quantum cavity vibrational self-consistent field/configuration
interaction theory (cav-VSCF/VCI), quasi-classical trajectory method, along
with the quantum-chemical CCSD(T)-level machine learning potential, to
simulate the hydrogen bond dissociation dynamics of water dimer under VSC.
We observe that manipulating the light-matter coupling strength and cavity
frequencies can either inhibit or accelerate the dissociation rate. Furthermore,
we discover that the cavity surprisingly modifies the vibrational dissociation
channels, with a pathway involving both water fragments in their ground
vibrational states becoming the major channel, which is a minor one when the
water dimer is outside the cavity. We elucidate the mechanisms behind these
effects by investigating the critical role of the optical cavity in modifying the
intramolecular and intermolecular coupling patterns. While our work focuses
on single water dimer system, it provides direct and statistically significant
evidence of VSC effects on molecular reaction dynamics.

Strong light–matter interactions between molecules and the electro-
magnetic field of an optical cavity have garnered significant interest in
the fields of chemistry and materials, as they provide new opportu-
nities to modify chemical reactivity and selectivity1–7. When the infra-
red (IR) cavity mode is strongly coupled to specific vibrational
excitations, known as vibrational strong coupling (VSC), themolecular
vibrational polaritons are formed and shown to potentially alter the
chemical reaction and energy transfer pathways8–10. A series of seminal
experimental work have been conducted to monitor reaction path-
ways and intramolecular vibrational energy redistribution (IVR) pro-
cess by detecting the IR signature of molecular vibrational polaritons
with linear IR spectroscopy and nonlinear two-dimensional IR spec-
troscopy (2D-IR)8–14.

Despite numerous theoretical efforts trying to reach consensus
with experimentalmeasurements, themechanismbywhich vibrational

strong coupling controls chemical reactions remains obscure15–26. This
is mainly attributed to the complexity of molecule-cavity systems and
the lack of promising theoretical tools to disentangle the reaction
mechanisms. For example, some initial attempts involved investigating
chemical reactions under VSC with transition state theory, using sim-
ple analytical expressions for the potential energy and dipole
moment22,23,27. Recently, Wang and coworkers performed extensive
trajectory-based dynamics simulations of unimolecular dissociation
reactions inside an optical cavity and demonstrate how VSC interferes
with the IVR process and alters the dissociation reaction rate24. How-
ever, this work was limited by the accuracy of the simple Morse
potential and dipolemoment functions, which are not generalizable to
realistic molecular systems. Additionally, the rotational degrees of
freedom were ignored in the simulations, which are important from
the perspective of reaction dynamics. More recently, Schafer and
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coworkers applied the quantum-electrodynamical density functional
theory (QED-DFT) approach in the ab initio molecular dynamics
(AIMD) simulation of the deprotection reaction of 1-phenyl-2-
trimethylsilylacetylene (PTA)26. Qualitative agreement with experi-
ments was successfully achieved in terms of reaction rate inhibition.
Although many fundamental insights were obtained from the AIMD
simulation, the high computational cost of the QED-DFT approach
limits the number of trajectories as required for statistical significance.
The accuracy of the QED-DFT approach is also limited due to similar
issues in the conventional DFT method. More accurate methods, such
as the QED-coupled cluster (QED-CC) method28,29, are more compu-
tationally expensive and becomes prohibitive in extensive reaction
dynamics simulations. Such limitations pose challenges in theoreti-
cally understanding the microscopic mechanism of how VSC controls
chemical reactions, using state-of-art quantum approaches, such as
multiconfigurational time-dependent Hartree method (MCTDH)30,31

and vibrational self-consistent field/virtual state configuration inter-
action method (VSCF/VCI)32,33.

As an alternative to the simple models or AIMD approach, high-
dimensional, ab initio-based machine learning (ML) potential energy
and dipole moment surfaces (PES/DMS) are natural choices for
achieving both high accuracy and computational efficiency in both
quantum and classical dynamics simulations34,35. With the aid of ML
PES and DMS, extensive quasi-classical trajectory (QCT) calculations
can be performed to realize full-dimensional reaction dynamics
simulations. The QCT approach has been widely applied in the field of
reaction dynamics due to its simplicity and capability of providing rich
information of the dynamical process. Through choosing initial coor-
dinates and velocities of the reactants, which correspond to the
quantummechanical (ro-)vibrational energy levels, the QCT approach
enables vibrational mode specific control of the reaction dynamics
simulation.

In thiswork,we combinedour recentlydevelopedquantumcavity
vibrational self-consistent field/virtual state configuration interaction
(cav-VSCF/VCI) method36 and QCT approach to investigate the effect
of vibrational strong coupling on hydrogen-bond dissociation
dynamics of the water dimer (H2O)2, using our recently developed ML
PES/DMS, q-AQUA, at the CCSD(T)/CBS level of accuracy37. As the
smallest water cluster, the dimer serves as a benchmark for both
experiment and theory providing valuable insights into hydrogen
bond breaking and reformation in complex water networks from the
gas phase to condensed phase38–41. Previous experimental and theo-
retical studies consistently found the predominant excitation of the
fragment bending mode upon the hydrogen bond breaking42. In
addition to this dominant dissociation channel, a very minor channel
was also observed where the two water fragments are in their vibra-
tional ground states and highly rotationally excited.

We first confirm the previous experimental and theoretical find-
ings concerning vibrational spectra and dissociation dynamics infor-
mation when (H2O)2 is outside the cavity. When (H2O)2 is inside the
cavity, through QCT simulations, we investigated how the hydrogen
bond dissociation rate can be either inhibited or accelerated by
manipulating the light–matter coupling strength and cavity frequency.
Additionally, we analyzed the vibrational product populations of the
dissociated fragments and explored how the vibrational strong cou-
pling modifies the dissociation channels. The underlying mechanism
of the cavity-modified hydrogen bond dissociation dynamics is dis-
cussed through the QCT simulations and vibrational spectral
computations.

