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Strong light-matter interaction in cavity environments has emerged as a promising and general
approach to control chemical reactions in a non-intrusive manner. The underlying mechanism that
distinguishes between steering, accelerating, or decelerating a chemical reaction has, however, re-
mained thus far largely unclear, hampering progress in this frontier area of research. In this work,
we leverage a combination of first-principles techniques, foremost quantum-electrodynamical density
functional theory, applied to the recent experimental realization by Thomas et al. [1] to unveil the
microscopic mechanism behind the experimentally observed reduced reaction-rate under resonant vi-
brational strong light-matter coupling. We find that the cavity mode functions as a mediator between
different vibrational eigenmodes, transferring vibrational excitation and anharmonicity, correlating
vibrations, and ultimately strengthening the chemical bond of interest. Importantly, the resonant
feature observed in experiment, theoretically elusive so far, naturally arises in our investigations.
Our theoretical predictions in polaritonic chemistry shine new light on cavity induced mechanisms,
providing a crucial control strategy in state-of-the-art photocatalysis and energy conversion, pointing
the way towards generalized quantum optical control of chemical systems.

I. INTRODUCTION

In recent years, strong light-matter interaction [2–5]
has experienced a surge of interest in chemistry and ma-
terial science as a fundamentally new approach for alter-
ing chemical reactivity and physical properties in a non-
intrusive way. Seminal experimental and theoretical work
has illustrated the possibility to control photo-chemical
reactions [6–11] and energy transfer [12–21], strongly cou-
ple single molecules [22–27] or extended systems [28–30],
and even modify superconductivity [31, 32]. Vibrational
strong-coupling is a particularly striking example. For
instance, it was observed that coupling to specific vibra-
tional excitations can inhibit [1, 33], steer [34], and even
catalyze [35, 36] a chemical process. While experimen-
tal work continues to make strides, a theoretical under-
standing of the mechanism that controls chemical reac-
tions via vibrational strong-coupling still remains largely
unexplained, a critical gap that our work here closes.
Initial attempts to describe vibrational strong-coupling
in terms of equilibrium transition-state theory [37–39]
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have suggested no dependence on the cavity frequency,
in stark contrast with the experimental observations. A
second approach suggesting an effective dynamical caging
by the cavity [40] partially introduced frequency depen-
dence, but so far has been unable to connect to the ex-
perimentally observed frequency dependence.

In this work, we report for the first time a compre-
hensive picture of the microscopic resonant mechanism
responsible for cavity-mediated chemical reactivity and
excellent agreement of ab initio calculations with ex-
perimental observations [1, 33]. Specifically, we observe
the inhibition of the deprotection reaction of 1-phenyl-2-
trimethylsilylacetylene (PTA) presented in Ref. [1] and
schematically illustrated in Fig. 1. Our ab initio investi-
gations give rise to the same resonant condition observed
in experiment without the presence of a solvent, thus re-
solving a recent debate questioning previous experimen-
tal investigations [41, 42]. While further investigations
will be necessary to entirely resolve the effects behind vi-
brational strong-coupling, we provide critical theoretical
evidence to settle an unresolved and active debate in the
field [1, 37–39, 41, 42], suggesting that strong-coupling
to specific vibrational modes can indeed modify chemical
reactivity.

Our approach relies on the recently introduced
quantum-electrodynamical density-functional theory
(QEDFT) framework [43–49] that enables the full
description of electronic, nuclear and photonic degrees
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FIG. 1. (a) Resonant vibrational strong-coupling can inhibit chemical reactions. (b) Illustration of the reaction mechanism for the
deprotection of 1-phenyl-2-trimethylsilylacetylene (PTA), with tetra-n-butylammonium fluoride (TBAF) and (c) energetic of the
reaction in (b) in free-space. The successful reaction involves breaking the Si-C bond and thus overcoming a transition-state barrier

of 0.35eV. (d) Vibrational absorption spectrum along the cavity polarization direction Sεc(ω) = 2ω
∑Nvib

j=1 |εc · R(ωj)|2δ(ω − ωj)

illustrating the strong-coupling of the vibrational eigenmode at 856 cm−1 with the cavity polarized along εc for PTAF− (blue) and the
isolated PTA complex (magenta). The insets show the coupled vibrational mode and the light-matter hybridization under vibrational
strong-coupling. Our time-dependent calculations describe the correlated (non-adiabatic) movement of electrons, nuclei and cavity
field during the reaction.

