Supplementary information for ultra-fast
photochemistry in the strong light-matter coupling
regime

2

Y

Arpan Dutta'*, Ville Tiainen!, Luis Duarte'?, Nemanja Markesevi¢!, Dmitry Morozov
Hassan A. Qureshi'*, Gerrit Groenhof?”, and J. Jussi Toppari'”

! Nanoscience Center and Department of Physics, University of Jyviskyld, P.O. Box 35, FI-{0014, Finland
2 Nanoscience Center and Department of Chemistry, University of Jyvdskyld, P.O. Box 85, FI-40014, Finland
3 Present address: Department of Chemistry, University of Helsinki, P.O. Boz 55, FI-00014, Finland
4 Present address: Department of Mechanical and Materials Engineering, University of Turku, FI-20014, Finland
" Correspondence: j.jussi.toppari@jyu.fi gerrit.z.groenhof@jyu.fi

Contents

1 Experiments with metallic Fabry-Pérot cavities containing HBQ molecules 2
1.1 Optical microcavity design . . . . . . . . . . . ... 2
1.2 Sample fabrication . . . . . ... .. 3
1.3 Steady-state reflection measurements . . . . . . . . ... ... L. 4
1.4 Steady-state fluorescence measurements . . . . . . .. .. ..o 6
1.5 Coupled harmonic oscillator model fitting . . . . . . . .. .. ... ... ... 7

2 Molecular Dynamics of HBQ in the collective strong coupling regime 9
2.1 Multi-scale Tavis-Cummings model . . . . . . . .. .. ... ... ... ... 9
2.2 Non-adiabatic molecular dynamics simulations . . . . . . . .. .. ... ... 11
2.3 Simulation details . . . . . . ..o o 12
2.4 Estimation of radiative losses . . . . . . . .. ... oL 13
2.5 Cavity absorption spectra . . . . . . . ... 13
2.6 Overlap between molecular polaritonic states . . . . . . . . . ... ... ... 14
2.7 Additional MD results . . . . . . ... 15

2.7.1 ESIPT in "bare” HBQ . . . . . . . . . .. ... ... ... 15

2.7.2 ESIPT in HBQ under strong light-matter coupling . . . .. .. ... 15

2.8 Reference Potential Energy Surfaces of HBQ molecule . . . . . . . ... ... 18
2.9 Simulations in Ultra-Strong Coupling Regime . . . . . . ... .. ... ... 18
References 19



1 Experiments with metallic Fabry-Pérot cavities con-
taining HB(Q molecules

1.1 Optical microcavity design

Our molecular films used as a reference consist of a 100 nm thick polymer layer on top of a
120 nm thick aluminum (Al) mirror on a glass substrate. The polymer layer is a polymethyl
methacrylate (PMMA) matrix doped with 10-hydroxybenzo[h]quinoline (HBQ) molecules,
purchased from TCI Europe N.V. (Belgium, CAS Number: 33155-90-7, Molecular Weight:
195.22 g/mol) and used as received. In the case of cavities, we added a 20 nm Al mirror
on top of the film. This yields a low-Q (Q ~ 17) all-metal Fabry-Pérot microcavity with
an asymmetric geometry having a thin/leaky mirror (20 nm Al) on top and a thick/non-
transparent (120 nm Al) mirror at the bottom. The structures of the HBQ film and cavity
are schematically shown in Fig. S1.

We optimized our cavity geometry using transfer-matrix method (TMM) [S1, S2] and
finite-difference time-domain (FDTD) [S3, S4] simulations. In TMM calculations, the glass
substrate (SiOy) and the surrounding medium (air, refractive index 1.00) were considered as
semi-infinite. The excitation light was s-polarized and the refractive index of PMMA was
1.50. The material models for Al and SiOy were taken from the existing literature [S5]. In
2D-FDTD computations, the simulations were carried out on xz-plane considering the cavity
and the film thickness extending in z-direction while in z- and y-directions, the structures
are uniform. Perfectly matched layers (PML) were used in all boundaries and the material
models were the same that were used for the TMM. The normal incidence of light, 7.e., a
plane wave linearly polarized in x/y direction was used as the excitation in the simulations.

We chose a reflective (non-transmissive) cavity since that can provide an efficient light
confinement combined with a quality detection of molecular fluorescence [S6]. The cavity
thickness was set to 100 nm to tune the first order cavity mode with the HBQ absorption
(375 nm) at 0° excitation. However, considering the fabrication tolerance, the actual cavity
thickness was ~ 100 — 120 nm resulting in the resonant tuning around 40° due to the cavity
dispersion.

The TMM calculated absorption of the undoped cavity and film with pure PMMA as
a polymer layer, are reported in Fig. S2(a) for 40° excitation angle. The TMM computed
dispersion of the undoped cavity is depicted in Fig. S2(b). The 2D-FDTD simulated spatial
distribution of the electric-field inside the undoped cavity and film are depicted in Fig. S2(c)
and Fig. S2(d), respectively, at resonance (375 nm) for the normal incidence of light. Unlike
for the cavity, no field-confinement was found in the film.