Results
Polaritonic IR spectra and mode-coupling patterns
The water dimer is put in an optical cavity, as shown in Fig. 1a, and a
single cavity mode is considered with its polarization direction along

Fig. 1 | Vibrational strong coupling effects on potential energy surface and
vibrational spectra. a Schematic depiction of (H2O)2 placed inside an optical
cavity, where the cavity polarization direction is along O-O axis. b Effective
potential energy surfaces along the mass-weighted normal coordinates of
hydrogen-bonded OH stretch Q and the cavity mode QC, upper panel: coupling

strength g =0.0, lower panel: coupling strength g =0.005. c Infrared spectra of
(H2O)2 with different light–matter coupling factors g. For b, c, the single cavity
mode has a frequencyof 3547cm−1, which is the fundamental hydrogen-bondedOH
stretch mode frequency of the water dimer outside the cavity.
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O-O axis of the water dimer. The coupling strength between the cavity
and (H2O)2 is controlled by the light–matter coupling factor g, as
defined in Eq. (6) in the “Methods” section. It should be noted that in
the vibrational strong coupling experiments, amacroscopicnumber of
molecules, Nmol (i.e., 10

10), are collectively coupled to the cavity and
the resulting Rabi splitting is proportional to

ffiffiffiffiffiffiffiffiffiffiffiffi
Nmol=

~V
p

. In the current
work, the light–matter coupling is directly between the cavity and the
water dimer. Thus to compensate for the lack of Nmol molecules in our
(H2O)2-cavity system, the coupling strength factor g throughout this
work indicates a much smaller cavity volume ~V than the experimental
set-up. For example, with cavity frequency ω = 3547 cm−1 and coupling
strength factor g =0.005 a.u., the effective cavity volume ~V calculated
from Eq. (6) is 0.6 nm3 which is within the picocavity range. We also
emphasize that the single-molecule simulations in this work serves as a
good example to investigate how the optical cavity affects the vibra-
tional mode couplings and chemical reaction dynamics. To bridge the
gap between single-molecule simulation and realistic experimental
conditions in collective coupling regime, the many-molecule system
will need to be considered and this is subject to our future work using
extensions of the approaches as described in the “Methods” section.

In Fig. 1b, we show the effective potential energy surface along the
hydrogen-bonded OH stretch (HB stretch) and the cavity mode when
the coupling strength factor g is 0.0 or 0.005. The former case is
equivalent to the situation that (H2O)2 is outside the cavity. As seen
from the upper panel of Fig. 1b, the potential along the HB stretch
mode is asymmetric and strongly anharmonic while the potential
along the cavity mode is essentially the harmonic potential. When
(H2O)2 is inside the cavity, the potential energy surface, shown in the
lower panel of Fig. 1b, is significantly different from the uncoupledone,
in terms of the position of minimum energy and curvature of the PES.
Such change of the PES indicates that both spectral and dynamical
properties of the (H2O)2-cavity system may be altered by vibrational
strong coupling.

Before presenting the calculated IR spectra of the (H2O)2-cavity
system, it is crucial to emphasize the accuracy of our PES and DMS for
(H2O)2. Supplementary Table 1 gives harmonic frequencies and inten-
sities of 12 normal modes of (H2O)2 at its global minimum structure
using our PES/DMS and ab initio methods. As seen, the harmonic

frequencies predicted from our PES outperform the MP2/aVTZ results
and agree very well with the CCSD(T)-F12b/aVTZ benchmark calcula-
tions, with differences of nomore than 1 cm−1 for high-frequencymodes
and 5 cm−1 for several low-frequency modes. The double harmonic
intensities of all normal modes also match well with the MP2/aVTZ
calculations. Additional studies of the accuracy of our PES/DMS are
provided in previous papers37,43. It should also be noted that, to obtain
frequencies of polaritonic states, the ubiquitous Jaynes-Cummings
model44,45 could be applied by solving simplified polariton Hamiltonian
matrix. However, it has been shown that the Jaynes-Cummingsmodel is
not accurate in describing rovibrational transitions46. Such method is
also limited to two-level systems and ignores the permanent dipole and
dipole self-energy47. Our cav-VSCF/VCI approach applies a rigorous
Hamiltonian and could accurately describemulti-level couplings among
molecular vibrations and cavity modes37.

In Fig. 1c, we show the cav-VSCF/VCI spectra of the (H2O)2-cavity
system by varying the light–matter coupling factor g. First, when
(H2O)2 is outside the cavity, all OH stretches experience a redshift of
about 200 cm−1 compared to their harmonic frequencies. One promi-
nent peak at 3547 cm−1 is observed which corresponds to the funda-
mental band of the HB stretch. This is in good agreement with a recent
experimentalmeasurement of 3549 cm−1 using vacuum ultraviolet free
electron laser (VUV-FEL)48. Another intense spectral peak at around
3720 cm−1 results from the free OH stretch of the donor water
(3716 cm−1) and the asymmetricOH stretch of the acceptor water (3734
cm−1). The symmetricOH stretchof the acceptorwater at 3655 cm−1 has
low IR intensity and is barely visible in Fig. 1c. The spectral peak around
1600 cm−1 comes from the fundamental band of the bendingmodes of
the donor and acceptor waters. Again, all these band positions agree
well with previous experiments48,49. These observations further verify
the accuracy of our PES/DMS and highlight the need for quantum
dynamical approaches, such as VSCF/VCI, in treating strongly anhar-
monic molecular systems.

When (H2O)2 is placed in an optical cavity with cavity mode fre-
quency as 3547 cm−1 and polarization direction along O-O axis, the
original HB stretch at 3547 cm−1 splits into two intense peaks, corre-
sponding to the lower polariton (LP) and upper polariton (UP). As
shown in Table 1, both LP and UP states are dominated by

Table 1 | Cavity vibrational self-consistent field/configuration interaction (cav-VSCF/VCI) state energies and leading vibra-
tional configuration interaction (VCI) coefficient(s) under different values of the light–matter coupling factor gwith the cavity
mode polarized along the O-O axis