of freedom from first principles. QEDFT recovers the
resonant dynamic nature of the chemical inhibition
under vibrational strong-coupling, illustrating the
strength embodied by first-principle approaches in this
context. We find that the cavity introduces an additional
coupling between the molecular vibrational modes,
leading to new anharmonic vibrations. By virtue of
the new basis of eigenmodes (mixed cavity-vibrational
modes), the original vibrational modes of the system
become increasingly correlated enabling new paths for
the energy to be redistributed. Energy deposited in
a single bond during the reaction quickly spreads to
the set of correlated modes such that the probability
to break a specific bond is diminished. For increasing
light-matter interaction a second mechanism attains
increasing relevance. The cavity enacts an repellent
force on the F− attacking the PTA complex due to the
induced molecular currents. Consequently, the speed of
the reaction reduces and the probability to follow the
common reaction pathway is diminished.

II. REACTION MECHANISM AND RESONANT
VIBRATIONAL STRONG-COUPLING FROM

FIRST-PRINCIPLES

Under typical reaction conditions, that is, no vi-
brational strong-coupling, the deprotection reaction of
1-phenyl-2-trimethylsilylacetylene (PTA) with tetra-n-
butylammonium fluoride (TBAF) to give phenylacety-
lene (PA) and fluorotrimethylsilane (FtMeSi) is expected
to evolve (see fig. 1 b) as follows [1, 50, 51]. In solution
(usually methanol) the F− ions released by TBAF form
an intermediate pentavalent complex (PTAF−) that re-
duces considerably the barrier for the dissociation of the
Si-C bond, inducing the exit of the phenylacetylide anion
(PA−). In solution a fast protonation of the PA− brings
to the formation of the final phenylacetylide (PA) prod-
uct. Here, we will describe the explicit evolution of the
reaction for a single molecule represented by an ensem-
ble of thermally distributed independent trajectories that
follow the equations of motion provided by (quantum-
electrodynamical) density-functional theory. Our numer-
ical investigations start from the PTA+F− initial state
over the intermediate pentavalent PTAF− complex up to
the breaking of the Si-C bond (see fig. 1 c), thus explicitly
including the rate limiting step (PTA+F− → FtMeSi +
PA−).
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In order to simulate vibrational strong-coupling in-
side the cavity and its effect on the reaction, we couple
a single cavity mode with variable frequency ωc, effec-
tive cavity volume Vc, and fixed polarization εc to the
molecular dipole moment R̂ according to Ĥ = ĤMatter +

~ωc(â†â + 1
2 ) +

√
~ωc

2ε0Vc
(εc · R̂)(â† + â) + 1

2ε0Vc
(εc · R̂)2

[48, 52, 53]. The dimensionless ratio g/~ωc with cou-

pling g = ea0
√
~ωc/2ε0Vc provides an indication for rel-

ative light-matter coupling strengths. We select interac-
tion strengths that result in hybridization (or Rabi) split-
tings of around 10% and therefore on the order of the ex-
perimentally observed spectra (see fig. 1 d). The specific
value chosen here does not influence the qualitative obser-
vation and we will discuss in the following how such local
effective couplings could emerge. Retaining the quadratic
operator 1

2ε0Vc
(εc · R̂)2 is however critical to ensure a

physically sound result [53]. The correlated evolution of
electronic, nuclear, and photonic system is described by
quantum-electrodynamic density-functional theory em-
ploying Maxwell’s equation of motion [24, 48, 54] (details
in Materials and Methods V).

A prerequisite for reactive control is the strong-
coupling condition, that is, a hybridization energy be-
tween vibration and photon larger than the combined
decoherence of the system. Intuitively, the cavity exci-
tation would be overlaid with a vibrational excitation
and the hybridization correspondingly visible. Obtain-
ing vibro-polaritonic spectra and confirming the strong-
coupling condition is thus a first essential step in any ab
initio QED chemistry investigation. Fig. 1 d illustrates
the vibrational absorption spectrum along the cavity po-
larization axis for isolated PTA and pentavalent PTAF−

complex. Clear resonances around ωr = 856 cm−1 can be
observed, suggesting that the vibrational strong-coupling
conditions are met around the local minimum (PTAF−)
as well as for all molecules previous to any reaction
(PTA).

