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Suppressing photochemical reactions with
quantized light fields
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Photoisomerization, that is, a photochemical reaction leading to a change of molecular
structure after absorption of a photon, can have detrimental effects such as leading to DNA
damage under solar irradiation, or as a limiting factor for the efficiency of solar cells. Here, we
show that strong coupling of organic molecules to a confined light mode can be used to
strongly suppress photoisomerization, as well as other photochemical reactions, and thus
convert molecules that normally show fast photodegradation into photostable forms. We find
this to be especially efficient in the case of collective strong coupling, where the distribution
of a single excitation over many molecules and the light mode leads to a collective protection
effect that almost completely suppresses the photochemical reaction.
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hotoisomerization is one of the most fundamental photo-

chemical processes. It can perform desirable functionality,

for example, as the primary photochemical event in human
vision, where it stores electronic energy in the molecular
structure!?, or for possible applications in solar energy storage’
and as memories, switches and actuators®>; but it can also have
detrimental effects, for example as an important damage pathway
under solar irradiation of DNA®7, or as a limiting factor for the
efficiency of organic solar cells®. Whlle photoisomerization can be
avoided by shielding the system from light, this is of course not a
viable pathway for approaches that rely on the interaction with
external light (such as solar cells or solar energy storage). For
these applications, it would therefore be desirable to control or
suppress photochemical reactions while still allowing or even
enhancing the interaction with external light. As we show below,
this could be achieved by exploiting strong coupling with
confined light modes.

Strong coupling occurs when the coherent energy exchange
between molecules and a light mode becomes faster than the
decoherence processes in the system®!0. This creates
paradigmatic hybrid quantum systems with eigenstates that
have mixed light-matter character (so-called polaritons).
Organic materials provide particularly large dipole moments
and high molecular densmes, maklng them ideal systems to reach
the strong coupling regime!!2, By exploiting the strong field
localization in plasmonic nanocaVltles, even single-molecule
strong coupling has recently been achieved!®. In addition to
demonstrating strong coupling, pioneering experiments have
shown modifications of material properties under strong
coupling!*17. In particular, Hutchison et al.'* showed that the
rate of a photochemlcal reaction (photoisomerization from
spiropyran to merocyanine) can be modified. At the same time,
most theoretical descriptions of strong coupling are based on
two-level systems, which cannot address such effects in molecules
with many nuclear (that is, rovibrational) degrees of freedom.
First theoretical treatments of the influence of strong couPllng on
internal degrees of freedom have only appeared recently'®

We here demonstrate that a wide class of photochemical
reactions can be strongly suppressed under strong coupling. In
this regime, the hybrid light-matter potential energy surfaces
(PES) of the molecules develop new minima in which the excited-
state wavepackets are trapped after excitation. Furthermore, we
show that this effect is more pronounced when many molecules
are coupled to the light mode due to a ‘collective protection’
effect. Our results imply that even very fragile molecules could be
stabilized by simply putting them close to a nanophotonic
structure.

Results

Single-molecule strong coupling. We treat a general molecular
model that can represent a variety of commonly studied
photoisomerization reactions, such as cis-trans isomerization
of stilbene, azobenzene or rhodopsin®?*?* (corresponding to
rotation around a C=C or N=N double bond, as sketched in
the inset of F1g 1), or ring-opening and ring-closing reactions in
diarylethenes*. The model molecule (see Methods for more
detail) describes nuclear motion on ground and excited electronic
PES along a single reaction coordinate g, as shown in Fig. 2a. All
other degrees of freedom are assumed to be fully relaxed, such
that the excited PES represents the minimum-energy reaction
path. The ground state PES, Vy(q) (blue line), possesses minima
at g=qo~ —1.05 au. and g=x1 au, corresponding to the
stable (for example, trans-) and metastable (for example, cis-)
isomers, respectively. They are separated by a barrier with a
maximum at g~ 0 accompanied by an avoided crossing between
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Figure 1| Sketch of an example system. A collection of molecules is
coupled to a localized surface plasmon mode in the gap between two
nanoparticles. Inset: Sketch of photoisomerization reaction between a
trans- and cis-isomer.

