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thermore, the deprotection reaction occurs by pseudo-first-
order kinetics on a timescale of minutes so that it can be
monitored by FTIR spectroscopy at different time intervals.

The cavity consists of two parallel mirrors separated by
a distance on the order of 6 mm that can be tuned precisely to
be in resonance with the vibrational transitions of the
reactant. The IR transmission of the cavity and reactant
system is shown for a broad spectral range in Figure 2a.
Figure 2b focuses on a smaller spectral window to show how
the transmission spectrum of the cavity (red curve) is

modified by the vibrational absorption spectrum of PTA
(blue curve). The cavity is tuned so that it is resonant with the
stretching transitions of the C Ši bond around 860 cmˇ1,
a double peak corresponding to the C⌘C Ši and Ši(̌ Me)3

modes.
Such a cavity of length L has a series of resonances

(Figure 2a), which are multiples of the fundamental cavity
mode and depend on the refractive index n of the medium
inside the cavity such that the wavelength l is equal to
2n L/m, where m (mode order) is an integer. Correspond-

ingly, in wavenumber units,

nÖcmˇ1Ü à 104

l à
104m
2nL , with L and

l in mm. As a consequence, another
cavity mode falls exactly on the ˇ
C⌘Cˇ stretching transition at
2160 cmˇ1. If the product and the
reactants have even slightly differ-
ent refractive indices, then the posi-
tions of the cavity resonances that
lie far from any vibrational absorp-
tion peak can be conveniently
monitored to follow the chemical
reaction as we shall see below.

Vibrational strong coupling,
VSC, is achieved by placing
a molecular material in the con-
fined field of an optical cavity mode
that is resonant with a vibrational
transition. This splits the vibra-
tional levels into two new hybrid
states, which are separated by the
Rabi splitting �hWVR (Figure 1a).
The magnitude of the Rabi splitting
reflects the strength of the interac-
tion, and it is proportional to the
square root of the absorbance of the
peak and therefore to the concen-
tration (Figure 3a, inset) and the
molar extinction coefficient. VSC
occurs even in the dark as it is

Figure 2. a) IR transmission spectrum of the ON resonance cavity from 7000 to 500 cmˇ1 immedi-
ately after injection of the reaction mixture (PTA++reagent). b) IR transmission spectrum of PTA
inside (red trace) and outside (blue trace) the ON resonance cavity. c) Temporal shift of the higher-
order cavity modes of the ON resonance cavity during the reaction (0 to 16 min). d) Kinetics of the
reactions in an ON resonance cavity (red squares), outside the cavity (blue squares), and in an OFF
resonance cavity (green squares) as extracted from the temporal shifts in the higher-order cavity
modes. All measurements were carried out at [PTA] =2.53m. See the Experimental Section for details.

Figure 3. a) The decrease in the ratio of the reaction rates under VSC and outside the cavity as a function of the Rabi splitting energy. The inset
shows the linear dependence of the Rabi splitting on the square root of [PTA]. b) The reaction rate as a function of the cavity tuning for reactions
inside (red squares) and outside (blue squares) the cavity. The black solid line shows the double-peaked IR absorption spectrum associated with
the Sǐ C modes of PTA. The dotted lines are guides to the eye. c) GC-MS chromatograms of silane deprotection reactions carried out inside the
ON resonance cavity (red trace), in the OFF resonance cavity (green trace), and outside the cavity (blue trace). (The GC-MS data shown here
correspond to experiments carried out at higher [PTA] (3.37m, �hWVR à114 cmˇ1), see the Experimental Section for details.)
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Abstract: The ground-state deprotection of a simple alkynyl-
silane is studied under vibrational strong coupling to the zero-
point fluctuations, or vacuum electromagnetic field, of a reso-
nant IR microfluidic cavity. The reaction rate decreased by
a factor of up to 5.5 when the Sǐ C vibrational stretching
modes of the reactant were strongly coupled. The relative
change in the reaction rate under strong coupling depends on
the Rabi splitting energy. Product analysis by GC-MS con-
firmed the kinetic results. Temperature dependence shows that
the activation enthalpy and entropy change significantly,
suggesting that the transition state is modified from an
associative to a dissociative type. These findings show that
vibrational strong coupling provides a powerful approach for
modifying and controlling chemical landscapes and for under-
standing reaction mechanisms.