During the reaction, however, the molecular geometry
and its vibrational spectrum change considerably (more
details in Materials and Methods V) such that simula-
tions involving a single molecule are unlikely to exhibit
a sharp resonant condition for an effect of the cavity on
the reaction. In addition, the Si-C bond of special inter-
est contributes to a set of vibrational eigenmodes which
are distributed over a wide frequency-range. In combina-
tion, retaining exact resonance between a specific cavity
mode and a specific vibrational mode during the reaction
is virtually impossible but also not necessary as we will
confirm in the following the experimentally observed ef-
fect including its resonant condition. Our investigations
illustrate that reduced model descriptions, while power-
ful and intuitive in many situations, can be misleading at
times and that first principles calculations are essential in
the future understanding and development of polaritonic
chemistry.

FIG. 2. Exemplary trajectory outside g/~ωc = 0 (red) and inside
the cavity g/~ωc = 0.283, ωc = 856 cm−1 (orange) undergoing
the reaction illustrated in fig. 1 (b, c). The transition-state is
indicated with a yellow star. Encoded in the transparency is the
relative angle between Si-C and cavity polarization axis (inset
fig. 1 d). The molecular axis remains largely oriented along the
cavity polarization during the reaction.

III. CAVITY INDUCED INHIBITION OF A
GROUND-STATE CHEMICAL REACTION

In order to identify the physical mechanism behind
the cavity induced inhibition of the Si-C bond-breaking,
we perform real-time quantum-electrodynamical density-
functional theory calculations for a set of 30 trajectories
which are launched with initial conditions sampled from a
thermal distribution at 300 Kelvin. Fig. 2 illustrates one
such exemplary trajectory in free-space (red) and when
strongly coupled to the resonant cavity-mode (orange).
The potential energy surface is shown here for illustrative
purposes only and has not been employed in the prop-
agation. For the given set-up, the way F− attaches and
how the pentavalent PTAF− complex is formed is barely
disturbed. Once the molecule enters the pentavalent com-
plex, a clear change in the dynamics of the Si-C bond is
observed. The resonant cavity effectively traps the system
around the local minimum, extending the reaction-time
beyond the simulation time of 1 ps by protecting the Si-C
bond from dissociating.

To further elucidate the bond-strengthening feature of
the cavity, we project the dynamical nuclear-coordinates
during the time-dependent evolution on the vibrational
eigenmodes of the bare PTAF− system (without cav-
ity). Illustrated in fig. 3 is the absolute difference of
mode occupation between strong resonant coupling ωc =
856 cm−1 and far off-resonant coupling ωc = 425 cm−1.
Particularly relevant is the time-domain in which the F
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FIG. 3. Time-resolved influence on the mode occupations by resonant vibrational strong-coupling. Illustrated is the trajectory averaged
absolute difference in normalized mode-occupation between on resonant condition ωc = ωr = 856 cm−1 and far off-resonance
ωc = 425 cm−1 for all trajectories that undergo the reaction at ωc = 425 cm−1.

anion attaches to PTA at 200 fs and the Si-C bond-
breaking in free-space at 500 fs. The latter is foreshad-
owed by increasing occupations in modes involving vi-
brations of the F-Si-C-C chain. Without surprise, many
(anharmonic) vibrational modes contribute to the reac-
tion, rendering it challenging to describe the reaction in
terms of a reduced subset of coordinates. While the cavity
has an overall minor effect on the vibrational occupations
in the aforementioned time-window, it leads to consider-
able redistribution of occupation in modes along this F-
Si-C-C chain. Consequently, the cavity can prevent the
bond-breaking of Si-C by distributing energy into other
vibrations along the F-Si-C-C chain, effectively correlat-
ing the vibrations along the chain. The dominant effect
of vibrational strong-coupling on a ground-state chemi-
cal reaction would be therefore that it provides means to
redistribute the energy from a specific bond into other
degrees of freedom. These observations suggest a clear
dependence on the symmetry of the molecule and associ-
ated reaction pathways, in conceptually close agreement
with recent experimental investigations [55].