the ground and excited state PES, V,(q) (orange line). In order to
ensure a large quantum yield for photoisomerization in the bare
molecule, we choose a very narrow avoided crossing (with energy
splitting 39 meV, smaller than the width of the lines in Fig. 2).
A wavepacket that encounters the avoided crossing then
undergoes an efficient nonadiabatic transition (that is, follows
the diabatic surfaces, see Methods), as shown in Fig. 2d using full
wavepacket propagation after excitation from the ground to the
excited electronic state by an ultrashort laser pulse. For the
chosen parameters, the bare model molecule undergoes rapid
photoisomerization, with the nuclear wavepacket reaching the
second isomer (g>0) within a few hundred fs.

In contrast, when the system enters strong coupling, photo-
isomerization in a single molecule is suppressed. To show this, we
rely on the theoretical framework we introduced in ref. 19, which
extends the well-known Born-Oppenheimer approximation with
the tools of cavity quantum electrodynamics (QED) by including
the light-matter interaction in the ‘electronic’ Hamiltonian and
following nuclear dynamics on hybrid light-matter PES. We
include a (single) quantized light mode (which can represent
confined light modes in different physical systems, such as
microcavity modes or localized surface plasmon resonances as in
Fig. 1) with energy term w.a'a. Here, o, is the quantized mode
frequency, and a' and a are the associated bosonic creation and
annihilation operators. The light-matter coupling is given by
R(q) - Eipn(a’ + a), where E,, is the electric field amplitude of a
single quantized confined photon, and fi is the (vectorial)
molecular dipole operator. Without light-matter coupling, the
photonically excited surface describes the motion of a ground-
state molecule with an (uncoupled) photon present in the cavity,
and is thus simply a copy of the molecular ground state shifted
upwards by the photon energy, V.(q) = V,(q) + w. (purple curve
in Fig. 2a). When coupling is turned on, the two singly excited
surfaces V(q) and V.(q) hybridize, forming ‘polaritonic’ surfaces
with mixed light-matter character, as depicted in Fig. 2b,c. The
splitting between the polaritonic PES around equilibrium
(go=~ — 1.05 a.u.) is approximately equal to the Rabi frequency
Qr=2p,(q0) - Eipn. Importantly, the lower polariton PES devel-
ops a deeper and deeper minimum as the coupling is increased.
This has two primary reasons: First, the light-matter coupling is
most effective when V.(q) and V,(q) are close, ‘pushing down’ the
lower polariton. At regions of larger detuning, the ‘polaritonic’
PES are almost identical to the uncoupled ones. Second, the local
shape of the polariton PES becomes a mixture of the two
uncoupled PES in regions where they hybridize significantly.
Since the photonic surface V.(q) behaves like the ground-state
PES, this additionally supports the formation of a local minimum

| 7:13841| DOI: 10.1038/ncomms13841 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

=~ 4 "] = Exciton
3 3 I
52
21
o =
e
= 0fs i 0fs 0fs
| s0fs ] U\ 701s | 70fs /|
a® [100fs ] \~_ 1401 J/ \ 1401 |||\
150 fs /I~ qF200fs /| ~N__ qF200fs ||\ b
200 fs {t260fs / S~ {F260fs | | l
. AL , . . b , . \ .| = Photon
-2 -1 0 1 2-2 -1 0 1 2-2 -1 0 1 2

Reaction coordinate (a.u.)