The direct excitation of a given vibrational mode to influence
chemical reactivity has long been a topic of interest as it could
lead to site-selective chemical reactions and enable the
elucidation of reaction mechanisms. Pimentel and co-workers
demonstrated in the 1980s that they could use infrared lasers
to influence the outcome of simple reactions, but this could
only be done at cryogenic temperatures as competing thermal
effects and relaxation processes had to be minimized.[1, 2]

An alternative approach to modifying the chemical land-
scape is to hybridize a molecular transition with the zero-
point fluctuations of the optical mode of a cavity in which the
molecules are placed, as we demonstrated for the first time in
2011.[3] This involved the coupling of the electronic transition
of merocyanine and splitting the first excited state into two

hybrid light–matter states, which significantly slowed the
photochemical reactivity and increased the yield. As we
concluded,[3] a specific vibrational transition could in principle
also be coupled, which should in turn modify the reactivity of
a given bond. To confirm this prediction, we and other groups
have been studying vibrational strong coupling to infrared
cavities[4–8] and shown that vibrational transitions of both
solids and liquids can be split as schematically illustrated in
Figure 1a. This in turn should affect the Morse potential and,
more generally, the reactivity landscape in the ground state.

After all, it is well known that non-adiabatic processes play
a critical role in chemical reactivity and that at conical
intersections, for instance, the Born–Oppenheimer approx-
imation breaks down owing to strong interactions between
the electronic and vibrational manifolds.[9]

To investigate whether ground-state chemical reactivity
can indeed be influenced by vibrational strong coupling, the
deprotection reaction of an alkynylsilane, 1-phenyl-2-trime-
thylsilylacetylene (PTA), with tetra-n-butylammonium fluo-
ride (TBAF) was chosen as a prototypical reaction (Fig-
ure 1b).[10] This simple system presents several practical
advantages for the demonstration of such an effect. PTA is
a pure liquid and can therefore be injected directly into
a microfluidic Fabry–Perot cavity. The reactant has relatively
few well-defined strongly absorbing vibrational modes. Fur-

Figure 1. a) The light–matter strong coupling between the Sǐ C
stretching vibrational transition and a cavity mode that results in the
Rabi splitting. b) The silane deprotection reaction of 1-phenyl-2-trime-
thylsilylacetylene used in the present study.
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Theoretical model: simplified molecule

reactant product

(b)
(a)

(c)

(b)
(a)
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Shin & Metiu, J. Chem. Phys., 102, 23 (1995)

(b)
(a)

(c)

Shin-Metiu model

Ĥ = ̂Tn + Ĥe(x̂, R̂)

Ĥ = ̂Tn + Ĥe(x̂, R̂) + ωc ̂a† ̂a + ̂μ(x̂, R̂) ⋅ E1ph( ̂a† + ̂a)

coupled light-matter system: compute quantum reaction rate

Javier Galego



Arrhenius plot

1/T(K−1)

ln(k̃/T )

slope changes  
∴ energy landscape modified

k̃ ∝ e− Ebarrier

kBT

effective energy barrier

coupling 
strength



Recap

k̃ ∝ e− Ebarrier

kBT
effective energy barrier

Shin-Metiu model: 
solved full Hamiltonian & quantum reaction rate

Real molecules
potential energy surface (PES) 

transition state theory (TST)

Cavity Born-Oppenheimer approximation



Cavity Born-Oppenheimer Approximation (CBOA)

ωc ̂a† ̂a =
̂p2

2
+

1
2

ω2
c ̂q2cavity EM mode: 

explicit harmonic oscillator

J. Flick et al., J. Chem. Theory Comput., 13, 1616 (2017)

standard BOA:  “separate” electronic & nuclear motions

cavity BOA:  cavity mode treated as a ‘slow’ nuclear DOF

“trick”

Ĥe(x̂; R̂, q) = Ĥ−
̂p2

2
− ̂Tn = Ĥe(x̂; R) +

1
2

ω2
c q2 + ωcqλ ⋅ ̂μ(x̂; R)

E1ph =
ωc

2
λ

λ coupling strength

̂a† + ̂a = 2ωc ̂q

Ṽ0(R, q) electronic CBO PES parametric in R and q

e.g. nanoparticle: p, q describe collective motion of electrons

normal modes include vibro-polaritons
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FIG. 3. (a) Two-dimensional ground-state PES in the cavity Born–Oppenheimer approximation for the Shin–Metiu model for
� = 0.02 a.u. and !c = 72.6 meV. At R = 0 we show the dividing surface used to compute the reaction flux from reactant to
product states. The gray dashed line curve corresponds to the energy path along qm(R), i.e., the minimum in q. (b) Value
of the energy path V0(R, qm) for different values of the Rabi frequency, which is related to the coupling strength through
⌦R = �µ0