We acknowledge that such correlations via the cavity-
mode would necessarily depend on the chemical complex,
reaction mechanism and ambient conditions. Our results

and experimental observations [1, 33, 34] suggest, how-
ever, that tuning the cavity in resonance to a molecu-
lar vibrational excitation with relevant contribution to
reactive bonds prefers to inhibit typically dominant re-
action pathways. In our investigations, the inhibition of
the reaction for a given temperature can be overcome
by increasing the molecular temperature to the point
that the energetic redistribution mediated by the cavity
becomes negligible. Each pathway affected by the cav-
ity would then become increasingly sensitive to thermal
changes. This provides room for other usually suppressed
pathways, leads to an overall tilt in the reactive land-
scape, and alters the thermodynamic characteristics of
the reaction. The way that catalytic effects via vibra-
tional strong-coupling to solvents [35, 36] follow the same
rationale and pathway remains an open question.

The experimental conditions [1, 33–36] suggest an in-
volvement of a macroscopic number of molecules N that
collectively couple to the cavity excitation, effectively
representing a set of synchronized oscillators leading to a√
N enhancement of the effect. Such a collective interac-

tion does not necessarily imply that a single molecule is
strongly affected by the light-matter interaction as shown
here. Recent theoretical work suggests however that col-
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lective strong-coupling can lead to local strong-coupling
as the individual molecule undergoing the reaction expe-
riences a collectively enhanced dipole moment [56, 57].
In addition to the here observed intra-molecular energy
redistribution, inter-molecular interactions mediated by
the cavity might further inhibit accumulation of energy
in specific bonds, thus preventing specific reactions. Ex-
perimental ambient conditions influence the coherence of
those processes and will likely determine the relevance
of intra- and inter-molecular vibrational energy redis-
tribution. Further, intra- and inter-molecular processes
should obey a different dependence on the symmetry of
the molecule. The combination of both ‘handles’ could
provide a possible path to elucidate their individual rel-
evance in vibrational strong-coupling.

A. Observation of a Resonant Effect

While experiments so far have indicated a clear de-
pendence on the resonant conditions between vibration
of interest and cavity, theory has not been able to agree
with this as a critical prerequisite. Hidden in the overall
debate (and disagreement with previous predictions) are
two aspects that are combined in a single experimental
observation. The first is the strong-coupling condition it-
self. When decoherences dominate the energy exchange
between vibrations and photons, their hybridization van-
ishes and no relevant effect of the cavity environment on
the chemical reaction can be observed [1]. This implies
that the possibility of modifying the chemical reaction
should closely follow the strong-coupling condition. Sec-
ond, the vibrations that dominantly contribute to the
bond-breaking have to be involved in this strong-coupling
condition.

In our ab initio theoretical investigation, the strong-
coupling condition is always fulfilled, and thus we dom-
inantly investigate the second resonant condition. By
varying the length of the idealized Fabry-Pèrot cavity,
we tune the frequency of the cavity mode while keeping
the ratio between coupling and frequency g/~ωc constant.
Fig. 4 illustrates our extensive ab initio calculations ad-
dressing the resonant effect in a compact trajectory av-
eraged form. We show the trajectory averaged Si-C dis-
tance over time (a) in addition to the time-averaged Si-C
distance (b) and its variance (c) averaged over all tra-
jectories. The majority of the trajectories exhibit a clear
resonant feature around the experimentally observed res-
onant frequency at 860 cm−1. While the vibrational spec-
tra for the relaxed structures of PTA and PTAF− are
only overlaying with the cavity frequency at 856 cm−1,
the spectra change considerably for non-relaxed configu-
rations, e.g. the initial state PTA+F (see Materials and
Methods V). As a consequence, cavity frequencies close
to the aforementioned 856 cm−1 can momentarily cou-
ple to dynamically changing normal-modes during the
reaction and might explain the broadened resonant be-
haviour in fig. 4. We, therefore, find that the suggested
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FIG. 4. Time-resolved trajectory averaged Si-C distance (a, top)
and time-averaged Si-C distance (b) and variance (c) for varying
cavity frequency ωc relative to the resonant frequency ωc = ωr =
856 cm−1. The ratio g/~ωc = 0.283 is kept constant. Error-bars
show the standard error of the trajectory average. The Si-C bond
breaks at around 500 fs in free-space (black dotted) while under
resonant conditions a clear inhibition manifests. We observe that
close to resonance, a small set of trajectories will undergo the
reaction at longer times (more details in App. C). At ωc = 0.5ωr

the statistical ensemble would need to be extended for further
conclusions.

effective strengthening of the Si-C bond, emerging from
funneling vibrational energy via the cavity away from the
Si-C bond into other degrees of freedom, agrees well with
the experimental observations. A second mechanism for
the inhibition of the reaction appears at higher frequen-
cies. Larger frequencies imply smaller mode-volumes and
higher fundamental coupling as g/~ω is kept constant.
This can lead to a cavity-induced repellent force on the
approaching F− as will be discussed in Sec. III B.

