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Experimental Section:

Cavity fabrication: 4CzIPN (Ossila) was used as received. Bathocuproine (BCP) (Lumtec) was
purified via thermal gradient sublimation prior to use. Quartz (AdValue Technology) substrates
were cleaned by successive sonication in deionized water (40 °C, 5 min), acetone (40 °C, 5 min)
and isopropanol (40 °C, 5 min), followed by oxygen plasma treatment for 5 min. To create the
cavity, 30 nm thick layer of Ag (Kurt J. Lesker) was deposited on quartz followed by co-
evaporation of 4CzIPN and BCP (10:1 volume ratio) and another 200 nm top layer of Ag. Thermal
evaporation was done inside (Angstrom EVOVAC Thermal Evaporation System) with ~1077 torr
base pressure. Thickness of the 4CzIPN:BCP layer was varied from 151-159 nm. Profilometry was
performed using a KLA Tencor P-15 Profilometer to confirm the actual thickness of the organic
layer in the cavity was approximately 130 nm.

Steady-state measurements: Angle-dependent reflection experiments were performed on a UV-
Vis Cary 5000 Spectrometer with the Universal Measurement Accessory attached. Angle-
dependent fluorescence was performed on a home-built setup. A 406 nm excitation laser (Thorlabs
CPS405) focused to the sample at normal incidence and photoluminescence was collected by
changing the angle of the detector arm mounted on the rotating breadboard (Thorlabs, RBB12A).
Collected photoluminescence was fed into the optical fiber connected to a portable spectrometer
(Ocean Optics, USB4000). Angle-resolution of the measurement was 6°.

Transient reflection experiments: Description of the pump-probe setup is provided elsewhere!.
Angle-dependent measurements were obtained by changing the position of the sample. An
additional mirror was placed next to the sample to direct the reflected signal to the detector.



[}
o

1 1
— Acetonitrile 14| == ACZIPN:PS

12] — Acsfone [ 12 ] — aczIPn:PMMA L
] THF & 8 12— Purefim L
8 w,—— Toliere L., 3 ¢ |— 4CzIPN:BCP
5 v R g 10 L
2 v 5 Le: § 2
< : k ——
£ l,‘ 5 S g 051
o [ l‘ @ 5
z M % s, Lot o Z 04
% 2
o i 7 02—
%, . Loz @ -
P2y teuy 00
! i ‘“‘v . 470‘0 450 500 S50 600 850 700
50 400 450 500 850 800 850 T00
Wavelength (nm) Wavelength (nm)
C d 1 1 ! L L
08 — 4CzIPN-BCP(1:10) |
—— 4CzIPN-BCP(1:1)
0s — 4C7ZIPN-BCP(10:1) |

Absorbance

300 350 400 450 500
Wavelength (nm)

Supplementary Figure 1. Solvent (a) and medium (b) dependence of the steady-state properties of
4CzIPN. (c) Structure of BCP (bathocuproine). (d) Contribution of BCP absorption to 4CzIPN absorption
at varying concentrations.
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Supplementary Figure 2. Determination of Q-factor. Reflection spectrum of a bare cavity of thickness
130 nm. The FWHM of the peak is approximately 0.1823 eV. The energy of the transition is approximately

2725eV.Q = 275V o

0.1823 eV
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Supplementary Figure 3. Angle-dependent fluorescence spectra of the cavity excited at 406 nm with TE
and TM polarization. A polarizer was placed before the detector to adjust the polarization of the
fluorescence.
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Supplementary Figure 4. Confirmation of spectral features of 4CzIPN outside of a cavity with
spectroelectrochemistry. (a) Pump-probe spectrum at 7 ns of 4CzIPN in acetonitrile solution ex. 370 nm
with pump power 130uW. (b) Absorption of 4CzIPN in acetonitrile solution with the reducing agent
tetrabutylammonium hexafluorophosphate at 0 s subtracted from spectrum at 120 s with the application of
1075 meV to induce the reduction of the dicyanobenzene center.
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Supplementary Figure 5. Extended power dependence of the LP energy feature when pumping the LP at
higher powers. Signal intensity recorded at 100 fs. Fit in solid red curve displays the superlinear dependence