0(R0), where the dipole derivative is evaluated at the minimum, as discussed in appendix B. (c) Energy barrier and
rates ratio vs coupling strength for the case of a CBOA calculation (full lines) and for the effective energy barrier fitted from
exact quantum rate calculations (dashed lines).

dom is then treated as nuclear-like and its “kinetic en-
ergy” p̂2/2 grouped with the nuclear kinetic energy opera-
tors

P
i P̂

2

i /(2Mi) before performing the standard Born–
Oppenheimer approximation. This leads to a set of
electronic CBO potential energy surfaces (PES) Ṽi(R, q)
parametric in both nuclear R and photonic coordinates
q, obtained by diagonalizing the new electronic Hamilto-
nian, Ĥe(x̂;R, q) = Ĥ � p̂2

2 �
Pnn

i=1
P̂2

i
2Mi

:

Ĥe(x̂;R, q)�i(x;R, q) = Ṽi(R, q)�i(x;R, q). (10)

Conceptually, the inclusion of the cavity mode thus sim-
ply corresponds to a single additional nuclear-like degree
of freedom.

The CBOA now consists in neglecting nonadiabatic
couplings between different PES (i.e., neglecting the ac-
tion of nuclear and photonic kinetic operators on the elec-
tronic states) and assuming photonic and nuclear “mo-
tion” to proceed on each PES independently. Due to
the formal equivalence between nuclear and photonic de-
grees of freedom within this picture, all the standard
results of BO theory apply. In particular, the CBOA
is a good approximation when the separation between
the PES is larger than typical kinetic energies of the
nuclei and the photonic mode. The case of vibrational
strong coupling, where the photon energy is compara-
ble to vibrational excitation energies, exactly fulfills this
condition. The accompanying Rabi splitting can then
be understood as simply normal mode hybridization on
the nuclear-photonic potential energy surface, as already
noted in the original article demonstrating vibrational
strong coupling [83], and discussed in more detail in ap-
pendix B.

In the context of cavity-modified chemical reactivity
in the ground state, the formal equivalence between pho-
tonic and nuclear motion in the CBOA in particular al-
lows to apply standard tools such as transition state the-
ory to obtain an estimation for reaction rates. TST im-

plies that it should only be necessary to calculate the ef-
fective energy barrier for the reaction within the ground-
state CBO surface.

We test this for the model studied in section III, i.e.,
the Shin–Metiu model coupled to a cavity mode on res-
onance with the first vibrational transition. The two-
dimensional PES Ṽ0(R, q) is shown in Fig. 3(a) for a cou-
pling strength of � = 0.02 a.u., which corresponds to a
vibrational Rabi splitting of ⌦R ⇡ 0.05!⌫ . The second
panel, Fig. 3(b), shows the minimum along q of this sur-
face as a function of R, i.e., along the path indicated
by the curved dashed line in Fig. 3(a), for a set of cou-
pling strengths � that induce a Rabi splitting of up to
⌦R = 0.1!⌫ . This path closely corresponds to the mini-
mum energy path of the proton transfer reaction within
the CBOA. As the coupling is increased, the minima be-
come deeper, while the transition state (TS) at R = 0
stays unaffected. This leads to an effective increase of
the reaction barrier Ẽb = Ṽ0(RTS, qTS)� Ṽ0(Rmin, qmin),
as shown in Fig. 3(c). This panel also shows the corre-
sponding change in the rate predicted by Eq. (8). The full
lines correspond to the energy barrier calculated within
the CBOA (blue) and the corresponding rate (red) ac-
cording to TST, while the dashed lines show the effective
energy barrier E

(e↵)
b extracted from the fit to the Ar-

rhenius plot Fig. 2 and the corresponding change in the
rate obtained from the full quantum rate calculation in
section III. As can be seen, the effective and CBOA en-
ergy barriers agree very well, with just an approximately
constant overestimation of the barrier in CBOA due to
quantum effects such as zero-point energy and tunnel-
ing. This leads to excellent agreement for the change
of the reaction rate obtained from the full quantum cal-
culation and the CBOA-TST prediction. As expected
from our previous discussion, the reaction rate of the hy-
brid cavity-molecule system decreases dramatically as the
coupling increases due to the increase of the energy bar-
rier height. Finally, we also calculate the CBOA energy

Quantum rate vs CBO + TST

quantum rate

TST with CBO barrier

we can apply TST



Perturbation theory: CBO ground state (GS) PES

perturbation theory O(λ2)

real molecules (quantum chemistry): simple expression for ground state PES
-bare molecule GS PES 
-GS permanent dipole moment 
-GS static polarizability