To observe this resonant effect at all, the kinetic na-
ture of the reaction seems to play a much more significant
role than commonly perceived for ground-state reactiv-
ity where transition-state theory is a common practice.
First investigations following equilibrium transition-state
theory suggested that the cavity frequency has no sig-
nificant influence on the reaction rate [37–39]. Attempts
to explain the resonant character in terms of a dynam-
ical caging effect [40] suggested a resonant frequency of
74 cm−1 (for further details see App. B). Our quantum-
electrodynamical density-functional theory on the other
hand seamlessly provides the experimentally observed
resonant condition, suggesting that first-principles tech-
niques provide indeed a valuable and needed addition to
the theoretical tool-set. Further investigations will focus
on the thermodynamic influence of the here reported ob-
servations.
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FIG. 5. Force acting on the F atom along the cavity polarization
axis for the to 2 corresponding trajectory. With increasing light-
matter coupling a cavity induced repellent force emerges pre-
venting the F anion to attack the PTA complex. The Maxwell
coupling utilized here becomes less reliable for larger coupling
strength.

B. Preventing the Attachment of F−

When we increase the light-matter coupling strength,
two distinct effects can be observed. First, the aforemen-
tioned inhibition intensifies, that is, more trajectories will
be stronger affected, second the approach of the F− an-
ion is delayed. Fig. 5 presents the forces acting on F pro-
jected on the cavity polarization axis for increasing light-
matter coupling. During the dynamical approach of the
F− to the PTA complex, the methyl groups of the PTA
complex need to rearrange to provide space for F−. This
leads to a short repellent force acting during the rear-
rangement time. The approaching F− induces noticeable
changes in the molecular dipole moment, resulting in an
effective nuclear current coupling to the photonic system.

With increasing coupling strength, the latter results in
an increasing repulsion which partially prevents F− from
attaching to PTA. The dynamic change of the molecular
dipole with approaching F− results therefore in an ad-
ditional reaction-barrier. Considering that the reaction
probability is slim in the first place, the success of F− at-
tacking and subsequently the rate of reactions is sensitive
to any alternation of the F− trajectory. This observation
provides another possible explanation for the experimen-
tally obtained large entropic change in the reaction char-
acter [1, 33] but would not feature the same dependence
on the resonant condition as observed in Sec. III A.

IV. CONCLUSIONS AND OUTLOOK

Any additional string to guide a reaction on demand
might provide an invaluable addition to the chemical
toolbox. By leveraging the QEDFT framework, we are
able to provide theoretical insight from first-principles
into the inhibition of ground-state reactions under vibra-
tional strong-coupling. Our results are in excellent agree-
ment with previous experimental observations [1, 33] and,
to the best of our knowledge, for the first time present

the ‘in experiment’ observed resonant condition.
The cavity provides an additional eigenmode to the

vibronic system, effectively correlating vibrations. Dur-
ing the reaction, energy is accumulated in specific bonds
which in free-space lead to their dissociation. Under
strong vibrational coupling, the cavity-correlated vibra-
tions redistribute energy, effectively strengthening the
here relevant Si-C bond and ultimately inhibiting the re-
action. Our observations are in line with the experimen-
tally observed relevance of symmetry [55] and recover the
resonant condition [1, 33] remarkably well.