20 nm Aluminum
100 nm HBQ + PMMA

120 nm Aluminum

100 nm HBQ + PMMA
120 nm Aluminum

Glass (Semi-infinite)

HBQ Film HBQ Cavity

Glass (Semi-infinite)

Fig. S1. Schematics of HBQ film and cavity.



@) ' ' ' (b)

325 3.8

Undoped Cavity
0.7r Undoped Film |
ndoped Film g 350 35
c o
S < >
g 05 R - - - - - - - - . 33 2
= [e)) >
2 3 &
K] @
< 03 o 400 31 8
& w
; 425 2.9
0.1
. . L L 450 2.8
325 350 375 400 425 450 0 10 20 30 40 50 60 70
© Wavelength (nm) Angle (deg)
C
2.3
1.8+
é ~—~
—£ 13l 1S
T £
mj <
0.8+
0.3
0 25 50 75 25 50 75 100
anvity (nm) Zfilm (nm)

Fig. S2. (a) Absorption of the undoped cavity and film at 40° excitation angle. (b) Dispersion of
the undoped cavity where the horizontal and vertical white dashed lines show the HBQ absorption
(375 nm) and the resonant angle at which the first order cavity mode is at 375 nm, respectively.
Spatial distribution of the electric field at 375 nm inside the undoped (c) cavity and (d) film shown
as a color contour plot. Since the field is homogeneous in x-direction, the white dotted curves
with their scale at left axis show the spatial profile of the electric field inside the corresponding
structures.

1.2 Sample fabrication

HBQ films and cavities were fabricated on top of BK7 glass substrates (Prézisions Glas
and Optik GmbH, dimension: 15 x 15 mm?, thickness: 1 mm). The substrates were cleaned
with heated acetone and sonication in isopropanol followed by drying by nitrogen flow. The
bottom mirrors for the films and cavities were made by evaporating 120 nm of Al on top
of the cleaned substrates in ultra high vacuum (e-beam evaporation with depostion rate 0.1
nm/s under 107® — 10~ mbar pressure). The yellow crystalline HBQ powder (TCI Europe
N.V.) was dissolved in chlorobenzene at room temparature to make a 8 wt% stock solution
of HBQ. The spin solutions were prepared by mixing the required amount of 2 wt% solution
of PMMA in chlorobenzene (950PMMA C2, Microchem) with the 8 wt% stock solution of
HBQ to attain the target concentrations, i.e., HBQ:PMMA ratios 0.5 (low), 1 (mid), and
1.6 (high). The HBQ:PMMA thin films were made by spin-coating the bottom mirrors with
the spin solution at an optimal spin speed to achieve ~ 100 — 120 nm film thickness. The
obtained films were baked for 15 min on a hot plate at 65°C. The temperature was lowered
from the common PMMA baking temperature to avoid excess evaporation of HBQ. The



thickness characterization was performed using the KLA Tencor P-15 profilometer. For each
concentration, two identical HBQ:PMMA films were prepared - one for cavity and one for
corresponding film. For cavities, the top mirrors were made by evaporating 20 nm of Al
on top of the HBQ:PMMA films under the same evaporation conditions as for the bottom
mirrors. The undoped cavity was made using the similar procedure except the HBQ doping.

1.3 Steady-state reflection measurements

The reflection measurements on the fabricated samples were carried out using a custom
made optical setup shown schematically in Fig. S3. The samples were illuminated by a deu-
terium lamp (Cathodeon, model C710). The pseudo-collimated excitation light passed two
pinholes P; and Py having diameters of ~ 6 mm and ~ 3 mm, respectively, before hitting the
sample. The samples were placed at the rotation axis of a goniometric sample stage facing
the excitation light with the axis of the prism polarizer along with the rotation axis, i.e.,
vertical or s-polarization. The excitation (#) and detection (¢) angles were adjusted man-
ually by rotating the goniometric stage and the rotational arm, respectively. For reflection
measurements eventually § = ¢ and 6 ranges from 10° to 70° with an increment of 5°. The
reflection spectra of the samples were collected using a fiber coupler (ThorLabs F220SMA-A,
f =10.90mm, NA = 0.25) connected to an optical fiber (ThorLabs, model: M112L02, 2 m,
200 pm core, NA = 0.22, SMA). The collected light was guided to a spectrometer consist-
ing of a monochromator (Acton monochromator SP2150i, slit size: 100 pm, grating: 600
grooves/mm blazed at 500 nm) and CCD (Andor InstaSpec IV CCD DU420-OE, pixel size:
16 x 16 pm?). The obtained spectra were recorded in ASCII format.
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Fig. S3. Schematic of the experimental set-up.