of the signal at high pump powers which is evidence for two-photon absorption. Pump-probe spectra in the
main text was recorded at the linear power regime.
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Supplementary Figure 6. Detuned cavity spectral features. Pump-probe spectra at 200 ps for an off
resonant cavity pumped at 370 nm and angled at 10° and 35° (a) with accompanying reflection spectra (b).
The off-resonant cavity possesses uneven Rabi splitting as indicated by the magnitude of splitting from the
UP to the 4CzIPN singlet (blue) and the LP to the 4CzIPN singlet (purple). Due to the uneven splitting, the
overlapping ESA features at the UP and LP energies are not observed. For comparison, the spectra produced
when pumping a resonant cavity with approximately even Rabi splitting are displayed in (c) and (d).
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Supplementary Figure 7. Off-resonant excitation. Comparison of the dynamics when pumping the upper
polariton at 370 nm (blue) to pumping at 450 nm (purple). Upper polariton energy feature dynamics are
shown in red for pumping 370 nm and pink for pumping 450 nm. Lower polariton energy feature dynamics
are shown in black for pumping 370 nm and in purple for pumping 450 nm. Pumping at 450 nm required a
much higher pump power of 100 pW. The dynamics are the same at both pump wavelengths with the
exception of the larger population transfer to the lower polariton when pumping at 450 nm. Similar
population transfer effect as pumping at an angle.
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Supplementary Figure 8. Pump-probe spectrum averaged over all time points to observe the upper
polariton derivative-like bleach feature when pumping the lower polariton at 12.5 pW (a) and 200 uW (b).

Spectrum in (b) is shown because of the reduced noise.
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a | 153.0 ps 13.91 ns” - -
b | 22.20 ps 284.2 ps 13.91 ns” -
c | 19.42 ps” 276.9 ps 13.91 ns” —
d | 1.075 ps 1.532 ns 13.91 ns” -
e | 788.1fs 5.849 ps 1.256 ns 13.91 ns”
f  888.3fs 19.42 ps” 529.1 ps” 13.91 ns”

*Time constants fixed to 4CzIPN parameters

Supplementary Figure 9. Global analysis results for the data pumping the upper polariton (370 nm) and
probing the 660 nm feature (a, b, ¢) and the 360 nm feature (d, e, ). The final time constant for all features
was fixed to the final time constant for 4CzIPN, 13.914 ns. For the 660 nm feature, 3 states fit best and for
the 360 nm feature 4 states fit best as evidenced by the residual improvement in b and ¢ compared to a and
in e and f compared to d. . Fixing a larger number of time constants to 4CzIPN time constants (c, f) provides
a similar result to free parameters (b, e).
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a|6395fs 1.111 ns 13.91 ns” -
b | 645.8fs 19.42 ps* 1.714 ns 13.91 ns"
c | 6222fs 19.42 ps* 529.1 ps* 13.91 ns*
d | 88L0fs - - -

“Time constants fixed to 4CzIPN parameters

Supplementary Figure 10. Global analysis results for the data pumping the lower polariton (660 nm) and
probing the 660 nm feature (a, b, ¢) and the 360 nm feature (d). The final time constant for all features was
fixed to the final time constant for 4CzIPN, 13.914 ns. For the 660 nm feature, 4 states fit best as evidenced
by the residual improvement in b and ¢ compared to a. Fixing a larger number of time constants to 4CzIPN
time constants (c) provides a similar result to free parameters (b). For the 360 nm feature, 1 state fits best
and the time constant cannot be fixed.
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Supplementary Figure 11. Kinetic traces from the bare film ESA at 485 nm (green) and the ESA at 660
nm when pumping the UP (purple) replotted to highlight the existence of additionally fast decaying
components within the tens of picosecond timescale in the cavity system when pumping the UP.

The observed lifetime of the UP and LP in J-aggregate microcavity systems is much faster than what we
observe in the 4CzIPN system. The femtosecond scale lifetime in the J-aggregate systems has also been
predicted using the equation below (reproduced from Ref. 2)2. Using the same equation with our
experimental parameters, we calculate a predicted lifetime of 1.9 ps which is significantly larger than that
predicted and observed in the J-aggregate cavity systems.

(incoh) (gy — 279 Bvib ,~[Eo—(Ey(@)~Eyin)12/vE A%
WA (q) = = e * Bo-Eu@IP+2 (1)
gincoh) (gy = 1 (2)

w (incoh) (q)

Ey and Ey are transition energies of a bare molecule and of the UP, y, is the broadening of excitonic
resonance, 4 is a half of the Rabi splitting, g is the coupling constant, and E.i is the energy of the
vibrational mode. We used the following parameters obtained from our experiments: Eo=2.74 eV, Ev=
3.54 eV, yo= .28 eV, 4= 0.80 eV and assumed E.ir= 0.18 eV, an energy that corresponds to the C=C
stretching mode prevalent in organic molecules. The calculated time constant for our 4CzIPN cavity
system, (%M is 1.9 ps, which is drastically larger than the 70 fs time constant calculated in the case of
J-aggregate microcavities. This supports the fact that we see a kinetic difference shown in Supplementary



Figure 11 above. We think that the difference lasting up to 100 ps might be from a slower UP-to-DS
transition, which is not captured by equation 31 assuming a simple Fermi’s-golden-rule-type transition.
We found that an important factor in controlling the transition rate is the energy gap between UP and DS,
which is associated with the exponential term in eq (1).