Figure 2 | Suppression of photoisomerization under strong coupling for a single molecule. (a-c) Ground (blue) and excited (purple-orange colour scale)
potential energy surfaces of the model molecule coupled to a quantized light mode (w.=2.65¢eV), with the light-matter coupling strength Qg increasing
from a-c. The continuous colour scale encodes the nature of the hybridized excited PES. (d-f) Time propagation of the nuclear wavepacket after

sudden excitation to the lowest excited PES (= lower polariton for Qg >0), shown separately for the parts in the lower polariton surface (orange) and the
ground state surface (blue) reached through the nonadiabatic transition at g = 0. Contributions in the upper polariton surface are negligible and not shown.

in the polaritonic PES. In combination, this leads to the
formation of a reaction barrier against isomerization as the
coupling is increased, as seen in Fig. 2b,c. At intermediate
coupling, where no barrier is formed yet, the reaction is slowed
down, but not suppressed (see Fig. 2b,e). Once the coupling
becomes sufficiently large, a barrier appears and the excited
wavepacket is trapped in the local minimum, such that
isomerization becomes almost completely suppressed (see
Fig. 2¢,f). The initial wavepacket on the lower polariton surface
in our calculations is started by a sudden transition and thus
includes all vibrationally excited states that are reachable from the
ground state through a dipole transition. If the coherent excited
wavepacket is successfully trapped without undergoing ultrafast
isomerization (as in Fig. 2¢,f), the ultimate fate of the molecule
will be determined by two additional effects: On the one hand, the
excited wavepacket will thermalize within the excited polariton
PES on typical timescales of picoseconds. While the exact values
depend on the details of the system, we note that for the model
molecule treated here, the barrier height of ~65 meV in Fig. 2¢ is
much larger than the thermal energy kzTx26meV at room
temperature, preventing isomerization. On the other hand, the
excited-state wavepacket will simultaneously decay both by
radiative and nonradiative processes with timescales typically
dominated by the photonic part of the polaritonic PES, ranging
from tens of femtoseconds for plasmonic resonances to
picoseconds and longer for dielectric structures.

Note that while the upper polariton PES appears even more
stable than the lower one in this model, this is an artefact of the
restriction to one degree of freedom, with all other degrees of
freedom relaxed to their local minimum. This implies that the lower
polariton PES indeed corresponds to the lowest-energy excited
state, such that the restriction to one coordinate is well-justified. In
contrast, the upper polariton surface can possess efficient relaxation
pathways to the lower polariton along orthogonal degrees of
freedom, and indeed, upper polaritons are known to decay
relatively quickly within the excited-state subspace?>2°.

We have thus shown that strong coupling of a single molecule
to a confined light mode can strongly suppress photoisomeriza-
tion reactions and stabilize the molecule. The recent experimental
realization of single-molecule strong coupling proves that this
could indeed be a viable pathway towards manipulation of single
molecules!®. At the same time, most experiments achieving
strong cou};ling with organic molecules have exploited collective
coupling®”?8, in which N> 1 molecules coherently interact with a
single mode, leading to an enhancement of the total Rabi

frequency by a factor of /N (ref. 29). In this context, it should be
noted that since the single-photon electric field strength decreases
with the effective mode volume of the EM mode, |E, | oc V=12,
the achievable Rabi splitting Qgroc/N/V depends on the
molecular density pocN/V instead of the absolute number of
molecules®®. This explains why the Rabi splittings achieved in
organic systems are within an order of magnitude (~0.1-1¢V)
for EM modes with vastly different mode volumes.

However, it has recently been shown that in contrast to the Rabi
splitting, many observables corresponding to ‘internal’ degrees of
freedom of the molecules are only affected by the single-molecule
coupling strength and thus not strongly modified under collective
strong coupling!®?, One could thus expect that the suppression of
photoisomerization disappears when N is sufficiently large. We
next show that exactly the opposite is the case, and strong coupling
of a large number of molecules to a single mode actually improves
the molecular stabilization significantly.

