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S1 SP modes: additional details

Eq. and in the main text correspond to Hamiltonians representing the SP modes and their coupling with excitons, respectively.
SP modes emerge at the interface of a metal (z < 0 ) and dielectric medium (z > 0) and are assumed to be infinitely delocalized in the
xy-plane (in practice, they are localized up to a coherence length, but this detail is not important for the time being). For simplicity, the
dielectric medium—which contains both donor and acceptor slabs—is taken to have the same real-valued positive dielectric constant
g, at all points within. The metal is assumed to have a Drude permittivity &, (®) = €. — #%607’ where wp is the plasma frequency, €. is
the high-frequency metal permittivity, and y is the damping constant; we set ¥ = 0 in this formalism to get lossless modes and assume
that coupling of SPs to environments that induce their relaxation processes is caused by Hl(fy s=B) (see Eq. ). Here are additional
definitions for terms defined in Egs. and (5) for each SP mode of in-plane momentum :51

£41€n(0)

o The SP mode frequency is @; = [k|c eaen(®)

, where c is the speed of light in vacuum.

e The evanescent decay constants for the dielectric medium and metal are given by ag= \/ |H2 —¢gj(oy) (o

:/c)?, where j =d, m.

—&y 1 | dwe. ()

e The k-dependent quantization length is L; = ot 75

En

| <M> —&n—&g|. It was previously reported in the
‘mk
(J):U);

literature’2 with an additional factor of %; we believe our displayed expression here is correct (see SI in3).

The formalism associated with Eq. (5) has been previously utilized in other contexts. 53150

S2 Case:

$2.1 Derivation of EET rate Eq.

Here we derive Eq. of the main text by following works of Sumi®Z and Cao.® This formula describes the rate of transfer from
eigenstate |I) to eigenstate |F) of HY(\’,)Y due to perturbation V() (Section , where |I) and |F) are excitonic/polaritonic states for the
donor and acceptor, respectively.

For notational simplicity, we define for this derivation Hj, and H) to be the donor and acceptor Hamiltonian, respectively, such that
H[. = Hc + Hp + Hcp for the chromophore C that is strongly coupled to a SP mode and H/, = Hc for the other chromophore C’, which
is weakly coupled to all SP modes. We also introduce the definitions Hgm/ B) _ He(55/B) +H1(fy */B) and Hg,sys/ B) _ H((;S,y */B) Then we
note for clarity that H/;(Sy N1y = H™|F) = 0. In addition, Héi> = H}, + H), has eigenstates {|2)} ({|«/)}) that are also eigenstates of H},
(H}) and whose excitonic/polaritonic-system component represents only donor (acceptor) but bath component represents all of donor,
acceptor, and SPs.

Assuming excitation of donor followed by thermal equilibration occurs before EET, the initial density matrix of the system and bath

is assumed to be py = pgy s=5) p/gB) =Y9p0.9|2)(2|, where py 4 is the equilibrium occupation probability of system-bath state |Z). The
. . . ys— ~H}y kT P gt . e N
constituent density matrices p(D”A B) _ % and p}f‘m = % respectively represent the pre-EET equilibrium distribution of
Te tre Ha ' /kB

donor excited vibronic and acceptor ground vibrational states, in corresponding tensor products with photon states. Then the rate of
transfer from |/) to |F) given by Fermi’s golden rule (FGR) is

2n i
tre1="7 ¥ nogl(Prad VO 2, 2)P8(hoy 9), (1)
9,9

The state |27/ 9) (| Pr</)) results from projection &7 = |I)(I| (PF = |F)(F|) of the system component of |2) (]«/)) onto |I) (|F)). To
express this equation in the (purely electronic/polaritonic) eigenbasis {|D)} U{|A)} of Hgl, we first use the fact that the bath modes on
each type of chromophore are independent (see Egs. and (2d)) and write the time-domain expression:

—oo

Wt = [t T poal P19V |Fp st ) (Pt Iy O 1 2,
D,

oo

- dt Y po.o( P19V ) Ppe= A 1/ () i Ep+H0/0) g0, ) (52)
L

where in the second line, we have used ¥, | Zr <) (.@p;zﬂe*iHéi)f/” = Ppe i HTH /0 and o110 2,9 = (i Hy+H\" /7| 32,9 Using
the independence of the D, A vibrational bath modes, we obtain

1 il ; N _ y/(B) J— SVS— . /(B) o
Veer =13 [ mdr%};v,@vg;,trw{e Hp D ot 0 gy p 57 | ) Y p {1/ p ) (e A ATy (83)
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for Vg?A, = (D'|VD|A"); here, tr,c denotes a trace over the bath degrees of freedom associated with C. In the limit of weak exciton-bath

coupling, [¢?p'/" ;] ~ 0, and (D’\e"Hé’/hpgka) 1) ~ 0 ((Fle~Hat/m|A"y ~ 0) for D' # 1 (A’ # F). Then
1 i bad _ig® iH! Vs iH® _iH
Vi~ ?|v,£,>|2 L ditryp{e Mo (110 p S B ) ey, {0 1) (oA P ), (S4)

To proceed further, let us define the quantities

1 A . oyl -
Ip(@) = o [ dre @y (e P (plem il ), (85)
(@) = 5 [ dre e MM Py (56)

representing the spectra for absorption of acceptor state F and emission of donor state I, respectively. Also, denote the corresponding
spectral overlap as

1 00
=+ [ 40 &(0) 75 (). (S7)
Eq. then yields,
27 (i
Vel B \Véll) P2JE 1, (s8)

which is Eq. of the main text; in other words, the spectral overlap Jr; takes on the role of a density of final states for a FGR rate.
We note that for our simulations where the donors and acceptors are reversed (see Sections [3|and [S2.9), Eq. (S8) still applies except
D,I (A,F) now refer to acceptors (donors).

S§2.2 Estimation of spectral overlaps
As an illustration of the application of our theory, in this subsection, we develop a simplified Lorentzian overlap model to compute Jr;
at temperature 7 = 0. To write Egs. and as Lorentzian lineshapes, we follow a Feshbach projection operator approach. 27512
While we proceed with the specific case of only donors strongly coupled to a SP (i.e., Hy = H4 and H}, = Hp + Hp + Hpp), the derivation
can be readily extended to the case of acceptors strongly coupled to a SP.

Define the projectors

Pu =Y |Aim) (Am| ©105) (03], (S9)
l,m

Zp =Y |Dij)(Dij|@|0)(0p|+ Y. [k) (k| ©05)(0p]| (510)
ij keFBZ

(|0g) is the vacuum state for chromophores and SP bath modes, and [k) = a% |0)), which map vibronic (possibly including photonic com-
ponent) states onto electronic/photonic—i.e., “bathless”—states. Let the identity on the entire set of degrees of freedom be 1,,,_p and
define the projectors 24 = lyy—p — P4 and Zp = 1 p — Fp. Then the time-dependent Schrédinger equation %|1//(t)> =—LHLy (1))
for C = D, A can be rewritten as the coupled equations

] ! 1 ! d
—%WCHCWCWZCW(W - %QZCHC«Qd«QCW(I)) = E\«@cw(l)% (S11a)
[ ’ | ’ d
2 LeHe Pe| Pey() — 7 LeHe 2| 20w(0) = 12y (), (S11b)

After the initial condition | 2¢y(0)) = 0 (which holds at T = 0), multiplying both sides of Eq. (S11) by ©(¢), and plugging the formal
solution of Eq. (S11b)) into Eq. (S11a)), we obtain the Green functions G¢(t) = ©(z)e~*Hc'/" which can be Fourier transformed as, 511