Cavity mode frequency ω = 3547 cm−1

Coupling factor g 0.00 0.001 0.002

Energy (cm−1) 3547 3547a 3716 3531b 3563c 3717 3514b 3579c 3717

VCI coeff (cavity) / 1.0 / 0.71 0.70 0.04 0.71 0.70 0.09

VCI coeff (HB str) 0.97 / 0.09 0.68 0.69 0.09 0.67 0.70 0.08

VCI coeff (free str) 0.16 / 0.99 0.09 0.05 0.99 0.11 0.04 0.98

VCI coeff (sym str) / / / / 0.05 / / 0.06 /

VCI coeff (bend overtoned) 0.15 / 0.05 0.11 0.11 0.05 0.11 0.10 0.05

Coupling factor g 0.005 0.008 0.01

Energy (cm−1) 3466b 3623c 3724 3418b 3658c 3743 3386b 3671c 3766

VCI coeff (cavity) 0.72 0.68 0.22 0.72 0.54 0.42 0.72 0.44 0.52

VCI coeff (HB str) 0.66 0.72 0.02 0.64 0.69 0.21 0.63 0.65 0.35

VCI coeff (free str) 0.15 0.16 0.96 0.18 0.43 0.87 0.20 0.59 0.77

VCI coeff (sym str) / 0.05 / / 0.16 / / 0.18 /

VCI coeff (bend overtoned) 0.13 0.10 0.04 0.15 0.11 0.01 0.17 0.11 <0.01

“/” indicates the VCI coefficients smaller than 0.005. “HB str”, “free str”, and “sym str” indicate the hydrogen bonded OH stretch, free OH stretch, and symmetric OH stretch respectively.
aFundamental frequency of the cavity mode.
bLower polariton state (LP).
cUpper polariton state (UP).
dBend overtone of the donor water.
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contributions from the cavity mode and the HB stretch mode, indi-
cating their strong couplings. Additionally, the LP state has a notable
contribution from the free OH stretch and bend overtone of the donor
water, while the UP state has additional involvement from the sym-
metric OH stretch of the acceptor water. The direct coupling between
the acceptor water’s symmetric OH stretch and donor water’s free OH
stretch or HB stretch is nearly neglectable when (H2O)2 is outside the
cavity. However, it becomes possible when (H2O)2 is inside the cavity
with the critical role of the cavitymode as amediator. The involvement
of donor water’s free OH stretch is straightforward since its dipole
moment vector is non-perpendicular to the cavity mode’s polarization
direction. As for the symmetric stretch, the UP state from HB stretch
and cavity mode locates close to the symmetric OH stretch region,
thus resonance with the symmetric OH stretch is realized. As seen in
Fig. 1c andTable 1, the splitting between the LP andUP states, knownas
Rabi splitting, becomes greater with an increase in the light–matter
coupling factor, g. The mixing between the HB stretch, cavity mode,
free OH stretch, and symmetric OH stretch in the UP state becomes
stronger with a higher light–matter coupling strength. This further
suggests that the optical cavity can induce the coupling of different
vibrational modes, leading to acceleration of intramolecular and
intermolecular vibrational energy transfer. It is important to note that
the bend overtone is alsomixed with the HB stretch even when (H2O)2
is outside of the cavity. Similar to the stretching modes, the mixing
with bend overtone is more significant as the light–matter coupling
factor g increases. As will be discussed in the dissociation dynamics,
the coupling to the bend overtone can be important to the possible
dissociation channel. It can also be observed in Fig. 1c that the Rabi
splitting patterns are slightly asymmetric with increasing light–matter
coupling strength. As seen in Table 1, the asymmetric intensities of LP
and UP states are attributed to different amounts of molecular vibra-
tional modes in the formation of hybrid polaritonic state (see corre-
sponding VCI coefficients). It would also be interesting to test
approximate methods, such as perturbation theory50,51, to capture the
asymmetric Rabi splitting features. Finally, in the current cav-VSCF/VCI
calculations, only high-frequency vibrational modes in (H2O)2 were
considered. To obtain more accurate IR spectra, the low-frequency
modes should be included. As shown in Supplementary Table 2, the

preliminary results with the inclusion of three intermolecular low-
frequency modes (O-O stretch, out-of-plane bend, and in-plane bend)
indicate that the HB stretch can be significantly mixed with complex
combination bands involving low-frequency modes and water bend.
However, due to the difficulty in obtaining converged spectra when
low-frequency modes are included52, we decide to present the cav-
VSCF/VCI results considering only high-frequency modes, which have
been shown above to be accurate enough compared to experiments.

Hydrogen-bond dissociation rate controlled by light–matter
coupling strength
The quantum dynamical simulations of the IR spectra of (H2O)2-
cavity system provide direct evidence of the origin of polariton
states’ special spectral signatures and promising predictions of
cavity-mediated intramolecular/intermolecular vibrational energy
transfer pathways. To explicitly figure out the role of light–matter
interaction in altering the chemical reaction dynamics, reliable and
extensive dynamics simulations are needed. Next, we present the
QCT simulation results of the vibrational dissociation dynamics of
(H2O)2 within an optical cavity. In Fig. 2a, snapshots of a repre-
sentative dissociation trajectory are shown. As seen, as time evolves,
the identity of the donor and acceptor water switches several times.
At a certain time, the twowater fragments start tomove apart and the
dissociated monomers are observed. Such observation agrees with
the time evolution of O-O distance in Fig. 2b along the same trajec-
tory. In Fig. 2c, we show the time evolution of the total energy of
(H2O)2, cavity mode, and the field. As seen, there exists significant
energy exchange between the molecule and cavity field, where the
sum of Emol and Efield is set as a constant along the microcanonical
(NVE) trajectory. The energy of the cavity mode follows a similar
oscillation trend as the field energy. Note, due to the well-known ZPE
leak issue of the QCT approach, the rate and amplitude of energy
exchange shown in Fig. 2c are overestimated. Despite this fact, the
QCT approach is known to be able to provide enriching information
on the dynamics.