Collective strong coupling. In order to treat collective
strong coupling involving N molecules and a single confined
light mode, we again restrict ourselves to the zero- and single-
excitation subspace. The molecules now have N total nuclear
degrees of freedom, described by the vector q=(q;, ..., qn),
and the PES accordingly become N-dimensional surfaces.
For the uncoupled system, these surfaces are the global
ground state Vg(q)=>_; V,(g,), the photonically excited state
V(@ =Vs(qQ) + o, and the N molecular excited states

V}(;)(q) =Va(q) + Ve(q) — V(0. The  electronic-photonic
Hamiltonian in the first excited subspace is then given by

Vel@) glq1)  g(q2) g(qn)
ga) Vi'@ o 0

A(q)=| g(@) o viP@) ... 0 . (1)
gav) 00 v (q)

where g(q)=Pp¢,(q) - Eiph. Diagonalizing H(q) gives N+1
polaritonic surfaces, which describe the collective coupled motion
of all molecules. In principle, this could induce, for example,
collective transitions in which multiple molecules move in
concert. We show in Fig. 3a that this is not the case. Here, we plot
the lower-polariton PES (the lowest excited-state surface) as a
function of the reaction coordinates of the first two molecules, q;
and g,, while keeping all other molecules fixed to the equilibrium
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Figure 3 | Many-molecule potential energy surfaces under strong coupling. (a) Lower polariton PES for N=50 molecules, under motion of molecules 1
and 2, with all others held in the equilibrium position go. (b-d) All potential energy surfaces under motion of only molecule 1, for no light-matter
coupling (b), and under strong coupling for N=5 (¢) and N=50 (d) molecules. In all panels, the photonic mode frequency is w.=2.65eV, while the

(collective) Rabi frequency is fixed to Qc =v/NQg=0.5¢eV.

position (g;j=¢qo for j>2). The figure clearly shows that the
smallest barrier for isomerization starting from the ground-state
equilibrium position qo=1(qo, ..., go) occurs for motion along
only one molecular degree of freedom. This can be understood
from the fact that each of the N+ 1 uncoupled PES that combine
to form the lower polariton describe the nuclear motion of N

(for V¢) or N—1 (for Vé') ) molecules in the ground state. The
simultaneous motion of more than one molecule thus necessarily
corresponds to motion in the ground-state potential wells, that is,
along steep potential barriers. To verify this, we have explicitly
checked that the barrier for isomerization rapidly increases with »n
for simultaneous motion of # molecules (g;=4gq for j<n, and
gj=qo for j>n).

We thus analyse the coupled states under motion of only the
first molecule ¢;, fixing all other molecules to the ground-state
equilibrium position (q;=gqo for j>1). The corresponding PES
are shown in Fig. 3b-d. When the light-matter coupling is zero
(Fig. 3b), the surface Vél) (q) behaves like V.(q;), while all other
surfaces (corresponding to photonic excitation, or excitation of a
‘stationary’ molecule j> 1) appear like copies of the ground-state
PES Vi(q1) shifted in energy.

The strongly coupled PES for varying numbers of molecules
are shown in Fig. 3¢c,d. We keep the total Rabi frequency constant
(corresponding to a scaling of the single-photon field strength
with N~ Y2). Close to equilibrium (gq; = qo), the N+ 1 surfaces
can be clearly classified into a lower and upper polariton PES
(light grey), which show significant hybridization with the
photonic mode, as well as N—1 ‘dark’ surfaces (orange) that
are almost purely excitonic!®.

As the number of molecules is increased, the local minimum of
the lower-polariton PES (the lowest light grey PES) close to the
equilibrium position q, becomes more and more reminiscent of
the pure ground-state PES, making the potential energy barrier to
photoisomerization higher and higher. For the cases studied here,
the barrier height reaches ~ 117 meV for N=5 and &~ 156 meV
for N=50 molecules, well above the thermal energy at room
temperature. This behaviour can be immediately understood
from the structure of the polaritonic state: A single excitation is
distributed over N molecules and the photonic mode, such that
each molecule is in its electronic ground state most of the time.
Nuclear motion then takes place mostly on the (stable) ground-
state PES, not the (unstable) excited-state PES. This observation
resolves the apparent contradiction mentioned above that a single
photonic mode would be expected to have less, not more,
influence on the internal degrees of freedom when many
molecules are involved. Collective strong coupling thus protects
the excitation not by directly changing the internal molecular
structure, but by creating an excited state with the internal
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structure of the uncoupled electronic ground state. This collective
protection effect generalizes the ‘polaron decoupling’ found by
Herrera and Spano for molecules with purely harmonic nuclear
motion?! to arbitrary PES. Our PES-based approach furthermore
demonstrates that indeed the participation of many molecules is
essential for this effect to occur.