The angle-resolved reflection spectra R(, \) were calculated as R(6,\) = I1(6,\)/Iy()N),
where (60, \) is the collected signal (in counts) reflected from the sample while () is the
lamp spectrum. Since our samples are non-transmissive, i.e., T'(6, A) = 0, the absorption can
be calculated simply as 1 — R(6, \). First, we estimated the scattered part of the excitation
light that never reached to the HB(Q molecules embedded in our samples due to scattering
from polymer/top mirror using a baseline correction. The baseline-correction is done by
interpolating the baseline in between the known baseline points in MATLAB [S7]. The
interpolation was done by using a MATLAB function interp! [S8] along with the piecewise
cubic Hermite polynomial method implemented through the MATLAB function pchip [S9].
The trend in baseline was similar in almost all cases, ¢.e., raising baseline towards blue. This
is exactly something one would expect from a nonspecular Rayleigh scattering from a rough
sample surface, which is the main reason for the non-zero baseline. It should be noted that
many interpolation methods as well as parameters were tested, and all of them yielded the
same trend as reported in the main text.

Finally, the angle-dependent absorption spectra A(f, \) were considered as

1(6,\)

A0, N) =1- Io(\) — [Io(A\) x BL(N)]

where BL(\) is the estimated baseline.

The measured dispersion of a fabricated undoped cavity is reported in Fig. S4 which is
consistent with our simulated dispersion shown in Fig. S2(b) except for the fact that the
fabricated cavity thickness is ~ 118 nm resulting in the resonant tuning of the first order
cavity mode with 375 nm at 50°, i.e., 10° detuning from the simulated case due to a higher
thickness.
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Fig. S4. Measured dispersion of a fabricated undoped cavity where the horizontal and vertical
white dashed lines show the HBQ absorption (375 nm) and the resonant angle at which the first
order cavity mode is at 375 nm, respectively.



The angle-dependent absorption spectra after baseline correction for low, mid, and high
concentration (C) cavities are illustrated in Figs. S5(a), S5(c), and Fig. S5(e), respectively.
The same without baseline correction for low, mid, and high C cavities are presented in
Figs. S5(b), S5(d), and Fig. S5(f), respectively. From Fig. S5 it is clear that the resonant
condition in all cavities appears close to 40° angle.
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Fig. S5. Angle-dependent absorption spectra for (a) low, (c¢) mid, and (e) high C cavities after
baseline correction. The same for (b) low, (d) mid, and (f) high C cavities without baseline
correction.

1.4 Steady-state fluorescence measurements

In fluorescence studies, the fabricated samples were excited by a tunable diode pumped
pulse laser (EKSPLA OPO NT230 series, model: NT231-100-SH/FH-OPO-SH, pulse width:
3 - 6 ns, repetition rate: 100 Hz) where the excitation beam was pseudo-collimated before
reaching the samples. The sample positioning on the rotational stage, the polarization axis,
the adjustment of the excitation/detection angles, and the pinhole sizes were identical with
the reflection measurements. For cavities, five excitation angles were considered, i.e., 6 as
10°, 30°, 40°, 50° and 60°. The detection angle ¢ was set to 0° for all § except for 6 = 10°
where ¢ was set to 30° to avoid the reflection of the incident laser light at the detector. For
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films, 6 was 30° with ¢ as 0° since there is no dispersion. The sample emission was collected
using the same fiber coupler used in the reflectivity measurements connected to a fiber optic
bundle (ThorLabs, model: BFL200HS02, 250 to 1200 nm, 7 x 200 pm core fibers, high-OH,
SMA). The collected light was guided to a monochromator (Acton monochromator SP2150i,
slit size: 750 pm, grating: 300 grooves/mm blazed at 750 nm) — CCD (Andor IVAC CCD
DR-324B-F1I, pixel size: 16 x 16 pm?) combination and recorded in ASCII format. The filter
before the spectrometer shown in Fig. S3 (Semrock EdgeBasic, BLP01-488R-25 long pass
filter, transparency: > 488 nm) was only used in the fluorescence measurements to block the
excitation light during emission collection. To take into account the typical fluctuations in
the pulse energy of our excitation laser, we recorded the energy of each excitation pulse using
a sensor (Ophir PD10-C) and used the sum of energies of all excitation pulses to correct the
collected emission intensity (in counts).

The energy-corrected emission spectra Ig(\) in counts/mJ were calculated as Ig(\) =
Ic(N)/ >~ Ep where I(A) is the collected emission in counts and ) | Ep represents the sum of
energies of all excitation pulses in mJ during the detection/integration time. The exciation
spectra were constructed by extracting the energy-corrected emission intensities at 620 nm,
i.e., Ig(A = 620nm) as a function of excitation wavelengths (\..) where ., was varied from
350 - 400 nm with an increment of 3 nm.