In agreement with previous studies, we conclude that
kinetic features play a much more pronounced role under
strong light-matter coupling than commonly assumed for
ground-state chemical reactivity. Handles such as symme-
try and coherence could elucidate to which extend inter-
and intra-molecular energy-redistribution contribute to
vibrational strong-coupling. How such kinetically driven
effects can persist into the realm of realistic ambient con-
ditions for large ensembles of reacting molecules thus re-
mains a key question necessitating further theoretical and
experimental investigations.
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V. MATERIALS AND METHODS

The potential energy surface is obtained using the
ORCA code [58] with the 6-31G∗ basis set, employ-
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ing DFT and the PBE functional. The time-dependent
calculations were performed using the highly optimized
TDDFT code OCTOPUS [48, 49]. Building the pentava-
lent complex is entropically unfavored and unlikely such
that just a very limited set of trajectories would result
in a successful attachment of the F anion. To reduce the
amount of non-reactive trajectories we used time-reversal
symmetry to estimate the collision speed and angle lead-
ing to the reaction. We obtained ideal angles between Si-
C and Si-F bond of around 180 degrees. An alternative
angle for F− to attack Si is at 60 degrees but the latter de-
mands higher temperatures on the order of 900K. Using
the linear configuration, we obtained first initial geome-
tries from Orca with a subsequent further optimization
in Octopus using a constrained force minimization for a
fixed Si-F distance of 4 Å. Starting from those initial ge-
ometries, we sample initial velocities according to a Bolz-
mann distribution at 300 K, i.e., a Gaussian normal dis-
tribution with nuclei specific variance σvi =

√
kbT/Mi.

Furthermore, we point the F momentum towards the Si
and remove the center of mass movement. We propagate
10 such trajectories and obtain a single reactive trajec-
tory at 300K shown in fig. 2. Then, in order to limit
the necessary number of trajectories while still obtaining
a reasonable number of reactive trajectories, we sample
around the first reactive trajectory a set of 20 additional
trajectories with a relative temperature of 20K, removing
again the center-of-mass momentum. If not further spec-
ified the illustrated observables represent the average of
those 30 trajectories. Inside the cavity, the initial photon-
mode displacement is provided by the zero-electric field
condition q(t0) = − λ

ω · R ↔ E(t0) = 0 with q̇(t0) = 0

and R =
∑Nn

i ZiRi −
∑Ne

i ri [48, 53, 54]. This ini-
tial configuration is then propagated in OCTOPUS [49]
using the ETRS (electronic subspace) + velocity verlet
(nuclear subspace) time-stepping routine with electronic
∆te = 0.0012/eV and nuclear ∆tn = 10∆te. For the elec-
tronic subspace, we use the revPBE [59, 60] electronic ex-
change and correlation potential and the standard SG15
Pseudo-potential set. The nuclear coordinates are moving
according to the classical Ehrenfest equations of motion,
i.e., electronic and nuclear system are self-consistently
enacting forces on each other. The photonic coordinates
are coupled via the classical (mean-field) Maxwell light-
matter coupling using the QEDFT framework [43–48].
We use a numerical box of V = (24 a0)3 and a grid
spacing of 0.24 a0 with the bohr radius a0. The parame-
ters of the grid are chosen such that numerically caused
changes in the energy are minor compared to thermal en-
ergies. We monitor the time-evolution of the complex and
define the Si-C bond as broken when the Si-C distance
increases beyond the transition-state.

Fig. 6 illustrates the vibrational spectrum including
the PTA+F− initial state and an intermediate strongly
stretched state. During the evolution of the reaction, the
vibrational modes are constantly changing which allows
many more frequencies to dynamically couple to the cav-
ity than the equilibrium PTA or PTAF− structures would

suggest. The dynamic shift of the vibrational mode dur-
ing the reaction clarifies therefore why the resonance is
comparably broad.

FIG. 6. Vibrational absorption spectrum along the cavity po-
larization direction Sεc(ω) = 2ω

∑Nvib
j=1 |εc · R(ωj)|2δ(ω − ωj)

for the bare PTA complex (magenta), our initial state PTA+F−

(cyan), an intermediate state with strongly stretched Si-F bond
of 2.889 Å (green), and the pentavalent PTAF− complex (blue).
Dashed vertical lines indicate the selected cavity frequencies. Vi-
brational resonances are artificially broadened.