1

. o) -, (S12a)
o—H,”"’ ®|0p)(0p] — R4 (hw) + ie

Ga(hw) = —i / At 9 G (1) = limg_o-

1
o — (HY + HSY 1 Hpp) @0p) (05| — Rpp(ho) + i€

Gp(ho) = —i / " 419G (1) = limg_or (S12b)

where
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_ 1 _
Ry(hw) = 2,H> ) 2, T QAHg,@AHj\W 5oy, (S13a)

Sys— Sys— 1 Sys— SYys—.
Rp(ho) = ZpHy" ) +H B>]£th_gDH, QDHS,@D[HQ B 1) g, (S13b)
D

are the so-called self-energy terms. We next make the partition Re(fi®) = ReR¢(hiw) — %Fc(hw) with I'c(hw) = —2ImR¢(hiw) and
assume that the Lamb shifts ReR¢(%®) contribute insignificantly when compared to the exciton/SP energies and can thus be neglected.
In addition, we take the wide-band approximation that all (diagonal) matrix elements of I'c(hw) are constant as a function of ®:
(Aum, 08|Ta (h©)|Apyy, 08) = Ta, (Dij,08|Tp(ho)|D;j,05) ~ I'p, and (1z,05|Tp(hw)|17,0p) ~ Tz Then explicitly writing out the respective
Hamiltonians in Eq. (S12), we arrive at

1

Gp(hw) = limg_o+ . - (S14a)
7 ho — (hoa — 5T A) Xy |Aim) (Am| @ 108) (05| + i€
. 1
GD(ha)) = hmsﬁm ; ; ¥ - (Sl4b)
ho —[(hop — 5Tp) X j 1Dij)(Dijl + L cppz (hoy — 5T pp)ayag + Hpp| © |0) (0] + i€
. 1
=lim, o+ (S14c)

7o — [(hop = 3TD) Lieppz Xa ldg) (] + Ejicppy Lo (100, ; — 5T a,, )|ty 1) (0, 71 |05) 0] + i

It is intuitively clear that the terms in brackets in the denominators of Eqs. and correspond to effective Hamiltonians of
the donor-SP coupled system. In fact, fiwg, , and I'g , are the resulting (real-valued) energy and linewidth of \(xD}) (defined just after
Eq. (6) in the main text) for & = UP,LP. Comparing those two equations shows that not only can the polariton energies and linewidths
be obtained from the diagonalization of a non-Hermitian Hamiltonian for the donors and SP modes, but all dark states have the same
energy and linewidth as the bare chromophores.

More precisely, applying the assumption of weak system-bath coupling that was used to derive Eq. and setting péB) =10g) (0|
(T =0), we can readily relate the expressions for absorption and emission spectra (Egs. and (S6), respectively) to matrix elements
of the Green’s functions (see Eq. (S12)),

1
Ir (@) = 5—trp{p”) (F| — 2mGy (he) | F)}

2n
1
ir
_ I AL 7 (S15a)
T (7"[6077[(01:)2+ (QFF)Z
&)~ (8)
51(w) ~ gtrw{pa (I| —2ImGp(he)|I)}
1
r
_! 2! (S15b)

T T (hw — hap)2 + (A2’

with F=A (I = aD},D) representing any state of type |A;;,) (|a%7D>, |dz>), and we thus obtain the Lorentzian spectral overlap Jr; =
L
T (LR (hop

Although we made several approximations to achieve this form, Lorentzian behavior is usually characteristic of lineshapes near their
peaks,513 leading to overlaps and thus EET rates that are especially relevant when initial and final states are near resonance. In
passing, we mention that a different physical mechanism to obtain Lorentzian lineshapes occurs when electronic states are coupled to

overdamped Brownian oscillators in the limits of high temperature and fast nuclear dynamics'1L,

$2.3 Lack of supertransfer enhancement

Here, we demonstrate that even though the donor polariton state is coherently delocalized, the superradiance enhancement of EET to
bare acceptors that one could expect314515lis negligible when taking into account the distance dependence and orientational correlation
of the involved dipolar interactions. The essence of supertransfer is that a constructive interference of individual donor dipoles in an
aggregate can lead to FRET rates that scale as N times a bare FRET rate. However, for this to happen, it is important to have a geometric
arrangement where all donors are equally coupled to, i.e., equidistantly spaced and identically oriented with respect to, all acceptors;
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this is not the case in our problem.

