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Why does the photochemistry change?
strong coupling with confined light (cavity QED)
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â
† + â
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â
† + â
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Simulating molecules in cavity

linear scaling Tavis-Cummings QM/MM model
Gromacs uses as many MPI nodes as there are molecules
Terachem/Gaussian/.. uses all shared memory threads on node

www.gromacs.org
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implementation in Gromacs
Simulating molecules in cavity

linear scaling Tavis-Cummings QM/MM model
Gromacs uses as many MPI nodes as there are molecules
Terachem/Gaussian/.. uses all shared memory threads on node

new world record: 1,600 rhodamine dyes in solution?
43,200 QM / 17,700,800 MM atoms on 1,600 nodes (38,400 CPUs)

Sisu.csc.fi: 1688 TFlop/s



GFP chromophore in water
no fluorescence: dark
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CASSCF(6,6)/3-21G//SPC & CASSCF(12,11)/cc-pVDZ//EFP

Morozov & Groenhof, Angew. Chem. Int. Ed. 55 (2016) 576-578 

Dmitry
Morozov

Webber, Litvinenko, Meech, J. Phys. Chem. B 105 (2001) 8036



Manipulating photo-chemistry with mirrors
GFP chromophore in water

no fluorescence: dark

1



one GFP chromophore in water in a cavity
strong coupling to confined light?

Manipulating photo-chemistry with mirrors

minimum on lower polariton surface

1



one GFP chromophore in water in a cavity
no fluorescence: dark

Manipulating photo-chemistry with mirrors

1 2
�
m
a
x



four GFP chromophores in water in a cavity
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four GFP chromophores in water in a cavity
trapped: fluorescence
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challenge in real life (AKA experiment …)
cavity mode lifetime

far less than a picosecond …

density of dark states proportional to concentration

dark states

Arpan Dutta’s poster

different potential energy surfaces

limits polariton lifetime



polariton lifetime ‘paradox’ (at least for a chemist…)
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slow emission observed in low-finesse cavities 

time resolved fluorescence of TBDC J-aggregates
emission from P!j i by direct excitation of the coupled mole-
cules dominates by a factor of about two under these condi-
tions.

Time-Resolved Analysis

To gain further insight, the dynamics of the system was ana-
lyzed with femtosecond time resolution by both fluorescence
up-conversion and tunable pump–probe differential absorp-
tion spectroscopy. Figure 4 compares the fluorescence lifetime
of the J-aggregate outside the cavity (a) with that of the
coupled system (c). The decays are not mono-exponential
but as the first half-lives indicate, the emission decay from
P!j i with t1=2" 2 ps is twice as slow as that from J1 (t1=2" 1 ps

whether in the cavity or not). The P!j i fluorescence decay is
the same whether exciting at 550 or 590 nm. Moreover, we
verify that the fluorescence decay time is independent of the
excitation intensity used (as shown in the inset of Figure 4),

demonstrating that there are no exciton–exciton interactions
within the intensity range used in our experiment. We ob-
served a small spectral red shift at very early times (<1 ps),
which is most likely due to vibrational relaxation, typical of
such J-aggregates.[29]

Transient absorbance spectra were recorded after exciting or
pumping with different wavelengths to selectively reach Pþj i,
J1 or P!j i. Figure 5 gives the transient spectrum immediately
after exciting directly to Pþj i (150 fs pulse at 555 nm) and its
evolution as a function of time. The inset shows a detail of the
spectrum which evolves over a timescale of the duration of
the pulse (~200 fs) and which is attributed to fast vibration re-
laxation. Otherwise the spectral shape does not change during

Figure 3. a) Excitation spectra of the emission at 630 nm of the coupled
system for three different excitation angles. b) Excitation spectra measured
for emission wavelengths every 5 nm between 595 and 650 nm. Inset : ratio
of emission of P!j i to J1 emission, determined from the area under the
curves. The inset shows the ratio between the area of the Pþj i peak and
the area of the J1 peak, normalized by the ratio of absorption at the same
wavelength. This ratio corresponds to the ratio of the quantum efficiencies
of the two paths leading to P!j i emission.