Appendix A: Discussion of the Energetics and
Solvent Effects

In order to eliminate the possibility that the solvent is
an integral component of the mechanism that is put for-
ward here, we used ORCA with a continuous PCM model
description for the solvent methanol. We obtain the en-
ergetic values for reactant [PTA+F] = −816.131244 H,
pentavalent complex [PTAF]- = −816.1943141865 H,
transition-state [PA ... Me3SiF] = −816.18146281 H and
product [PA- + Me3SiF] = −816.1846728 H. We obtain
an enthalpy between pentavalent complex and transition-
state of ∆H† ≈ 0.35 eV ≈ 34 kJ/mol in good agreement
with experimental results (30 and 39 kJ/mol) [1, 33]. Ig-
noring entropic features as well as bond termination with
hydrogen, the resulting product is higher in energy than
the intermediate step. The experimental investigations
suggest that the entropic barrier (54 kJ/mol) is non-
negligible. In our simulations, this is expressed in the very
narrow window of initial configurations that result in F
attaching to PTA and subsequent bond breaking. Thus,
the likelyhood of the reaction taking place is largely de-
termined by the unlikelyness of a specific initial configu-
ration in addition to the energetic barrier that describes
the bond breaking.

In order to estimate if our observations depend criti-
cally on the exchange-correlation potential, we calculated
the Si-C C=C potential energy surface for the 60% con-
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figuration in ORCA using two different basis sets and
two different functionals (see fig. 7). While quantita-
tive changes can be observed, they agree qualitatively
such that our observations are likely to be robust against
changing basis-set or DFT-functional.

FIG. 7. Si-C C=C potential energy surface calculated with ORCA
(F out of Si-C axis). Left, using the B3LYP functional and the
def2-TZVP basis, right, using the PBE functional and the 6-31G∗

basis.

Appendix B: Curvature at the Transition-state and
Resonant Frequencies

Li et al. [40] suggested recently that the resonant effect
of the slow down of a reaction under vibrational strong
coupling originates from an effective solvent-caging effect
around the transition-state. Thereby, the suggested reso-
nant frequency emerges from the curvature of the PES at
the transition-state Mω2

b = −∂2RE|TS . This would lead
to a resonant frequency at ω = 74 cm−1 [40]. Clearly, we
observe the same resonant effect as in experiment, i.e.,
around the same energetic position at 856 cm−1. That
our dynamical calculations accurately recover the exper-
imentally observed resonance, but correspond to binding
frequencies that are orders of magnitude smaller than
the experimentally observed resonant condition, suggests
that it is not possible to characterize the resonant con-
dition for this reaction by the binding frequency. Both
theoretical investigations suggest however plausible ex-
planations for the reduced rate under vibrational strong
coupling. It remains then of interest if each mechanism
has a dominant regime of validity determined by the char-
acter of the reaction, or if a continuous transition in terms
of thermodynamic parameters decide the predominant

mechanism.
Table I presents the binding frequency (lowest imagi-

nary vibrational frequency at the transition-state) calcu-
lated with ORCA for different solvents, Gaussian basis-
sets, and relative orientations of the F anion with respect
to the Si-C bond-axis. In addition, we provide relevant
resonances, presenting the excellent agreement between
QEDFT and experiment.
Theory level Solvent F position ωb [cm−1]

PBE 6-31G∗ Vacuum in-axis 90

PBE 6-31G∗ Methanol in-axis 94

PBE 6-311G∗ Methanol in-axis 88

B3LYP 6-31G∗ Methanol in-axis 93

PBE 6-31G∗ Acetonitrile in-axis 94

PBE 6-31G∗ Vacuum off-axis 85

PBE 6-311G∗ Methanol off-axis 81

Li et al. [40] Methanol in-axis 74

Resonance
[cm−1]

QEDFT Vacuum in-axis 856

Experiment Methanol - 860

TABLE I. Lowest (imaginary) vibrational frequency at the
transition-state for the two different configurations calculated
with different solvents and theoretical descriptions. The reso-
nant condition is correctly captured by our QEDFT calculations
but not the binding frequency.

Appendix C: Delay of Reaction without Prevention

The majority of the trajectories undergoing the reac-
tion far off-resonant or in free-space no longer show a
reactive behaviour close to resonant conditions. For all
of those cases, the trajectory is trapped close to the local
minimum at the pentavalent PTAF complex, potentially
stretching the Si-C bond but relaxing back to the local
minimum. Only a single trajectory undergoes at reso-
nance the reaction but at significantly longer times as
fig. 8 illustrates. As the statistical ensemble becomes in-
creasingly insufficient the longer the time-propagation,
we decide to limit the presentation of the resonant effect
to the first 700 fs. In addition to the exception shown
here, close to resonance a smaller set of trajectories un-
dergoes the reaction. Common to all of them is that they
demand a longer time to finally break the Si-C bond.
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C. Genet, G. Pupillo, and T. W. Ebbesen, Exploring su-
perconductivity under strong coupling with the vacuum
electromagnetic field, arXiv preprint arXiv:1911.01459
(2019).