In addition to producing a higher reaction barrier, the
similarity of the ground and lower polariton PES for large N
implies that the Franck-Condon factors, that is, the overlap
between nuclear eigenstates in the ground and lower polariton
PES, become approximately diagonal. Thus, transitions from the
overall ground state to vibrationally excited states in the lower
polariton PES become more and more suppressed. In principle,
this argument depends on the Condon approximation
(tipg(q) = Bipg(qq) over th.e width of the vibrational grgupd—
state’ wavepacket). Closer inspection reveals that a similar
collective protection effect as for the PES itself exists for the
dipole matrix element because most molecules involved in the
collective transition are actually at the equilibrium position when
following the reaction pathway with motion of only a single
molecule. The Condon approximation is thus well-fulfilled for
N>1 even if the single-molecule dipole matrix element depends
strongly on q. Photoexcitation then cannot change the vibrational
state, such that the excited wavepacket will be close to its
vibrational ground state, providing an additional stabilization
effect.

Finally, a third effect further improves the stabilization in the
lower polariton. Closer inspection of Fig. 3c,d reveals that the
lower polariton PES features a narrow avoided crossing
(at g~ —0.75 a.u,, see inset in Fig. 3d) where it switches from
a hybridized collective state involving all molecules to essentially
the single-molecule excited-state surface. The large wavefunction
mismatch makes adiabatic nuclear motion unlikely, and diabatic
motion, in which the electronic and photonic degrees of freedom
are unchanged, becomes much more likely. This can be shown
by constructing diabatic PES close to the avoided crossing,
obtained by diagonalizing the coupling between N — 1 ‘unmoving’
molecules and the light mode (giving a very good approximation
to the LP PES), which is then coupled to the excited-state PES of
the single moving molecule. A short calculation reveals that the
transition matrix element between the diabatic LP surface and the
single-molecule excited surface is suppressed by a factor ~ N~ 1/2
for a fixed collective Rabi frequency, indicating that the transition
to the isomerization surface is indeed strongly suppressed.

Discussion
The combination of the effects discussed above leads to an almost
complete suppression of photoisomerization. The predicted effect
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is thus much stronger than the change in the rate of a
photoisomerization reaction observed experimentally by
Hutchison et al'. There are two main reasons for this
difference. First, the isomer representing the starting point of
the reaction in the experiment was not under strong coupling,
such that the initially excited state was not necessarily collective
and much less affected by the coupling to the cavity. Second,
while we here treat a single confined light mode, the experiments
were performed inside a planar microcavity with a continuum of
light modes.

To conclude, we have demonstrated the stabilization of
excited-state molecular structure and accompanying strong
suppression of photochemical reactions under strong coupling
of molecules to confined light modes. While already effective in
the case of a single coupled molecule, we find that collective
coupling of a large number molecules to a single light mode does
not actually reduce the influence of strong light-matter coupling
on each molecule, but provides even stronger stabilization. This
counterintuitive feature can be understood by the additional
protection afforded by collective distribution of the excitation
over the molecules. These results do not depend on the specifics
of the molecular model, such that the observed stabilization is
expected to occur for any kind of photochemical reaction that is
induced by motion on the excited molecular PES. These results
thus pave the way towards a new type of material, created
through strong coupling to quantized light modes, for devices
such as solar cells.