Figure 5. a) Evolution of transient differential absorbance spectra after exci-
tation at 555 nm into the upper polariton. Inset : rapid growth of the spec-
trum between 540 and 580 nm within the 150 fs pulse width. b) Comparison
of the transient spectra of the cavity at two different pump powers at
555 nm (c) compared to the transient spectrum of the bare film (a).
c) Decay kinetics (normalized at Dt = 0) for conditions as in (b), represented
by the trace of the most significant term of a singular value decomposition
of the raw data.[29]

Figure 4. Time-resolved fluorescence measurements for the cavity (c) and
a bare molecular film (a) following a pulsed excitation. The curves are
normalized at a delay time of t = 0.4 ps. The inset shows the P!j i emission
decay with different pump intensities—20 (g) and 350 mJ cm!2 (c) per
pulse.

! 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2013, 14, 125 – 131 127
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Here we report a comprehensive spectroscopic study of po-
lariton dynamics in a prototypical molecular system involving
J-aggregate cyanine molecules. This model system is studied
using both steady-state and time-resolved spectroscopic meth-
ods. With wavelength selective excitation of the upper and
lower polaritons and the uncoupled reservoir of molecules, the
complex relaxation pathways of the coupled system, and its in-
teraction with the uncoupled states is revealed, complement-
ing and clarifying earlier studies.[15, 25]

2. Results and Discussion

The system which we study is a cavity made by J-aggregate
molecules embedded in a metallic planar cavity (see Experi-
mental Section). First, the organic cavity system was character-
ized by measuring its transmission (T) and reflection (R ) spec-
tra, extracting the absorption spectrum as !A ¼ 1" T " R (as
opposed to the absorbance given by A ¼ " log T), which is
compared in Figure 2 a to the absorption of a bare polymer/
dye film prepared using the same parameters. A Rabi splitting
of 320 meV is clearly visible between the two cavity absorption
peaks due to the formation of the hybrid light/exciton coupled
states. We note that since the splitting appears in the cavity
absorption spectrum, it unequivocally proves that our system
is indeed in the strong coupling regime.[28]

Static Measurements

In the same Figure 2 a, the fluorescence spectrum of the bare
and the dressed molecules upon UV excitation is shown. For
the coupled system, there are two emission peaks. The one
around 595 nm corresponds to the presence of uncoupled
molecules while the peak at 640 nm is associated with the
lower polariton P"j i. Indeed, by taking the ratio of the absorb-
ance at 590 nm before and after coupling, assuming that the
absorption cross section of uncoupled molecules is the same
as bare molecules, one can estimate that the fraction of un-
coupled molecules is less than 5 %. This assumption is support-
ed by the fact that the fluorescence decay of uncoupled mole-
cules is basically unchanged by the cavity, as demonstrated

below. Our observation that the system is dominated by the
coupled states stands in contradiction to theoretical models,[9]

which evaluate the fraction of coupled states as ~30 % for pa-
rameters similar to those of our experiments. That model, how-
ever, assumes a perfect cavity with a cavity mode existing for
any energy value and a negligible cavity linewidth, which
cannot be assumed for our metallic cavity. It should be noted
that one cannot extrapolate the ratio of uncoupled to coupled
molecules in the cavity from the ratio of their fluorescence in-
tensities (at 595 and 640 nm) since this requires knowledge of
the absolute quantum yields. In Figure 2 b the dispersion dia-
gram is shown as recorded by angle resolved transmission
(white circles) and emission (color map). As expected, the un-
coupled molecule emission is dispersionless while that of P"j i
follows the transmission dispersion. Surprisingly, the fluores-
cence is slightly blue shifted by about 10 nm relative to the ab-
sorption peak (excitation at 380 nm). This might partially origi-
nate from some residual emission of uncoupled molecules at
those wavelengths (see minor emission peak of bare film be-
tween 600 and 650 nm). The upper polariton Pþj i does not
emit at room temperature as has been reported previously[15, 26]

due to a very rapid non-radiative decay as will be seen further
down.