[32] M. A. Sentef, M. Ruggenthaler, and A. Rubio, Cav-
ity quantum-electrodynamical polaritonically enhanced
electron-phonon coupling and its influence on supercon-
ductivity, Science advances 4, eaau6969 (2018).

[33] A. Thomas, A. Jayachandran, L. Lethuillier-Karl, R. M.
Vergauwe, K. Nagarajan, E. Devaux, C. Genet, J. Moran,
and T. W. Ebbesen, Ground state chemistry under vi-
brational strong coupling: dependence of thermodynamic
parameters on the rabi splitting energy, Nanophotonics
9, 249 (2020).

[34] A. Thomas, L. Lethuillier-Karl, K. Nagarajan, R. M. A.
Vergauwe, J. George, T. Chervy, A. Shalabney, E. De-
vaux, C. Genet, J. Moran, and T. W. Ebbesen, Tilting
a ground-state reactivity landscape by vibrational strong
coupling, Science 363, 615 (2019).

[35] H. Hiura, A. Shalabney, and J. George, Cavity catal-
ysis? accelerating reactions under vibrational strong
coupling?, chemRxiv (to be published). https://doi.
org/10.26434/chemrxiv 7234721, v4 (2018).

[36] J. Lather, P. Bhatt, A. Thomas, T. W. Ebbesen, and
J. George, Cavity catalysis by cooperative vibrational
strong coupling of reactant and solvent molecules, Ange-
wandte Chemie International Edition 58, 10635 (2019).

[37] J. Galego, C. Climent, F. J. Garcia-Vidal, and J. Feist,
Cavity casimir-polder forces and their effects in ground-
state chemical reactivity, Physical Review X 9, 021057
(2019).

[38] J. A. Campos-Gonzalez-Angulo and J. Yuen-Zhou, Po-
laritonic normal modes in transition state theory, The
Journal of chemical physics 152, 161101 (2020).

[39] T. E. Li, A. Nitzan, and J. E. Subotnik, On the origin
of ground-state vacuum-field catalysis: Equilibrium con-

sideration, The Journal of Chemical Physics 152, 234107
(2020), https://doi.org/10.1063/5.0006472.

[40] X. Li, A. Mandal, and P. Huo, Cavity frequency-
dependent theory for vibrational polariton chemistry,
Nature Communications 12, 10.1038/s41467-021-21610-
9 (2021).

[41] C. Climent and J. Feist, On the sn 2 reactions modi-
fied in vibrational strong coupling experiments: reaction
mechanisms and vibrational mode assignments, Physical
Chemistry Chemical Physics 22, 23545 (2020).

[42] A. Thomas, L. Lethuillier-Karl, J. Moran, and T. Ebbe-
sen, Comment on on the sn2 reactions modified in vibra-
tional strong coupling experiments: Reaction mechanisms
and vibrational mode assignments, ChemRxiv (2020).

[43] M. Ruggenthaler, J. Flick, C. Pellegrini, H. Appel,
I. V. Tokatly, and A. Rubio, Quantum-electrodynamical
density-functional theory: Bridging quantum optics and
electronic-structure theory, Phys. Rev. A 90, 012508
(2014).

[44] I. V. Tokatly, Time-dependent density functional theory
for many-electron systems interacting with cavity pho-
tons, Phys. Rev. Lett. 110, 233001 (2013).

[45] C. Pellegrini, J. Flick, I. V. Tokatly, H. Appel, and A. Ru-
bio, Optimized effective potential for quantum electrody-
namical time-dependent density functional theory, Phys.
Rev. Lett. 115, 093001 (2015).

[46] J. Flick, C. Schäfer, M. Ruggenthaler, H. Appel, and
A. Rubio, Ab initio optimized effective potentials for real
molecules in optical cavities: Photon contributions to the
molecular ground state, ACS Photonics 5, 992 (2018),
https://doi.org/10.1021/acsphotonics.7b01279.
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