Methods

Molecular model. We here describe the molecular model in more detail. The
adiabatic PES of the bare molecule are constructed in terms of diabatic surfaces
Va(q) and V(g) coupled to each other with a coupling h, that is assumed constant
in space. This gives the following electronic Hamiltonian:

(VA  he

HeM)—< ho VB(@). ()
Diagonalization of He(q) returns the ground and excited state PES of Fig. 2a, V(@)
and V,(q), together with the adiabatic electronic wavefunctions. This also gives
access to the nonadiabatic coupling that controls the transition between ground
and excited surfaces at g~ 0, given by F;;(q) = (i(q)|94lj(q)), where i, je{e, g}
and [i(q)) represent the adiabatic electronic states. We note that nonadiabatic
transitions in ‘real’ molecules typically involve conical intersections’!, which only
occur in multi-dimensional systems; however, the details of this transition do not
influence the results presented.

The complete molecular Hamiltonian is then given by

2
Hun(0)= 35 + V@) +A(@) @
where P is the (diagonal) nuclear momentum operator, M, is the effective mass for
the nuclear coordinate g, V(g) is the (diagonal) potential operator in the adiabatic
ba51s, and A(q ) is the operator of offdiagonal (nonadiabatic) couplings, given by
Alg)=(1/2M,) (2E(q)9, + G(q)), with G;j(q) = 9,F./(@) + F7(q) (ref. 31).

When introducing the coupling to the quantized confined light mode, the total
Hamiltonian additionally depends on the dipole moment ji(g), which we set as
purely offdiagonal in the adiabatic basis. The ground-excited dipole moment p,(q)
typically is approximately constant close to the stable geometries, but changes
rapidly close to the nonadiabatic transition due to the sudden polarization effect32,
We thus choose [p.,(q)| o< arctan(q/gm), with g, =0.625 representing the length
scale on which p, (q) changes. As discussed above, the specific shape of ., (q) does
not affect the results presented here strongly. This is especially true for N> 1, where
the collective protection effect leads to a dipole matrix element from the ground
state to the lower polariton that is almost spatially constant. Diagonalization of the
total adiabatic N-molecule electron-photon Hamiltonian

Hse=ocala+ Z( (q:) + () - Eaph (&T +&)) @)

within the single-excitation subspace then yields the strongly coupled (polaritonic)
PES. We note that the nonadiabatic couplings in the polaritonic basis are given by
new terms Asc due to the basis change, as well as the bare-molecule nonadiabatic
couplings A(q,-) transformed to the polaritonic basis.

To evaluate population transfer both in the uncoupled and in the strongly
coupled system, we finally solve the time-dependent Schrédinger equation
0|y (1)) Hmt‘l// )), where Hiy is the total Hamiltonian without invoking the

Born-Oppenheimer approximation, that is, including all nonadiabatic terms.

The initial wavefunction is given by direct promotion of the ground-state nuclear
wavepacket to the lowest excited state (excited molecular state for no coupling,
lower polariton under strong coupling), filtered by the g-dependent transition
dipole moment from the ground state. This is the initial state that would be
obtained after excitation by an ultrashort laser pulse tuned to the excitation energy
around the nuclear equilibrium position.

Data availability. The data that support the findings of this study are available
from the corresponding author on reasonable request.

References

1. Yoshizawa, T. & Wald, G. Pre-lumirhodopsin and the bleaching of visual
pigments. Nature 197, 1279-1286 (1963).

2. Polli, D. et al. Conical intersection dynamics of the primary photoisomerization
event in vision. Nature 467, 440-443 (2010).

3. Kucharski, T. J., Tian, Y., Akbulatov, S. & Boulatov, R. Chemical solutions
for the closed-cycle storage of solar energy. Energy Environ. Sci. 4, 4449-4472
(2011).

4. Irie, M., Fukaminato, T., Matsuda, K. & Kobatake, S. Photochromism of
diarylethene molecules and crystals: memories, switches, and actuators. Chem.
Rev. 114, 12174-12277 (2014).

5. Guentner, M. et al. Sunlight-powered kHz rotation of a hemithioindigo-based
molecular motor. Nat. Commun. 6, 8406 (2015).