The simplest way to explore the pathways leading to the
P"j i fluorescence is to measure the excitation (also called

action) spectrum as shown in Figure 3 a. The graph gives the
emission intensity at 630 nm as a function of the excitation
wavelength. As expected, the excitation spectrum closely re-
sembles the absorption with two contributions: a major path-
way via Pþj i which is angle-dependent (Figure 3 a), and
a smaller contribution via the uncoupled molecules (shoulder
at 590 nm, angle insensitive). The latter can be both the result
of direct emission from the uncoupled molecules and/or the
consequence of energy transfer from J1 to P"j i. To try to
answer this question, the excitation spectrum were recorded
at different emission wavelengths every 5 nm between 595
and 650 nm as shown in Figure 3 b. The increasing intensity in
the excitation spectra at 550 nm (where Pþj i absorbs) on
going from emission wavelengths 610 to 595 nm (where the J1

emission dominates) reveals that energy transfer is occurring
between Pþj i and J1. The inten-
sity variation in the excitation
spectra recorded for emission
wavelengths between 610 and
650 nm (where P"j i emission
dominates), however, does not
allow one to infer energy trans-
fer from J1 to P"j i. The evi-
dence for the latter process is
found in the transient absorp-
tion data presented below. The
ratio of the area under the
curve of two P"j i peaks in the
excitation spectra gives the rela-
tive quantum efficiencies (after
correction for absorption) of the
pathways and confirms that the

Figure 2. a) Absorption (c) and emission (a) of the bare molecules and the coupled system upon excitation
at 400 nm. b) Dispersion diagram of the coupled system, measured by transmission (white circles) and emission
(color) under nonresonant excitation.

! 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2013, 14, 125 – 131 126

CHEMPHYSCHEM
ARTICLES www.chemphyschem.org

why is that?

Schwartz et al. ChemPhysChem 14 (2013) 125
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lower polariton has long lifetime
Schwartz et al. ChemPhysChem 14 (2013) 125

upper polariton

lower polariton

molecule/‘dark’/reservoir

emit

emit

George et al. Faraday Discuss. 178 (2015) 281

Wang et al. Adv. Funct. Matter 26 (2016) 6198

polariton lifetime ‘paradox’ (at least for a chemist…)
slow emission observed in low-finesse cavities (𝜏cav ~10 fs)
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slow emission observed in low-finesse cavities (𝜏cav ~10 fs)

reversible population transfer between bright and dark polaritons
Lidzey et al. Appl. Phys. Lett. 82 (1999) 3316

Litinskaya et al. J. Lumin 110 (2004) 364
upper polariton

lower polariton

molecule/‘dark’/reservoir

emit

emit

George et al. Faraday Discuss. 178 (2015) 281

Chovan et al. Phys. Rev. B 78 (2008) 045320

Wang et al. Adv. Funct. Matter 26 (2016) 6198

polariton lifetime ‘paradox’ (at least for a chemist…)

Schwartz et al. ChemPhysChem 14 (2013) 125

atomistic pump-probe simulations
chromophores in low-finesse cavities

track relaxation dynamics

lower polariton has long lifetime
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polaritonic state (basis)

 k =
NX

i=1

�k
i |g1g2..ei..gN�1gN i|0i+ ↵k|g1g2..gi..gN�1gN i|1i
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polaritonic state (basis)

total time-dependent polaritonic wave function

 (t) =
N+1X

k

= ck(t) 
k
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propagate expansion coefficients along with classical MD trajectories
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polaritonic state (basis)

Ehrenfest dynamics (mean field)

total time-dependent polaritonic wave function

 (t) =
N+1X

k

= ck(t) 
k
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finite lifetime of cavity mode

polaritonic state (basis)

Ehrenfest dynamics (mean field)

total time-dependent polaritonic wave function

 (t) =
N+1X

k

= ck(t) 
k
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cavity parameters