Ṽ0(R, q) ≈ V0(R)+
1
2

ω2
c q2 + λωcqμ0(R)−

1
2

λ2ω2
c q2α0(R)

CBO PES PES

Minimum energy path: simple analytical expression along qmin

Veff(R) = V0(R) −
λ2

2
μ2

o(R) −
ωcλ2

4
α0(R)

Debye-like potential 
(electrostatic)

London-like potential 
(fluctuations - Casimir-Polder)



Going back to the Shin-Metiu results…

Veff(R) = V0(R) −
λ2

2
μ2

o(R) −
ωcλ2

4
α0(R)

….we can now understand changes in reaction rate



Resonance? (Quantum) Rate vs cavity frequency

Shin-Metiu 
vibrational 
frequency

No resonance effect 
-strong coupling / formation of vibropolaritons is not relevant 
-consistent with “normal” chemistry  /TST 
-all modes are important: Casimir-Polder Veff(R) = V0(R) − ∑

k

λ2
k

2 (μ2
o(R) +

ωk

2
α0(R))

Different effect than in the experiments



Application to realistic systems
electrostatic problem (Debye) → energy shift → λeff

R. Chikkaraddy et al., “Single-molecule strong coupling at room 
temperature with plasmonic nanocavities”, Nature 535, 127 (2016)

Nanoparticle-on-mirror cavity

Significant single-molecule effects in experimentally available nanocavities



SN2 reaction: Mechanism
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SN2 reaction: µ profile N 
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SN2 reaction profile

R

TS

Pλ=0

λ=0.02

λ (a. u.)

20% barrier decrease 
⇒ 2.5 kcal/mol ~ 0.1 eV 

(80% Debye, 20% London)



SN2 reaction: barrier region

perturbation theory

full calculation

λ=0

λ=0.02



Spin-crossover complexes

LS HS

ΔEelectronic

Fe(II) d6 (octahedral)

eg

t2g

low spin 
S=0

high spin 
S=2

eg

t2g

The antibonding orbitals (e *) are 

MetalMetal--LigandLigand DistancesDistances

HS  S = 2LS  S = 0The antibonding orbitals (eg ) are 

populated only in the HS state
eg eg

t2

HS, S = 2LS, S = 0

t2g

t2g

r(Fe–L): 1.95-2.00 Å 2.15-2.20 Å
�Useful relationship:

10Dq ~ 1/rn (n = 5 – 9)

�Using the average r(Fe–L) for 

SCO complexes, one can estimate 

that 10Dq /10Dq ~ 1 75that 10DqLS/10DqHS ~ 1.75

� Important: the Fe-N bond 

lengths and orbital overlap lengths and orbital overlap 

change upon SCO, and therefore 

10Dq is different for the LS and 

HS states of the same complex

Hauser, A. Top. Curr. Chem. 2004, 233, 49-58.

Fe(II) d6

LOW SPIN HIGH SPIN
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GHS=HLS -> T1/2

-solution / solid state 
-thermal / ...

HS

LSLS

HS

T1/2

ΔG = ΔH − TΔS

ΔG(T1/2) = 0

Selectronic = Rln(2S + 1)



Spin-crossover complexes

R

R
R

R T1/2 (K)

H -

Me 340

nPr 214

Ph 81

CH3

CH2CH2CH3

Experimental

H. J. Lin et al. , J. Am. Chem. Soc., 136, 13326 (2014)

EHS-ELS ~ 5 kcal/mol ~0.2 eV 

µLS > µHS



SCO transition temperature T1/2

R Exp. λ=0 λ=0.02 ∆T1/2

H - 392 417 25

Me 340 351 384 33

nPr 214 192 226 34

Ph 81 74 98 24

J. Cirera, E. Ruiz, Inorg. Chem., 55, 1657 (2016) 



SCO transition temperature T1/2

R Exp. λ=0 λ=0.02 ∆T1/2

H - 392 417 25

Me 340 351 384 33

nPr 214 192 226 34

Ph 81 74 98 24



Final Remarks

-CBO + TST: ground-state chemical reactivity 

-Connection to Casimir-Polder and Van der Waals interactions 

-chemical reactivity / molecular properties

Cavity Casimir-Polder forces and their effects in ground state chemical reactivity 
Phys. Rev. X 9, 021057 (2019) 

Plasmonic Nanocavities Enable Self-Induced Electrostatic Catalysis 
Angew. Chem. Int. Ed. 58, 8698 (2019) 
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