6. Sinha, R. P. & Hader, D.-P. UV-induced DNA damage and repair: a review.
Photochem. Photobiol. Sci. 1, 225-236 (2002).

7. Douki, T., Reynaud-Angelin, A., Cadet, J. & Sage, E. Bipyrimidine
photoproducts rather than oxidative lesions are the main type of DNA
damage involved in the genotoxic effect of solar UVA radiation. Biochemistry
42, 9221-9226 (2003).

8. Zietz, B. et al. Photoisomerization of the cyanoacrylic acid acceptor group—a
potential problem for organic dyes in solar cells. Phys. Chem. Chem. Phys. 16,
2251-2255 (2014).

9. Kaluzny, Y., Goy, P., Gross, M., Raimond, J. & Haroche, S. Observation
of self-induced Rabi oscillations in two-level atoms excited inside a resonant
cavity: the ringing regime of superradiance. Phys. Rev. Lett. 51, 1175-1178
(1983).

10. Thompson, R. J., Rempe, G. & Kimble, H. J. Observation of normal-mode
splitting for an atom in an optical cavity. Phys. Rev. Lett. 68, 1132-1135 (1992).

11. Lidzey, D. G. et al. Strong exciton-photon coupling in an organic
semiconductor microcavity. Nature 395, 53-55 (1998).

12. Bellessa, J., Bonnand, C., Plenet, J. C. & Mugnier, J. Strong coupling between
surface plasmons and excitons in an organic semiconductor. Phys. Rev. Lett. 93,
036404 (2004).

13. Chikkaraddy, R. et al. Single-molecule strong coupling at room temperature in
plasmonic nanocavities. Nature 535, 127-130 (2016).

14. Hutchison, J. A., Schwartz, T., Genet, C., Devaux, E. & Ebbesen, T. W.
Modifying chemical landscapes by coupling to vacuum fields. Angew. Chem.
124, 1624-1628 (2012).

15. Wang, S. et al. Phase transition of a perovskite strongly coupled to the vacuum
field. Nanoscale 6, 7243-7248 (2014).

16. Coles, D. M. et al. Polariton-mediated energy transfer between organic dyes in a
strongly coupled optical microcavity. Nat. Mater. 13, 712-719 (2014).

17. Orgiu, E. et al. Conductivity in organic semiconductors hybridized with the
vacuum field. Nat. Mater. 14, 1123-1129 (2015).

18. Spano, F. C. Optical microcavities enhance the exciton coherence length
and eliminate vibronic coupling in J-aggregates. J. Chem. Phys. 142, 184707
(2015).

19. Galego, J., Garcia-Vidal, F. J. & Feist, J. Cavity-induced modifications of
molecular structure in the strong-coupling regime. Phys. Rev. X 5, 041022
(2015).

20. Cwik, J. A, Kirton, P., De Liberato, S. & Keeling, J. Excitonic spectral features in
strongly coupled organic polaritons. Phys. Rev. A 93, 033840 (2016).

21. Herrera, F. & Spano, F. C. Cavity-controlled chemistry in molecular ensembles.
Phys. Rev. Lett. 116, 238301 (2016).

22. Kowalewski, M., Bennett, K. & Mukamel, S. Non-adiabatic dynamics of
molecules in optical cavities. J. Chem. Phys. 144, 054309 (2016).

23. Waldeck, D. H. Photoisomerization dynamics of stilbenes. Chem. Rev. 91,
415-436 (1991).

24. Quick, M. et al. Photoisomerization dynamics and pathways of trans- and
cis-azobenzene in solution from broadband femtosecond spectroscopies and
calculations. J. Phys. Chem. B 118, 8756-8771 (2014).

25. Litinskaya, M., Reineker, P. & Agranovich, V. M. Fast polariton relaxation in
strongly coupled organic microcavities. J. Lumin. 110, 364-372 (2004).