rhodamine chromophores between thin metal mirrors

atomistic rhodamine model

molecules plus environment

h⌫ = 4.18 eV
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~�cav = 43 meV
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⌧cav = 15 fs
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N = 1, 2, 4, 6, .., 500, .., 1000
<latexit sha1_base64="xNjoIaZRR7jO1GPB/I5xduY4Bwo=">AAACA3icbVDLSgMxFM34rPU16k43wSK4GIZMrY+NUHTjSirYB7RDyaSZNjSTGZKMUErBjb/ixoUibv0Jd/6NaTsLbT1wuYdz7iW5J0g4Uxqhb2thcWl5ZTW3ll/f2Nzatnd2aypOJaFVEvNYNgKsKGeCVjXTnDYSSXEUcFoP+tdjv/5ApWKxuNeDhPoR7goWMoK1kdr2/u2l5xSdknPmuK5zipADTfcQQrBtF5CLJoDzxMtIAWSotO2vVicmaUSFJhwr1fRQov0hlpoRTkf5Vqpogkkfd2nTUIEjqvzh5IYRPDJKB4axNCU0nKi/N4Y4UmoQBWYywrqnZr2x+J/XTHV44Q+ZSFJNBZk+FKYc6hiOA4EdJinRfGAIJpKZv0LSwxITbWLLmxC82ZPnSa3oeidu8a5UKF9lceTAATgEx8AD56AMbkAFVAEBj+AZvII368l6sd6tj+nogpXt7IE/sD5/AOIzko0=</latexit>

various cavity volumes (fields)

aligned to cavity field

modelling relaxation dynamics in low-finesse cavities
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bare rhodamine in water @ 300 K & 1 bar
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QM/MM

bare rhodamine in water @ 300 K & 1 bar
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Amber03 Hartree-Fock/3-21G

 S0(r1, r2, .., rn) = |�1(r1)�2(r2)..�i(ri)�j(rj)..�n�1(rn�1)�n(rn)i

QM/MM

bare rhodamine in water @ 300 K & 1 bar

electronic ground state (S0)

Manipulating photo-chemistry with mirrors

rhodamine model

modelling relaxation dynamics in low-finesse cavities



 S1(r1, r2, .., rn) =
X

ip

Cip|�1(r1)�2(r2)..�p(ri)�j(rj)..�n�1(rn�1)�n(rn)i

Amber03 Configuration Interaction/3-21G
truncated to one electron excitations

QM/MM

bare rhodamine in water @ 300 K & 1 bar

electronic excited state (S1)

rhodamine model

Manipulating photo-chemistry with mirrors
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QM/MM

bare rhodamine in water @ 300 K & 1 bar

electronic absorption spectra (S0→S1)

rhodamine model

Manipulating photo-chemistry with mirrors
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one rhodamines plus environment between two metal mirrors
state populations

modelling relaxation dynamics in low-finesse cavities
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64 rhodamines plus environment between two metal mirrors
state populations & time-resolved fluorescence spectra 

modelling relaxation dynamics in low-finesse cavities
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64 rhodamines plus environment between two metal mirrors
state populations & time-resolved fluorescence spectra 

reversible population transfer between bright and dark polaritons

modelling relaxation dynamics in low-finesse cavities
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excitation into LP

Manipulating photo-chemistry with mirrors

lifetime of molecule-cavity systems
depends on accessibility of dark states

modelling relaxation dynamics in low-finesse cavities

depends on overlap between bright (LP) and dark polaritonic states

density of dark states matches molecular absorption spectrum
Coles et al. Phys. Rev. B 84 (2011) 205214
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lifetime of molecule-cavity systems

depends on overlap between bright (LP) and dark polaritonic states

depends on accessibility of dark states
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excitation into LP

Manipulating photo-chemistry with mirrors

lifetime of molecule-cavity systems

depends on overlap between bright (LP) and dark polaritonic states

density of dark states matches molecular absorption spectrum
Coles et al. Phys. Rev. B 84 (2011) 205214

depends on accessibility of dark states

modelling relaxation dynamics in low-finesse cavities
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new photocatalysis paradigm?

Manipulating photo-chemistry with mirrors

control of photo-chemical reactions

re-shaping potential energy surface (lower polariton)

summary

simulations of molecules under strong coupling with confined light

Angew. Chem. Int. Ed. 51 (2012) 1592–1596Ebbesen et al.:

cavity Tavis-Cummings QM/MM model



new photocatalysis paradigm?

Manipulating photo-chemistry with mirrors

control of photo-chemical reactions

re-shaping potential energy surface (lower polariton)

summary

simulations of molecules under strong coupling with confined light

cavity Tavis-Cummings QM/MM model

increase intrinsic polariton lifetime
very high-finesse cavity

small cavity volume

LP below absorption spectrum (high Rabi splitting)

large molecular concentration

suggestions for cavity photocatalysis from this work

avoid transfer into dark states

see Arpan Dutta’s poster
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