1.5 Coupled harmonic oscillator model fitting

The probabilities of polariton formation in a strongly-coupled cavity-molecular system are
given by the Hopfield coefficients [S10]. In order to extract those coefficients from the
experimental data, the coupled harmonic oscillator model (CHOM) [S11, S12] was fitted to
the experimental polariton dispersions. In the case of two excitons the coupling is described
by a 3 x 3 matrix of regular James-Cummings Hamiltonian

Ek) o 92\ [« o
g1 E, 0 Bl=E|B], (S-l)
92 0 E Y Y

where ¢g; and g, are the coupling strengths related to the molecular excitation energies, the
molecular exciton at F; = 3.30 ¢V (375 nm) and the vibronic shoulder at Ey = 3.44 ¢V (360
nm), respectively. In Eq. (S.1), a, 3, and ~ are the Hopfield coefficients and E.(ky) is the
cavity energy given by
he T\ 2

E(ky) = o (F) +4 (5.2)
where n. is the refractive index of the cavity medium and L is the cavity thickness. The
in-plane wave vector k) is given by

k“%gshlG, (S.3)

where A\ is the wavelength and @ is the angle of incidence relative to the cavity surface normal
[S11, S12].
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Fig. S6. Hopfield coefficients of the lower polariton (LP) branch for (a) low, (c¢) mid, and (e) high
concentration (C) HBQ cavities. Hopfield coefficients of the upper polariton (UP) branch for (b)
low, (d) mid, and (f) high C HBQ cavities. In (a)-(f), the relative coefficients are calculated from
the CHOM fitting.

A custom made MATLAB script was used to fit Eq. (S.1) to the experimental data. To
obtain the fit parameters ¢y, g2, n. and L were varied until the difference between experi-
mental polariton energies and the ones obtained from Eq. (S.1) was minimized. The method
of least squares was used to define the minimum. Experimental polariton energies were ex-
tracted from the measured cavity absorption maxima, by fitting a suitable peak functions
corresponding to the three polaritons, and the corresponding incident angles were converted
to kj for the purposes of fitting. The fitted dispersion curves for all samples are shown to-
gether with the measured data in Fig. 2 of the main article, and the corresponding Hopfield
coefficients are presented in Fig. S6.



2 Molecular Dynamics of HBQ) in the collective strong
coupling regime

2.1 Multi-scale Tavis-Cummings model

To model the dynamics of N HBQ molecules strongly coupled to the confined light mode of
a single-mode cavity, we extended the Tavis-Cummings model [S13, S14] to account for the
molecular degrees of freedom [S15]:

SV hvi(Ry)6767 + hweayala+

N hg;(6Fa+ 67 ah)+ (S.1)

J

> Vi (Ri)

Here, 6 (67 ) is the operator that excites (de-excites) HBQ molecule j from the electronic

ground (excited) state |S(R;)) (|S](R;))) into the electronic excited (ground) state |S](R, ))
(ISh(R;))); R, is the vector of the Cartesian coordinates of all atoms in HBQ molecule j; a
(a') is the annihilation (creation) operator of an excitation in the cavity mode; hv;(R;) is
the excitation energy of molecule j, defined as:

hwi(R;) = Vi (Ry) — VE'(R) (S.2)

with VE°'(R;) and Vg™!(R;) the adiabatic potential energy surfaces of molecule j in the
electronic ground (Sp) and excited (S;) state, respectively.

The last term in Equation S.1 is the total potential energy of the system in the absolute
ground state (i.e., with no excitations in neither the molecules nor the cavity modes), defined
as the sum of the ground-state potential energies of all molecules in the cavity. The VmOI(R )
and VZ"'(R;) adiabatic potential energy surfaces are modelled at the QM/MM level of
theory [S16, S17].

The third term in Equation S.1 models the light-matter interaction within the dipolar

approximation through gj:
hw
TDM cav
— R,)- Ucay i/ S.3
g _] ( ) 260‘ rcav ( )

where uTDM(Rj) is the transition dipole moment of HBQ molecule j that depends on the
molecular geometry (R;); ucay the unit vector in the direction of the electric component of

the cavity vacuum field (i.e., |E| = \/ hweay (k2)/2€0Veay); €0 the vacuum permittivity; and
Viav the cavity mode Volume

The matrix elements of the multi-scale Tavis-Cummings Hamiltonian are evaluated in
the product basis of adiabatic molecular states times cavity mode excitation:

6) = 6718535518 @ o)
= 6/ IYSy) @ [0) (5.4
= 47 1o0)
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for 1 <j <N, and
oni1) = al[SS5.-Sp 'Sy) @ 10)

= aMmINs)) ® |0) (S.5)

= af|go)
In these expressions |0) indicates that the Fock state of the cavity mode is empty. The basis

state |¢o) is the ground state of the molecule-cavity system with no excitations in neither
the molecules nor the cavity mode:

[b0) = 1868585 S0) @ [0) = [TI7'Sg) @ |0) (5.6)

Within this basis, the Matrix representation of the Tavis-Cummings matrix becomes:

Hmol Hint
TC
H = ( HintT cav ) (87)

The upper left block, H™!, is an N x N matrix that contains the single-photon excitations
of the molecules. Because we neglect direct excitonic interactions between molecules, this
block is diagonal, with elements labeled by the molecule indices j:

ot = <¢0\&jﬁ1TC&j|¢o> (S.8)

for 1 < j < N. Each matrix element of H™! thus represents the potential energy of a HBQ
molecule, j, in the electronic excited state [S{(R;)) while all other molecules, i # j, are in
the electronic ground state |Sj(R;)):

N
H?' = Vg (Ry) + Z Ve (Ry) (S.9)
i#]

The lower right diagonal element in Equation S.7, H®, represents the single-photon
excitation of the cavity mode,:

HEE van = (dolaH %l |go) (5.10)

In these matrix elements, all HBQ molecules are in the electronic ground state (Sp). The
energy is therefore the sum of the cavity energy at k.,, and the molecular ground state
energies:

N
H]C\?I1,N+1 = hWeay + Z VS?OI(R]') (S.ll)
J
where w.,, is the cavity frequency.