Figure 2d shows the percentage of dissociated trajectories
among 20,000 QCT trajectories as a function of time, for different
initial conditions of light–matter coupling strength g. Figure 2e is the

Fig. 2 | Modification of dissociation rate from different light–matter coupling
strengths. a Selected frames labeled in picoseconds at different time in a repre-
sentative quasi-classical trajectory (QCT) leading to dissociation. b O-O distance
(ROO) in (H2O)2 as a function of time in the representative QCT trajectory. c Total
energy of the water dimer, cavity mode, and field (Emol,Ecav,Efield), as a function of
time in the representative QCT trajectory. d Percentage of dissociated trajectories

as a function of time for each (H2O)2-cavity system with different light–matter
coupling factors g. e Half-lifetime (τ0.5) of (H2O)2(νOH = 1) for (H2O)2-cavity systems
with different light–matter coupling factor g. (νOH = 1) indicates one quanta exci-
tation of the hydrogen-bonded OH stretch. The cavity frequency is set as 3547 cm−1

for a–e and the light–matter coupling factor g is set as 0.005 for a–c.
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corresponding estimations of the half-lifetime of (H2O)2(νOH = 1).
First, when (H2O)2 is outside the cavity, at around 25 ps about 83% of
the trajectories dissociated and QCTs predict the half-lifetime of
(H2O)2(νOH = 1) as about 13.5 ps. This agrees well with previous the-
oretical investigations of (H2O)2 dissociation dynamics42,53. When
(H2O)2 is inside the cavity with resonance frequency of 3547 cm−1 and
light–matter coupling factor g of 0.002, the corresponding dis-
sociation percentage curve (blue one) is very close to the case
without cavity (black one) across the whole 25 ps period. The pre-
dicted half-lifetime is 13.6 ps which is almost identical to the pre-
diction of the system without cavity. An intuitive feeling is that
relatively weak light–matter couplingmay not affect the dynamics at
all. However, when the light–matter coupling factor g is further
decreased to 0.001, as indicated in the sky blue curve in Fig. 2d, the
dissociation of (H2O)2 is slowed down although not dramatically. The
corresponding half-lifetime is predicted as 13.9 ps which is non-
negligibly longer than the 13.5 ps in the case without cavity. Thus,
even when the light–matter coupling strength is fairly weak, the
cavity will still affect the reaction dynamics, playing the role of
reservoir for the energy and inhibiting the intramolecular/inter-
molecular vibrational energy transfer during the hydrogen-bond
dissociation dynamics. This indicates the initial intuitive explanation
is problematic for the case when the coupling factor g is 0.002.
Actually, the cavity field interacts with the molecule by both
absorbing and releasing energy. At the same time, the cavity mode
induces the coupling among various vibrational modes which could
make intramolecular/intermolecular vibrational energy transfer
more efficient. The above cavity-molecule energy exchange, as well
as the acceleration of intermolecular/intramolecular vibrational
energy transfer, can reach a dynamical balance and the final reaction
rate is not affected by the existence of cavity, as shown in the case of
coupling factor g = 0.002. We will discuss this more in the following

section on the vibrational dissociation channels. When the
light–matter coupling strength becomes weaker, the cavity field
mainly takes the role of absorbing energies from the molecule and
the vibrational energy transfer in (H2O)2 can not be efficiently
improved. Then the final reaction rate is inhibited. When the cou-
pling strength is increased, as seen in both Fig. 2d, e, the dissociation
reaction gets accelerated significantly. For example, in the case of
coupling factor g as 0.01, at 25 ps, 95.2% of the trajectories dis-
sociated and the half-lifetime of (H2O)2(νOH = 1) is estimated as 8.2 ps
only. For such cases, the frequent and intense energy exchange
between molecule and cavity field weakens the role of the cavity as a
reservoir for energy. Furthermore, as indicated in previous experi-
ment and theory42,53, when (H2O)2 is outside the cavity, the coupling
to the dissociation coordinates is inefficient which requires sufficient
time for the energy to redistribute among the available vibrational
states and only restricted paths can lead eventually to dissociation.
Now, under strong light–matter coupling, the cavity mode could
induce couplings among (H2O)2’s vibrational modes, which will
accelerate the vibrational energy redistribution and thus shorten the
time needed for dissociation.

Dissociation pathways altered by vibrational strong coupling
Besides the reaction rate, it is important to investigate how the cavity
affects the chemical selectivity, such as the vibrational dissociation
channels in (H2O)2. We analyzed the vibrational and rotational popu-
lations of water monomer products in dissociated trajectories.
Figure 3(a)–(d) show these population distributions of different dis-
sociation channels for (H2O)2-cavity systems with different
light–matter coupling strengths. Again, let’s first consider the case
when (H2O)2 is outside the cavity. As shown in Fig. 3a, the dominant
vibrational dissociation channel is (000)+(010) where (000) indicates
the vibrational ground state and (010) is the first-excited bending state

Fig. 3 | Cavity-induced modification on dissociation channel. a Vibrational
product population for the dissociation of the water dimer inside an optical cavity
with different light–matter coupling factors g. The channel of vibrational ground
state products, (000)+(000), is indicated in blue and the channel of one bend-
excited monomer fragment, (000)+(010), is indicated in red. b–d Rotational dis-
tributions of products with different coupling factors g. b for vibrational ground
state products in (000)+(000) channel; c, d for vibrational ground state products

and bend-excited products in (000)+(010) channel, respectively. (n1n2n3) indicates
n1, n2, and n3 excitations of the symmetric stretch, bend, and asymmetric stretch
mode respectively. Both (000) and (ν =0, J) indicate the vibrational ground state of
the dissociation product with J as the rotational state. Both (010) and (ν = 1, J)
indicate the bending fundamental state of the dissociation product with J as the
rotational state.
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of the water molecule. This product channel accounts for 84% of the
total population. The (000)+(000) channel, where both water pro-
ducts stay in the vibrational ground state, is a minor channel with only
4% population. As a result, their rotational distributions are sig-
nificantly hotter than those of the (000)+(010) channel. This is verified
in Fig. 3b. The rotational distribution is broad for the (000)+(000)
channel with the peak around J = 8. For the (000)+(010) channel, the
rotational distribution is less broadwith the peak around J = 4. All these
observations agree well with previous theoretical investigations42,53 as
well as experimental measurements42. Conventionally, the energy
transfer process following the excitation of the HB stretch of (H2O)2
(3547 cm−1) is closely related to the intramolecular bending motion.
For example, theHB stretch couples stronglywith certain complicated
combination bands involving intramolecular water bend and inter-
molecular low-frequencymodes (in-plane bend for example), and also
directly coupled with water bend overtone. The energy transfer will
naturally decay to one involving the excitation of the dissociation
degree of freedom, which often leaves one quanta of bend excitation
in a fragment. Further energy decay from (010) to (000) is energeti-
cally relatively inefficient. Thus the (000)+(000) is a minor channel
when (H2O)2 is outside the cavity. Note, there areotherminor channels
with excited stretchmode or double-excited bendmode (see Table 2).
These channels are energetically closed quantum mechanically after
considering the ZPE and dissociation energy D0