26. Coles, D. M., Michetti, P., Clark, C., Adawi, A. M. & Lidzey, D. G. Temperature
dependence of the upper-branch polariton population in an organic
semiconductor microcavity. Phys. Rev. B 84, 205214 (2011).

| 7:13841| DOI: 10.1038/ncomms13841 | www.nature.com/naturecommunications 5


http://www.nature.com/naturecommunications

ARTICLE

27. Wiederrecht, G. P., Wurtz, G. A. & Hranisavljevic, J. Coherent coupling of
molecular excitons to electronic polarizations of noble metal nanoparticles.
Nano Lett. 4, 2121-2125 (2004).

28. Zengin, G. et al. Realizing strong light-matter interactions between
single-nanoparticle plasmons and molecular excitons at ambient conditions.
Phys. Rev. Lett. 114, 157401 (2015).

29. Tormd, P. & Barnes, W. L. Strong coupling between surface plasmon polaritons

and emitters: a review. Rep. Prog. Phys. 78, 013901 (2015).

. Gonzalez-Tudela, A., Huidobro, P. A., Martin-Moreno, L., Tejedor, C. &
Garcia-Vidal, F. J. Theory of strong coupling between quantum emitters and
propagating surface plasmons. Phys. Rev. Lett. 110, 126801 (2013).

. Worth, G. A. & Cederbaum, L. S. Beyond born-Oppenheimer: molecular
dynamics through a conical intersection. Annu. Rev. Phys. Chem. 55, 127-158
(2004).

32. Bonaci¢-Koutecky, V. et al. Sudden polarization in the Zwitterionic Z 1 excited

states of organic intermediates. Photochemical implications. Angew. Chem. Int.
Ed. Engl. 14, 575-576 (1975).

3

[=1

3

—

Acknowledgements

This work has been funded by the European Research Council (ERC-2011-AdG proposal
No. 290981), by the European Union Seventh Framework Programme under grant
agreement FP7-PEOPLE-2013-CIG-618229, and the Spanish MINECO under contract
MAT2014-53432-C5-5-R and the ‘Maria de Maeztu’ programme for Units of Excellence
in R&D (MDM-2014-0377).

Author contributions

J.F. and F.J.G.-V. conceived and supervised the work. J.G. performed the numerical
calculations. All authors analysed the results and contributed to the writing of the
manuscript.

Additional information
Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Galego, J. et al. Suppressing photochemical reactions with
quantized light fields. Nat. Commun. 7, 13841 doi: 10.1038/ncomms13841 (2016).

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0
BY International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

| 7:13841| DOI: 10.1038/ncomms13841 | www.nature.com/naturecommunications


http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Single-molecule strong coupling

	Figure™1Sketch of an example system.A collection of molecules is coupled to a localized surface plasmon mode in the gap between two nanoparticles. Inset: Sketch of photoisomerization reaction between a trans- and cis-isomer
	Collective strong coupling

	Figure™2Suppression of photoisomerization under strong coupling for a single molecule.(a-c) Ground (blue) and excited (purple-orange colour scale) potential energy surfaces of the model molecule coupled to a quantized light mode (ohgrc=2.65thinspeV), with
	Discussion
	Figure™3Many-molecule potential energy surfaces under strong coupling.(a) Lower polariton PES for N=50 molecules, under motion of molecules 1 and 2, with all others held in the equilibrium position q0. (b-d) All potential energy surfaces under motion of o
	Methods
	Molecular model
	Data availability

	YoshizawaT.WaldG.Pre-lumirhodopsin and the bleaching of visual pigmentsNature197127912861963PolliD.Conical intersection dynamics of the primary photoisomerization event in visionNature4674404432010KucharskiT. J.TianY.AkbulatovS.BoulatovR.Chemical solution
	This work has been funded by the European Research Council (ERC-2011-AdG proposal No. 290981), by the European Union Seventh Framework Programme under grant agreement FP7-PEOPLE-2013-CIG-618229, and the Spanish MINECO under contract MAT2014-53432-C5-5-R a
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