The two N dimensional off-diagonal vectors H™ and H™ in the Tavis-Cummings Hamil-
tonian (Equation S.7) model the light-matter interactions between the HB(Q molecules and
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the cavity mode. The elements of these vectors are approximated as the inner product be-
tween the molecular transition dipole moments on the one hand, and the transverse electric
field of the cavity mode at the center of the molecules, on the other hand:

Hgor = =i "M (Ry) - ey /g (b0l (67 a)al | o)
(5.12)
= 1 PM(Ry) - Ucayy /e

Diagonalization of the multi-scale Tavis-Cummings Hamiltonian in Equation S.7 yields the
N + 1 eigenstates [¢)™):

N
™) = (Z Bray +o/”d*> |b0) (S.13)

J
with eigenenergies F,,. Expansion coefficients 7" and o™ reflect the contribution of the

molecular excitons (|S](R;))) and the cavity mode excitation (|1)) to eigenstate |¢)™), re-
spectively.

2.2 Non-adiabatic molecular dynamics simulations

MD trajectories of all molecules (including environment) were computed by numerically
integrating Newton’s equations of motion. The multi-mode Tavis-Cummings Hamiltonian
(Equation S.7) was diagonalized at each time-step of the simulation to obtain the N + 1
(adiabatic) eigenstates |¢)™) and energies E™. The trajectories were evolved on the PES of
a single eigenstate, |¢™): )

V(R = (" ATC ) (S.14)

Population transfers between states were modelled with a surface hopping method [S18].

The surface hopping algorithm used in this work [S19] is based on the Landau-Zener
model [S20, S21], which relates the probability of a transition between two adiabatic states
|tr) and |1y,) to the non-adiabatic coupling, via:

Py = exp[—%rf] (S.15)

with £ the Massey parameter, defined as [S22]:

AFE,

52 k|9 ,/ym

R | 5d™)

Following Hammes-Schiffer and Tully [S23] we approximate the non-adiabatic coupling (1| %d}m}
as (WF(t)|™(t + At))/At, i.e., the overlap between the state [¢*) at the current time step
and the state |¢,,) at the previous time step. Under the additional assumption that the

uncoupled molecular wave functions vary slowly, we can further approximate this overlap as
the inner product of the eigenvectors of the Tavis-Cummings matrix (Equation S.7):

(S.16)

O™+ AL)) = Z BBt + At) + o (H)a™(t + At) (S.17)
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Calculating this overlap and the energy gap AE},, at every time step is straightforward and
we can use the Landau-Zener formula to calculate the probability of a transition to the other
surface (equation S.15). In principle, this transition probability could be used to spawn
a new trajectory on the other polaritonic surface, but since this procedure would lead to
multiple trajectories that have to computed simultaneously, spawning will be too demanding
in practice, in particular when there are many molecules. Instead, we restricted hopping to
situations where the transition probability approaches unity. This happens when the states
[9k) and [1p™) are degenerate: AEy,, ~ 0 and (*(#)|y™(t + At)) > (W™ (t)|[F(t + At)).

2.3 Simulation details

The Gromos-2016H66 force field was used to model the interactions, because it contains a
validated cyclohexane model [S24], which was used as the solvent for HBQ in our simulations.
In this united atom representation of cyclohexane, none of the atoms carries a partial charge.
Because HBQ was kept frozen during the solvent equilibration and modeled at the QM level
in all other simulations, there was no need to assign partial charges to the HBQ atoms. The
Gromos96 atom-types used in the simulations are HC for all aromatic hydrogen atoms, C for
all carbon atoms, NR for the aromatic nitrogen atom, 0OA for the hydroxyl oxygen atom and
H for the hydroxyl proton.

One HBQ molecule was placed at the center of a rectangular box that was filled with
402 cyclohexane molecules. The simulation box, which thus contained 2436 atoms, was
equilibrated for 100 ns. During equilibration, the coordinates of the HBQ atoms were kept
fixed. The LINCS algorithm was used to constrain bond lengths in cyclohexane [S25] enabling
a time step of 2 fs. Temperature and pressure were maintained at 300 K and 1 atmosphere
by means of weak-coupling to an external bath (7 = 0.1 ps, 7p = 1 ps) [S26]. The Lennard-
Jones potential was truncated at 1.4 nm.