42. Due to ZPE leakage
of the QCT approach, these channels are still observed.

Now, let’s move to the results of the vibrational dissociation
channels when (H2O)2 is inside an optical cavity. In the last section,
we show that when the light–matter coupling factor g is 0.002, the
rate of vibrational dissociation of (H2O)2 remains almost unchanged
compared to the casewithout cavity. However, as shown in Fig. 3 and
Table 2, the vibrational product populations are significantly
altered, with the major dissociation channel shifting from (000)
+(010) to (000)+(000), which now accounts for 52% of the popula-
tion. This striking change of vibrationally hydrogen bond dissocia-
tion channels of (H2O)2 highlights the critical role of the cavity in the
chemical reactions. The significant modification of the dissociation
channel by the cavity can be attributed to the novel couplings
among HB stretch, bend overtone, and the cavity mode. After the
bend overtone state (020) is excited through IVR process, direct
decaying to the bend fundamental state (010) is not efficient due to
their small vibrational couplings as indicated in Supplementary
Table 3. Instead, the bend overtone can directly decay to the ground
state (000) with energy absorbed by the cavity field. This is realized
through HB stretch-mediated coupling between bend overtone and
cavity mode. As shown in Supplementary Fig. 2 and Supplementary
Table 3 where we performed cav-VSCF/VCI calculation with and
without the inclusion of HB stretch, the coupling between bend

overtone and cavity mode becomes significant only when the HB
stretch is included in the calculation. The fact that the HB stretch
strongly couples with the cavity mode provides another new vibra-
tional dissociation channel with the existence of VSC. Instead of
transferring to the bend overtone and decaying to one quanta of
bending excitation in a fragment, the vibrational energy of the
excited HB stretch can be directly absorbed by the cavity field due to
their strong coupling. The corresponding dissociation pathway
involves energy transfers to one involving excitation of the dis-
sociative degree of freedom, with vibrational ground state in a
fragment and excess energies stored in the cavity field. This dis-
sociation pathway is energetically efficient, resulting in the relative
dominant (000)+(000) products. For both cases, the final products
will not be rotational highly excited since the excess energies are
absorbed by the cavity field. Direct evidence can be seen in the blue
line of Fig. 3b. Instead of highly excited rotational states, the (000)
+(000) products have apparently low rotational energy than those in
the case without cavity. Again, this is because the excess energies are
absorbed by the cavity field. As to the rotational states of (000)
+(010) products, they do not differ much from the case without
cavity.

Another important question is how the vibrational dissociation
channels in (H2O)2-cavity system changes under different
light–matter coupling strengths. As shown in Fig. 3a and Table 2,
when the light–matter coupling factor g decreases to 0.001, the
population of (000)+(000) channel increases to 54%, reflecting the
cavity’s increasing role as an energy reservoir. This agrees with the
findings in the dissociation reaction rate with g = 0.001, where the
reaction is slightly inhibited. Conversely, as the light–matter cou-
pling factor g increases, the populations of both (000)+(000) and
(000)+(010) channels decrease. As discussed in the section of IR
spectra and also in Table 1, when the light–matter coupling strength
increases, the couplings among cavity, HB stretch, free OH stretch,
symmetric OH stretch, and the bend overtone becomes more sig-
nificant. Additionally, when the intermolecular low-frequencymodes
(i.e., O-O stretch) are considered, as shown in Supplementary Table 2,
vibrational modes such as bend overtone and free OH stretch are
further mixed with the cavity mode and HB stretch with larger VCI
coefficients. Thus, the intramolecular and intermolecular energy
transfer involving these modes becomes more efficient. The energy
can decay to the excitation of dissociation degree of freedom which
is related with the low-frequency modes, leaving the fragment in its
bend overtone or OH stretch excited state. With the contribution
from the cavity field, such channels become energetically allowed
quantum mechanically. For the distributions of rotational states of
(000)+(000) and (000)+(010) channels, as seen from Fig. 3(b)–(d),
they do not change significantly when the light–matter coupling

Table 2 | Vibrational product distributions for the dissociation of the water dimer for (H2O)2-cavity systems with different
coupling strengths

(H2O)2(νOH= 1)! H2Oðn1n2n3Þ+H2Oðn0
1n

0
2n

0
3Þ

Light–matter coupling factor g

H2Oðn1n2n3Þ+H2Oðn0
1n

0
2n

0
3Þ 0.0 0.001 0.002 0.005 0.008 0.01 0.015

(000)+(000) 0.04 0.54 0.52 0.48 0.35 0.30 0.14

(000)+(010) 0.84 0.44 0.44 0.34 0.29 0.24 0.20

(000)+(100) 0.02 0.00 0.01 0.05 0.08 0.04 0.05

(000)+(001) 0.00 0.00 0.00 0.02 0.04 0.03 0.03

(000)+(020) 0.06 0.01 0.02 0.06 0.11 0.11 0.09

(010)+(010) 0.03 0.00 0.01 0.04 0.03 0.04 0.05

sum 0.99 0.99 1.0 0.99 0.90 0.76 0.56

The cavity frequency is set as 3547 cm−1. (000) indicates the vibrational ground state, (010) and (020) indicates the bending fundamental and overtone states, (100) indicates the first-excited
symmetric stretch state, and (001) indicates the first-excited asymmetric stretch state. (νOH = 1) indicates one quanta excitation of the hydrogen-bonded OH stretch.
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strength is modified. This indicates the fact that the underlying
mechanisms of the two dissociation channels are similar under dif-
ferent VSC conditions upon (H2O)2 is inside the cavity.

Effects of cavity frequency on reaction rates and pathways
Thus far,wehave demonstrated thatboth hydrogen-bonddissociation
rate and channel can be significantly altered by the vibrational strong
coupling in the (H2O)2-cavity system, with the resonant frequency of
3547 cm−1 and different light–matter coupling strengths. Next, we
investigate how the cavity mode detunings influence the spectral and
dynamical properties of the (H2O)2-cavity system. Figure 4a displays
the cav-VSCF/VCI spectra of (H2O)2-cavity system with different cavity
mode frequencies. Together with the detailed spectral peak position,
VCI coefficients, and assignments in Supplementary Table 5, it is seen
that when the cavity frequency is lower than the HB stretch
(ωcavity = 3350 or 3450 cm−1), there still exists an LP state dominated by
the cavity mode, while significant coupling with HB stretch, free OH
stretch, and the bend overtone is also observed. On the contrary, the
UP state is dominated by the HB stretchwith couplings from the cavity
modes and bend overtones. Since the HB stretch dominates the UP
state, the corresponding IR intensity of the UP state is apparently
higher than that of the LP state. When the cavity frequency is higher
than the HB stretch (ωcavity = 3650 and 3750 cm−1), the LP state is
dominated by the HB stretch and the UP state is dominated by the
cavity mode. Then the spectral peak of the LP state becomes more
intense than theUP state. Strongmixingwith the freeOH stretch is also
observed in both LP and UP states. However, as the cavity frequency
increases, the bend overtone is found to have less contribution to the
UP state.