Theory

In this section we present the energy structure of a cavity-coupled system predicted by the Tavis-Cummings
model (Dicke model within the rotating wave approximation) that treats a collection of N equal two-level
systems coupled to a single optical mode. Each two-level system is representative of the ground and
relevant electronically excited molecular state that couples to the cavity mode. We provide the analytical
solutions for the 0-, 1- and 2-particle states, which we relate in the main text to the optical transitions
observed in the pump-probe experiments.

The Tavis-Cummings Hamiltonian is given by

N N
H = Ez o o] + wata+ gZ(afa +o; al),
i=1 i=1

where g;*0) are the rising (lowering) operators of the “i-th' two level system with transition energy E, a'(a)
describe the creation (annihilation) operators of the bosonic optical field, o is the frequency of the optical
mode and g measures the strength of the interaction. Since the Hamiltonian Eq.2 conserves the total number
of particles N, = Z?’:l oo + ata (either molecular or photonic excitations), i.e. [H, Np] =0, its
eigenstates are a superposition of states with the same number of particles. In the following we will assume
the case of resonance (w = E) and focus on the solution of the eigenstates for the N,,= 1 and N,, = 2 particle
cases. We also evaluate the molecular transition dipole moment i = Mm(Z?Ll |0i)(1i| + |1;)(0;]) between
the eigenstates of the light-matter Hamiltonian H, where |0;(1);) refer to the local ground (excited) state
of the ‘i-¢h” molecule and p,, is the molecular transition dipole moment strength assumed to be independent
of 7’.

The collective matter-photon states are labeled as {|G, n), |e;, n) and |e;e;, n) (i # j)}. G, e; and e;e; label
the molecular states and represent all molecules in the ground state, only a single molecule %’ excited and
two molecules 7” and 7’ excited respectively. The n instead labels the number of photons on each state.

a. One-particle states

There are N+1 single-particle states given by the lower polariton (LP), upper polariton (UP) and N-1
degenerate dark states at energy .

The expression for UP and LP is given by

1

UP/LP) = G,1) + ! S 0
|[UP/ )_\/EI’) + ﬁ;lei' ),



with energies Eyp/.p = @ £ g VN. The (vacuum) Rabi splitting is defined as Q = Eyp — Ep =
2 gVN.

UP and LP are optically bright from the ground state with a transition dipole moment strength given by

|(UP|filG,0)| = |{LP|f|G,0),| = “\/g- The dark states at energy o are purely molecular and take the
form

N

j0) = > cile,0),

i=1

where the coefficients satisfy ¥V, ¢c; = 0. As their name suggests, the dark states are not optically
allowed from the ground state.

b. Two-particle states

The highest and lowest eigenstates of the light-matter Hamiltonian in the 2-particle subspace are given by
the upper (2UP) and lower (2LP) polaritons

N
N 1
|2UP/2LP) = \/_ (ZN—lG 2) + \/ﬁ;:lei,l) N(2N—1 Z lezej, 0)

i=1,j>i

with energies E;yp/p = 20 = 2g VN — 0.5 . Note that for finite N, E,yp < 2Eyp and Epp > 2Ep.
In other words, the two-particle Rabi splitting QR(Z) = E,yp — E5pp is smaller than twice the vacuum
Rabi splitting Qp, i.e. Qx® < 2Q4. Only in the limit of infinite N, Q;® = 2Q5.

The two-particle polariton 2UP(2LP) is optically allowed from the one-particle UP(LP) with a transition

dipole moment strength given by [(UP||2UP)| = [(LP||2LP)| = M(g J%)

In addition to the 2UP and 2LP there is another polariton state in the two-particle manifold that is
optically accessible from the LP and UP. This is a state located at twice the energy of the cavity mode 2w:

o | N1 2
20)= [ay =102 ~ |w= 1)(2N—1)lz leie;, 0)

1,j>i



The strength of the transition dipole moment from LP and UP is [(UP|ji|2w)| = |{LP|{i|2w)| =

/2(1v—1)1v
1 2N-1 °

We note that the model also predicts a collection of degenerate molecular dark states at energy 2w. These
are given by the (un-normalized) expression:

N
|D2(4)> Z Ci]-|eiej, 0)

i=1,j>i

with coefficients that satisfy . ;.; ¢;; = 0. These states are optically forbidden from the 1-particle states.

Finally the model also predicts additional states between the 2LP and 2w and 2» and 2UP states, which
are given by the (un-normalized) expression

N N
' 1 I !
|D2UP/D2LP)=Zci|ei,1)i /m Z ('i +¢)lese;, 0)

i=1 i=1,j>i

with coefficients that satisfy YN, ¢’; = 0. Energies are located at Epaup/p2rp = 2w £ gVN — 2. These
states are optically dark from the LP and UP but optically allowed from the dark states |w) at energy .
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