Snapshots were extracted from the equilibration trajectory and further equilibrated for 50
ps at the QM /MM level with a time step of 1 fs. HBQ was modelled with density functional
theory (DFT), using the CAM-B3LYP functional [S27-529] in combination with a 6-31G(d)
basis set [S30]. The cyclohexane solvent was described with the 2016H66 parameter set of
the Gromos96 force field [S24] The QM subsystem was mechanically embedded and because
cyclohexane atoms are uncharged, the interactions between the QM and MM regions were
modeled with Lennard-Jones potentials only. We used time-dependent density functional
theory [S31] within the Tamm-Dancoff approximation (TDA) [S32] in combination with the
CAM-B3LYP functional and the 6-31G(d) basis set, to model the singlet excited electronic
(S1) state of HBQ in our simulations. All QM /MM simulations of HBQ outside of the cavity
were performed with Gromacs 4.5.3 [S33] using the QM /MM interface to TeraChem [S34,
S35].

A hundred snapshots were extracted from the 50 ps ground-state trajectories and the
simulations were continued in the excited state to get an estimate for the proton transfer
rate outside of the cavity. For the simulations in the cavity configurations were extracted
from the QM /MM ground-state trajectory and coupled to a single confined light mode with
an infinite lifetime and a vacuum field strength of 0.77 MVem ™! (0.00015 au). To maximize
the collective coupling strength, the transition dipole moments were aligned to the cavity
field. MD trajectories of 100 fs were calculated with 256 and 512 molecules in the cavity. In
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these simulations, the cavity energy hw.., was tuned to be in resonance with the maximum
of HBQ absorption, which is 4.02 eV at the TD-CAM-B3LYP/6-31G(d)//Gromos2016H66
level of QM/MM theory. In total 22 trajectories were computed, each starting in a dif-
ferent polaritonic eigenstate of the HBQ-cavity system. The simulations of 512 molecules
were repeated with a cavity that was red-detuned from the HBQ absorption maximum by
123 meV. All simulations were performed with Gromacs 4.5.3 [S33], in which the Tavis-
Cummings Hamiltonian (Equation S.7) was implemented [S15], using the QM /MM interface
to Gaussianl6 [S36].

2.4 Estimation of radiative losses

To estimate the radiative loss through the imperfect cavity mirrors a posteriori, we coherently
propagated the total polaritonic wavefunction |W(¢)) along the classical trajectory of the N
molecules as a time-dependent superposition of the N + n,,.q0 time-independent adiabatic

polaritonic states:
N+nmode

) = D en®™) (5.18)
where ¢,,(t) are the time-dependent expansion coefficients of the time-independent polari-
tonic basis functions [¢)™) defined in Equation S.13. A unitary propagator in the local
diabatic basis was used to integrate these coefficients [S37].

Radiative loss was modeled as a first-order decay process into the overall ground state of
the system (i.e., no excitation in neither the molecules nor the cavity mode) [S15]. Assuming
an intrinsic decay rate of the cavity, 7.av, the radiative loss rate was calculated as the product
of Yeay and the photonic weight, |a™|?, of state |¢™) (Equation S.13). Thus, after an MD
step At, the change in population of state [1,,), pm(t) = |cm(t)]?, due to the loss is:

pin(t -+ At) = pu(t) exp [—year|™ ()P At] (S.19)

Since pn, = (R[em))? + (Sem])?, changes in the real and imaginary parts of the (complex)
expansion coefficients ¢,,(t) due to spontaneous photonic loss through the mirrors of a low-Q
cavity, are:

Rien(t-+ A1) = Rlen (] exp |~ rcalaf (0101

Slem(t + A)] = Sfem(t)] exp [—g%avmm(t)mt]

In our simulations we assumed a decay rate of Ve, = 250 ps—*.

2.5 Cavity absorption spectra

Following Lidzey and coworkers [S38|, we define the ”visibility”, I™, of polaritonic state
|4)™) as the photonic contribution to that state (i.e., I"™ oc |a™|?). Thus, the one-photon
absorption spectra of the HBQ cavity systems were computed from the QM/MM trajectory
of the uncoupled HBQ as follows: For each frame of this trajectory, the polaritonic states
were computed and the energy gaps of these states with respect to the overall ground state
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(i.e., E°, with all molecules in Sy, no photon in the cavity: |S§S2...S))|0)) were extracted,
multiplied by |a™]* and summed up into a superposition of Gaussian functions:

s N—+n +1
abs = (E— AE!)?
M™E)ocd | Y o |2exp[—T] (S.20)

Here, I2"5(E) is the absorption intensity as a function of excitation energy FE, s the number
of trajectory frames included in the analysis, AE" the excitation energy of polaritonic state
|4™) in frame i (AE™ = E™ — E?) and o the expansion coefficient of the cavity mode in
polaritonic state [¢)™) in that frame (Equation S.13). A width of o = 0.05 eV was chosen
for all convolutions in this work.