Figure 4b shows the percentage of dissociated trajectories as a
function of time for the cases with different cavity frequencies. First,
upon (H2O)2 inside the cavitywith coupling strength factor g = 0.005,
the dissociation rate gets improved for all the cases. As we discussed

before, under strong light–matter coupling, frequent energy
exchange between the cavity field and (H2O)2 weakens the role of the
cavity as energy reservoir. In addition, the existence of cavity induces
the strong mode couplings involving either intramolecular OH
stretches (like free OH stretch) or water bend overtone. Thus vibra-
tional energy redistribution within (H2O)2 gets more efficient and
accelerates the dissociation dynamics. Another interesting finding is
that the hydrogen bond dissociation rate increases with smaller
cavity frequencies. As indicated in the IR spectral results and Sup-
plementary Table 5, with smaller cavity frequency, the coupling
between HB stretch/cavity mode with the free OH stretch gets
weaker while the coupling with bend overtone is more significant.
Thus, the energy is easier to directly decay to the excitation of dis-
sociation coordination and the bending mode of a water fragment.
Finally, in Fig. 4c, we present the change of vibrational product
populations with different cavity frequencies. In all cases, the major
product corresponds to (000)+(000), which agrees with previous
observations shown in Fig. 3. When the cavity frequency increases,
the product distributions do not change dramatically. There seems
to be a resonance effect on the population of (000)+(000) product.
However, such effect is not apparent in the current work and needs
more extensive investigations which are subject to our future stu-
dies. When the cavity frequency is larger than the resonance fre-
quency (3547 cm−1), both (000)+(000) and (000)+(010) channel
populations tend to decrease. This can be attributed to the stronger
coupling between HB stretch/cavity mode with intramolecular OH
stretch, such as free OH stretch. As indicated in Supplementary
Table 8, The corresponding dissociation channel could result in
(000)+(100) or (000)+(001) with excited OH stretch in one water
fragment. Note, such dissociation channels are energetically close
quantum mechanically when (H2O)2 is outside the cavity. With the
contribution from the cavity field, these channels can becomeminor
dissociation channels.

Fig. 4 | Cavity frequency dependence of vibrational spectra, dissociation rates
and pathways. a Infrared spectra of (H2O)2 with different cavity mode frequencies
(ωcavity). b Percentage of dissociated trajectories (Pdissociation) as a function of time
for each (H2O)2-cavity system with different cavity mode frequencies (ω).
c Vibrational product population for the dissociation of the water dimer inside an

optical cavity with different cavity mode frequencies. The dissociation channel of
ground vibrational state products is indicated in blue and the channel of one bend-
excited monomer fragment is indicated in red. (ν =0) indicates the vibrational
ground state and (ν = 1) indicates the bend fundamental state of the dissociation
product. The light–matter coupling factors g is set as 0.005 for a–c.
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Discussion
To summarize, in this work, we present a novel combination of fully
quantum cav-VSCF/VCI and quasi-classical trajectory approaches to
investigate both spectral and dynamical properties of the water dimer
when it is inside an optical cavity. The quantum dynamical IR spectra
calculations provide direct evidence of how the cavity mode interacts
with molecules and induces various vibrational mode couplings.
Follow-up QCT calculations successfully reveal that the hydrogen
bond dissociation dynamics in (H2O)2 can be significantly affected by
the existence of an optical cavity. Besides the influence on intramo-
lecular/intermolecular vibrational energy transfer, there exists com-
peting effect on energy absorption and release for the cavity field.
When the polaritonic vibrational coupling strength is relatively weak,
the cavity field behaves as a reservoir of energy and inhibits the dis-
sociation dynamics. With stronger light–matter coupling strength, the
energy exchange between the molecule and cavity field is more fre-
quent and the vibrational energy transfer process becomes more
efficient, which in turn accelerates the reaction rate. One notable
finding in our calculations is that the vibrational dissociation channels
can be greatly influenced by the cavity. Upon (H2O)2 inside the cavity,
with either weak or strong light–matter coupling, the ground state
dissociation products can become the major products. Possible
explanations involve (1) instead of inefficient decaying to the funda-
mental band, the systemwith excited bend overtone state can directly
decay to the ground state with energy stored in the cavity field (2) a
totally new vibrational dissociation channel where the energy transfer
directly decays to excitation of the dissociative degree of freedom
with excess energies absorbed by the cavity field. Both ways generates
rotationally cold products. We also investigate the dependence of
cavity mode frequencies on spectral and dynamical properties. It is
confirmed that different cavity property could induce different
extents of intramolecular/intermolecular vibrational energy transfer
and affect the final dissociation dynamics.To obtainmore quantitative
understanding of the mechanism of the dissociation dynamics invol-
ving the vibrational relaxation and energy transfer processes, more
rigorous theoretical approach, beyond the scope of quasi-classical
trajectory method, should be applied. We previously investigated the
vibrational relaxation pathways among water stretches and bending
overtones in ice using the VSCF/VCI approach54. However, it still
remains a challenge for related theoretical study of dissociation
dynamics. We hope our work could stimulate further theoretical
investigations in the future.