2.6 Overlap between molecular polaritonic states

The density of states (DOS) of the bare HBQ in cyclohexane was determined by convoluting
the distribution of the 2,048 QM /MM excitation energies with a Gaussian function:

(B — AE )2
pOs(
Dol ( Z AFE; exp[— 5o —] (S.21)

where F is the excitation energy, s = 2048 and we again use o = 0.05 eV. Because polaritonic
states are characterized by a non-zero photonic contribution (i.e. |a*|> > 0, Equation S.13)
the DOS of these polaritonic states was calculated by weighing all polaritonic states by their
photonic contribution:

S N+1

Dot (B) =) | > (B — Ef)exp[~

% k

(E — (E} - E}))

202

e |? (S5.22)

where subscript ¢ indicates the value of the parameter in snapshot i. To estimate the overlap
between the DOS of the lower polariton and the DOS of the molecules, we fitted Gaussian
functions to the DOS profiles of equations S.21 and S.22. A single Gaussian was used to
fit poo’ (£) while pD9°(E) was fitted with a sum of two Gaussians. The overlap integral
between the fits to the molecular and polaritonic DOS was then calculated analytically.
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2.7 Additional MD results
2.7.1 ESIPT in ”bare” HBQ

We performed 100 TDA-CAM-B3LYP/6-31G(d)//Gromos-2016H66 QM/MM MD simula-
tions of HBQ in cyclohexane without a cavity, ¢.e., bare HBQ. The starting structures were
selected at 0.5 ps intervals from the ground-state CAM-B3LYP /6-31G(d)//Gromos-2016H66
equilibrium trajectory and instantaneously excited into the Sy electronic state. In figure S7
we plot the distance between the hydroxyl oxygen and hydroxyl hydrogen as a function of
time for all simulations. In all simulations, the intra-molecular proton transfer took place
within 100 fs with an average reaction time, defined as the time at which the distance between
the oxygen and hydrogen exceeds 0.125 nm, of 0.44 fs.

0.25 T I T I T I T l T

0.20 |- N 2
Y

O-H distance (nm)

005 1 I 1 I 1 I 1 I 1
0 20 40 60 80 100

time (fs)

Fig. S7. Distance between the Oxygen and Hydrogen atoms for 100 QM /MM trajectories (all
colours) of HBQ in cyclohexane as a function of time after instantaneous excition into the S;
electronic state.

2.7.2 ESIPT in HBQ under strong light-matter coupling

Tables 1-3 provide an overview of the results of MD simulations with 512 and 256 molecules in
a single-mode cavity. In all simulations, proton transfer occurred, and the average quantum
yields, n®™ defined as the population in the product state at the end of the simulation
(Equation S.19, last column in Tables 1-3), were 95% for 512 HBQ molecules in a tuned
cavity, 86% for the 512 HBQ molecules in a red-detuned cavity, and 91% for 256 HBQ

molecules in a tuned cavity.
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Table 1: Simulation results for 512 HBQ molecules in a tuned single-mode cavity, with

parameters: Nweay = 4.01 eV, \/Tiweay /260 Veay = 0.77 MVem ™| and e,y = 250 ps™!

|,¢m> |am|2 tESIPT molecule nsim.
0 0.0008 | 48 fs 404 0.97
19 0.026 25 fs 400 0.97
26 0.022 36 fs 254 0.96
27 0.019 37 fs 254 0.95
29 0.011 33 fs 484 0.95
31 0.008 36 fs 312 0.95
32 0.018 35 fs 312 0.96
36 0.014 | 34fs 340 0.95
40 0.015 27 fs 194 0.95
46 0.013 29 fs 384 0.95
63 0.001 58 fs 495 0.98
95 | 0.0001 | 60 fs 173 0.96
127 | 0.0006 | 16 fs 179 0.98
159 | 4107° | 27fs 138 0.95
191 | 31076 | 52fs 394 0.97
223 | 0.0002 | 56 fs 306 0.94
255 | 0.0005 | 54 fs 450 0.96
450 | 0.017 | 26 fs 120 0.94
485 | 0.044 | 41 fs 368 0.93
486 | 0.039 58 fs 422 0.96
494 | 0.036 | 43 fs 278 0.93
512 | 0.0006 | 56 fs 131 0.94

Table 2: Simulation results for 512 HBQ molecules in a detuned single-mode cavity, with
parameters: hweay = 3.90 eV, \/hweay /260 Veay = 0.77 MVem ™!, and Yeay = 250 ps?

|¢m> |am | 2 tESIPT molecule nsim.
2 0.19 21 fs 5 0.79
4 0.12 11 fs 212 0.82
) 0.13 23 fs 167 0.80
7 0.03 52 fs 331 0.92
11 0.02 12 fs 35 0.93
14 0.02 94 fs 396 0.86
15 0.03 75 fs 67 0.92
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Table 3: Simulation results for 256 HBQ molecules in a tuned single-mode cavity, with
parameters: Nweay = 4.01 eV, \/Tiweay /260 Veay = 0.77 MVem ™, and 7eay = 250 ps™!