To the best of our knowledge, our work is the first study con-
firming the change of reactions in both reaction rate and pathways
through accurate and statistically significant theoretical calculations,
based on fully quantum and quasi-classical approaches and CCSD(T)-
level PES/DMS. Although the current work focuses on gas-phase water
dimer within a cavity and the realistic cavity system requires the
existence ofmanymolecules in a collective coupling regime, as well as
the consideration of cavity loss, our work presents a solid first step for
investigating the reaction dynamics of molecular systems in an optical
cavity. The methodologies utilized in this work can be further applied
to larger molecular systems from gas-phase clusters, i.e., (H2O)20, to
condensedphase systems, i.e., liquidwater and ice. Similar approaches
have been applied to investigate the IR spectra and vibrational
relaxation dynamics of liquid water and ice43,54,55. Future investigations
will focus on understanding the collective spectral properties and
dynamical reactivities by putting many molecules in the cavity21,56. We
also note that recently, new experimental platform for vibrational
strong coupling in gas phasemolecules is realized57. We anticipate that
the findings in our high-quality calculations can further guide the
experimentalists to investigate how the ubiquitous hydrogen bond
dissociation dynamics can be manipulated by the polaritonic vibra-
tional strong coupling.

Methods
Cavity QED Hamiltonian
The widely used Pauli-Fierz Hamiltonian16,58,59 for the cavity quantum
electrodynamics (QED) is employed throughout this work:

ĤQED = ĤM + ĤC + ĤCM ð1Þ

The three terms on the right side of Eq. (1) are the Hamiltonian for the
molecule, cavity phonon field Hamiltonian, and the light–matter
interaction term, respectively:

ĤM = T̂NðRÞ+V ðRÞ ð2Þ

ĤC =
XNC

k

1
2

p̂2
k +ω

2
k q̂

2
k

� �
ð3Þ

ĤCM =
XNC

k

ωk

ffiffiffiffiffiffiffiffiffi
1

ϵ0 ~V

s
q̂kðμ̂ � ekÞ+

1
2

1

ϵ0 ~V
ðμ̂ � ekÞ2 ð4Þ

In Eqs. (2)–(4), T̂NðRÞ is the kinetic energy operator and V(R) is the
potential energy of the molecular system. NC is the number of cavity
modes, andωk ,p̂k , and q̂k are the frequency,momentumoperator, and
position operator, respectively, for the cavity mode k. μ̂ is the dipole
moment vector operator for the molecular system, ϵ0 is the permit-
tivity, ~V is the effective cavity volume, and ek is the polarization vector
of the field for the cavitymode k. In Eqs. (3) and (4), each cavitymode k
is assumed to have frequencyωk and polarization vector ek. Moreover,
themomentumoperator p̂k andpositionoperator q̂k can be expressed
in terms of the photon mode creation and annihilation operators, ây

k
and âk :

q̂k =

ffiffiffiffiffiffiffiffiffi
_

2ωk

s
ây
k + âk

� �
, p̂k = i

ffiffiffiffiffiffiffiffiffi
_ωk

2

r
ây
k � âk

� �
ð5Þ

With detailed expressions of three terms in Eqs. (2)–(4), the Pauli-
FierzHamiltonian for themolecular systemwithin anoptical cavity can
be rewritten as:

Ĥ = T̂NðRÞ+V ðRÞ+
XNC

k

1
2
p̂2
k +

1
2
ω2

k q̂k +

ffiffiffiffiffiffi
2
ω3

k

s
gμ̂ � ek

 !2
2
4

3
5 ð6Þ

with the light–matter coupling factor defined as g =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωk=ð2ϵ0 ~V Þ

q
. Here,

we denote the effective potential Veff and total field energy Efield as:

V effðR,qÞ=V ðRÞ+
XNC

k

1
2
ω2

k q̂k +

ffiffiffiffiffiffi
2
ω3

k

s
gμ̂ � ek

 !2

ð7Þ

Efield =
XNC

k

1
2
p̂2
k +

1
2
ω2

k q̂k +

ffiffiffiffiffiffi
2
ω3

k

s
gμ̂ � ek

 !2
2
4

3
5 ð8Þ

The energy of the cavity modes Ecav is expressed straightforwardly
from the cavity photon filed Hamiltonian in Eq. (3). As seen in Eqs. (7)
and (8), the effective potential and the field energy are dependent on
the molecular orientation as a result of the interaction term between
themolecular dipolemoment vector and the polarization vector of the
cavity mode. Since the additive contributions from cavity field and
light–matter interaction in Eq. (7) can always be optimized to zero, the
ground state equilibrium geometry as well as the binding energy of
water dimer will not be altered by the cavity60.
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Potential energy and dipole moment surfaces of water dimer
To conduct fully quantum vibrational spectra and quasi-classical tra-
jectory simulations of realistic molecules in an optical cavity, high-
accurate potential energy and dipole moment surfaces (PES and DMS)
are required. Here, for the water dimer system, we employed CCSD(T)
level PES and DMS within the scheme of many-body expansion. Spe-
cifically, the PES is taken from our recently reported CCSD(T) water
potential, q-AQUA37, with the following expression:

V ðH2OÞ2 =
X2
i = 1

V ð1Þ
wi
+V ð2Þ

w1,w2
ð9Þ

where V ð1Þ
wi

is the 1-body water monomer potential from a spectro-

scopically accurate PES developed by Partridge et al.61 V ð2Þ
w1,w2

is the

2-body interaction potential between two water molecules37. This

2-body potential was fitted based on 71,892 CCSD(T)/CBS 2-b energies
using permutationally invariant polynomial (PIP) approach62. The
dipole moment of the water dimer system is also represented in a
many-body expansion:

μðH2OÞ2 =
X2
i= 1

μð1Þ
wi
+μð2Þ

w1,w2
ð10Þ

The 1-body water dipole, μð1Þ
wi
, is from a highly accurate DMS for H2O

developed by Lodi et al.63. The 2-body dipole, μð2Þ
w1,w2

, is from the PIP fit

to roughly 30,000 MP2/aVTZ dipole moment data64. More details of
the PES and DMS of water dimer are referred to the q-AQUA water
potential37 and WHBB water DMS64.

cav-VSCF/VCI vibrational spectra calculations
To perform quantum simulation of the vibrational spectra of water
dimer within an optical cavity, we applied our recently developed
cavity vibrational self-consistent field/virtual state configuration
interaction (cav-VSCF/VCI) approach36. The cav-VSCF/VCI approach
applies the cavity QED Hamiltonian, expressed in Eq. (6), and uses the
popular Watson Hamiltonian in normal mode representation for the
molecular Hamiltonian. Similar to the conventional VSCF/VCI
approach, the cav-VSCF/VCI method expands the hybrid nuclear-
cavity vibrational wavefunction on the basis of VSCF states:

ΨðQ,qÞ=
X
m

CmΦmðQ,qÞ=
X
m

Cm

YN
i= 1

ϕm
i ðQiÞ

YNC

i= 1

χmi ðqiÞ ð11Þ

where Φm(Q, q) are the ground and excited states from the VSCF
solutions which is represented as a direct product of N molecular
mode wavefunctions and NC cavity mode wavefunctions. The com-
bination coefficients Cm are determined by diagonalizing the VCI
Hamiltonian matrix. Interested readers are referred to our recent
paper for more details36. All the cav-VSCF/VCI calculations were
performed through a modified version of MULTIMODE65, with an
interface to the water dimer PES and DMS as described above. We
considered one cavity mode with polarization direction along water
dimer’s O-O axis, and all the bending and OH stretch modes of the
water dimer. Hence, there are 6molecular normalmodes and 1 cavity
mode included in the cav-VSCF/VCI calculations. A 4-mode repre-
sentation (4MR) of the effective potential, Veff, and a 3-mode
representation (3MR) of the dipole moment were used. Such
treatment has been successfully used in the quantum vibrational
spectra calculations of neutral and protonated water clusters to
achieve a good balance of accuracy and computational efficiency.
Details of the N-mode representation are included in the

Supplementary Note 1. The VCI excitation space is (10,9,8,7) for
single, double, triple, and quadruple excitations respectively,
ensuring a sufficiently large VCI matrix.

Quasi-classical trajectory calculations
The Quasi-classical trajectory calculations were performed to simulate
the vibrational dissociation dynamics of (H2O)2 within an optical cav-
ity. Based on the cavity QED Hamiltonian in Eq. (6), the equations of
motion for both molecular and cavity degrees of freedom were
derived with the Hamilton’s equations and propagated using the
velocity-verlet integration method. The standard normal mode sam-
pling was applied to prepare the initial quasi-classical states by
assigning harmonic zero-point energy (ZPE) to eachmolecular normal
mode and an extra quanta of excitation to the H-bonded OH stretch
fundamental. The total rotational angular momentum of the water
dimer was set to zero. One cavity mode was considered with its
polarization direction along the O-O axis and initialized with its har-
monic ZPE. For each set of initial conditions of the optical cavity, such
as cavity frequency and light–matter coupling factor, a total of 20,000
trajectories were propagated for about 25 ps each with a 0.12 fs time
step. The final products were analyzed for dissociated trajectories with
O-O distance larger than 10 Å. The vibrational and rotational states of
the dissociated water fragments were determined in the standard
way42 and are described below.

Product-state analysis
For dissociated (H2O)2 from the trajectories, we conducted product
analysis over each H2O fragment. First, the total classical rovibrational
energy of H2O was determined. Then the total rotational angular
momentumwas removedusing the samemethodas inpreparing initial
conditions for QCT calculations. With zero angular momentum, the
vibrational energy of H2O was calculated. The classical rotational
energy was calculated as the difference between original rovibrational
energy and the pure vibrational energy.

Next, wedescribe how the quantumvibrational state levels of H2O
were determined. Taking the global minimum geometry of H2O as the
reference geometry, normal mode analysis was conducted, which
provides harmonic frequencies of bend, symmetric stretch, and
asymmetric stretch, as well as the orthogonal matrix to transform the
mass-scaled Cartesian coordinates to normalmode coordinates. Using
this orthogonal matrix, as well as the Cartesian coordinates and velo-
cities of productH2O, the normalmode coordinates,Q, andmomenta,
P were obtained by linear transformation. The harmonic vibrational
energy for each normal mode is then calculated through corre-
sponding transformed normal mode coordinate, Qi, and momen-
tum, Pi.

Finally, the non-integer harmonic action number, n0
i, is deter-

mined by applying the energy formula of quantum harmonic oscilla-
tor. The integer harmonic action number ni is simply obtained by
rounding n0

i to its nearest integer value. The final vibrational state of a
product H2O is denoted as n = (n1, n2, n3), where n1, n2, n3 represents
the action numbers of symmetric stretch, water bend, and asymmetric
stretch respectively.

Gaussian binning analysis
To obtain the final rovibrational distributions of the fragment pro-
ducts, we applied the Gaussian binning procedure (1GB)42,53,66–68 where
one Gaussian weight for each fragment was calculated according to its
total vibrational energy. This procedure assigns small weights for tra-
jectories that have fragments violating the ZPE and effectively
addresses the well-known ZPE leaking issue of the QCT method. The
approaches of determining the quantum vibrational state and the 1GB
approach have been successfully verified in the previous studies of
vibrational dissociation dynamics of the water dimer42,53. Here, we
briefly describe the Gaussian binning procedure to get statistical
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probability of certain vibrational state n. Suppose there are N(n)
number of products in the specific state n from Ntraj QCT trajectories,
the probability of state n is expressed as:

PGBðnÞ=
PNðnÞ

i GiðnÞP
n

PNðnÞ
i GiðnÞ

ð12Þ

whereGi(n) is theGaussianweight assigned to eachproduct, i, for state
n. In the 1GB procedure53,66–68, we applied one Gaussian weight func-
tion to each product. The weight is determined through the following
expression:

GiðnÞ=
βffiffiffiffi
π

p exp �β2 Eðn0
iÞ � EðnÞ
2Eð0Þ

� �2
" #

ð13Þ

where β=2
ffiffiffiffiffiffiffiffiffi
ln 2

p
=δ with δ as the FWHM, E(0) is the harmonic ZPE,E(n)

is the harmonic vibrational energy of the product for state n. Finally,
Eðn0

iÞ is calculated as the sum of kinetic energy and anharmonic
potential energy of the product using its Cartesian coordinates and
velocities after ruling out the rotational angular momentum. It should
be noted that in the current work, the weight of the correlated vibra-
tional state of the twoH2Oproducts is calculated as the product of two
Gaussians, such that,

Gðn1,n2,n3,n4,n5,n6Þ=Gðn1,n2,n3Þ×Gðn4,n5,n6Þ ð14Þ

Data availability
The source data as well as the output files generated in this study are
available on the public repository https://github.com/qiyuchem/
Cavity-water-dimer.

Code availability
The source codes for cav-VSCF/VCI, QCT and ML PES/DMS are avail-
able upon request to the authors.
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