W}m> |am | 2 tESIPT molecule nsim.
17 0.027 53 fs 209 0.95
27 0.033 85 fs 110 0.90
36 0.022 | 26 fs 200 0.89
51 0.017 49 fs 102 0.93
99 0.022 | 59 fs 191 0.92
66 0.011 25 fs 7 0.90
69 0.015 12 fs 137 0.89
132 | 0.016 25 fs 7 0.90
146 | 0.018 | 33 fs 118 0.91
165 | 0.037 | 51fs 29 0.90
167 | 0.038 77 fs 249 0.90
170 | 0.014 30 fs 235 0.94
183 | 0.0156 | 20 fs 92 0.90
188 | 0.011 59 fs 191 0.91
192 | 0.029 | 66 fs 85 0.90
196 | 0.011 69 fs 46 0.91
197 | 0.011 76 fs 9 0.90
204 0.011 71 fs 54 0.90
205 | 0.020 70 fs 65 0.95
223 | 0.020 54 fs 58 0.92
241 0.013 25 19 0.90
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2.8 Reference Potential Energy Surfaces of HBQ molecule

First, we computed the potential energy surfaces (PES) of HBQ molecule on ground (S0, )
and excited (S;) states using TPSSh/cc-pVDZ level of theory. To reproduce the results of
Picconi [S39], we performed relaxed surface scans on both states, while constraining the
reaction coordinate, defined as RC' = do.g — dn.g in Angstrém (see Figure S8). Results of
that scan are plotted as dashed lines with open circels in Figure S8. At this level of theory
proton transfer is barrierless in the excited state. From the Sy and S; minima excitation
and fluorescence peaks have been calculated: 3.13 eV (396 nm) and 2.29 eV (541 nm),
respectively.
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Fig. S8. Potential energy surface are shown on the left panel: solid lines for CAM-B3LYP/cc-
pVDZ and dashed lines for TPSSh/cc-pVDZ levels of theory. Reaction coordinate used for relaxed
scans are shown on the right panel.

While the TPSSh functional shows very good results for HBQ molecule, the lack of that
functional in TeraChem quantum chemistry package [S34, S35] forced us to search for quali-
tatively similar functional that can reproduce the barrierless character of the intramolecular
proton transfer reaction. We found that the CAM-B3LYP /cc-pVDZ level of theory (solid
lines on Figure S8) suited our purposes, despite an overestimation of both the excitation and
fluorescence energies: 3.93 eV (315 nm) and 2.81 eV (441 nm).

2.9 Simulations in Ultra-Strong Coupling Regime

In the ideal situation, in which all HBQ molecules are identical and the mirrors of the single-
mode cavity are perfect, two bright polaritons and N —1 degenerate states form, irrespective
of the coupling strength (provided it is not zero) and the ratio Ngax/Npor = (N —1)/2 for all
Rabi splittings. In contrast, when there is thermal disorder, the cavity modes are smeared-
out over many eigenstates [S40-S42]. In this situation, there is no longer a clear distinction
between dark and polaritonic states. Instead, we applied a numerical criterion and consider a
state [¢)™) polaritonic if the total cavity mode contribution to that state exceeds a threshold
i.e., [a™]? > 0.01.
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Fig. S9. Panel a shows the ratio between the dark and polaritonic states (Ngark/Npo1) as a function
of Rabi splitting for a disordered ensemble of 512 molecules collectively coupled to a single cavity
mode that is resonant with the molecular excitation energy (4.01 eV) and a threshold of e = 0.01.
Panel b shows the distance between the hydroxyl oxygen atom and hydroxyl hydrogen atom in
512 HBQ molecules after excitation into the lower polariton with a cavity vacuum field strength of
1.92 MVem™! (0.000375 au), which yields a Rabi splitting of AQRaP = 0.64 eV.

In Fig. S9a we plot the ratio between the dark and polaritonic states of 512 HQB molecules
in the single-mode cavity as a function of the Rabi splitting, or equivalently the coupling
strength. In these calculations, we controlled the coupling strength by varying the cavity
mode volume (V.,,, Equation S.3). To account for the thermal disorder among the molecules,
we randomly selected 1000 different sets of 512 energies plus transition dipole moments from
the QM /MM equilibrium trajectory at 300 K for each coupling strength.

For Rabi splittings exceeding 0.6 eV, the ratio becomes "ideal” (i.e., Nqark/Npol = (N —
1)/2 = 253.5, and the UP and LP polaritons are coherent hybrids of all molecular excitations
and the cavity mode excitation. Indeed, at a Rabi splitting of 0.64 eV, no proton transfer
was observed in a simulation initiated in the LP state (Fig. S9b). However, because the
Rabi splitting is larger than 10% of the excitation energy, the system is in the Ultra Strong
Coupling regime [S43]. In this regime, the Rotating Wave Approximation (RWA), on which
our simulation model is based, may no longer be strictly valid [S44, S45]. Nevertheless, the
results of the analysis and simulations suggest that for typical organic molecules, ultra-strong
coupling conditions is required to suppress photo-reactivity.
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