To show this point explicitly, we first evaluate the FRET rate associated with the delocalized donor |DZ:0> transferring energy to bare
acceptors,

k=0

VI RET 27 2
h, 712 (Aim|Hpa|Dy_)1"Ja,p; 5

2
A): (Z ””") Jan, g (S16)

i,j ljlln

2
|kD,,‘

where we have approximated \D%:()) as a totally symmetric state across all chromophores, ‘CDi’j/ DE:()‘Z |2 ~ N (see definition

YijlKp,
of |¢;) for C = D,A in main text right after Eq. @).
Compare Eq. (S16) to the corresponding supertransfer rate
2 1 :
T
Ysupertransfer = ?:ulz)#i Nn Z Zvlm Ja.p
lLm|i,j
2
= ~UBIE Y NDVia. (817)
I,m

where V},,, is the identical coupling between acceptor A;,, and any donor D;; for all i, j and may take on any nonzero real value. Since
the separations between the donors and any given acceptor are clearly different in the slab geometry of this work, the resulting rate is
much less than that of Eq. (S17).

We next show this more precisely. Consider s (&) = {(z = e > e2V2, } for positive & — 0, where this set has N"" elements.
Then
1 2\ 1 s\ 2 2 2 1 2\
ijlm
ND<Zr3. ) “wml X ot Loa L oot )
b ESONLE (ii)es(e) "m ) \(ijygse) "iim (i)¢se" (e) " tm

We have used the fact that the squared FRET orientation factor k7 i Tanges from 0 to 4. 516 gince ng) (€) is a finite set, the first term
on the righthand side vanishes for sufficiently large Np. Thus,

2\ 2 ! (Im)\2 21,2
! <Z'<mm> LA =NeV| e 2 W NPV,

N 3 3 )
No \ &5 Tijim Np (i.j)est (g) "ijim Np
and so
RET J ¥, |20 N> ))elViul X, 2. (Np—NI" 222,
5 (Im
yf%D;:U - A,Dp_g &lm (,7) ES )(5) rz//m Np
Ysupertransfer - JA,DND Zl,m Im

In the limit Np — o, we find
Vggg Ja,p €’
k=0 k=0

Ysupertransfer JA,D

— 0.

Therefore, we conclude that the decay of dipolar interactions with respect to distance precludes a supertransfer enhancement>14515l i
our problem.

2

K2 .
>Yij r;”’” (at least when all &, > 0), and for J4 p ~ JaD; g WE still expect a coherence enhancement of

ijim

By noticing that [¥; ; - Kijim

K2 . . . .
EET: yf. fiED;O > 28202 ):lﬁm Nin Yi ,‘6’[”” Jap, the corresponding bare FRET rate. However, this enhancement is quite modest compared
S

to all other effects that we consider in our problem (e.g., PRET contributions).
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S$2.4 Derivation of rate Eq. l| from donor polaritons to acceptors
Here, we derive expressions for EET rates between a multi-layer slab of Np >> N,, p donor molecules strongly coupled to a SP and a

monolayer of acceptor molecules at z = zy 4 > z; p for all j. The polariton states o = UP, LP are of the form ‘0‘0,%> = Doy, IDy) + g k),
where [£) = ak |0) and

K. e fin ik Riv |y (S18)
Plugging Eq. || into Eq. , the rate of transfer from donor polariton state |a, ) (a0 =UP,LP) to acceptors is

2
Moy = 5 Y )(AIO\HDA +Haplay, ) Jaay;
I
P 2
T %D..efadzz"“’elk'R"D -
2
= 7 ; AIO‘HDA =+ HAP‘ CDAOtDA Z \/Z | ‘Zefzad;Z/_D ‘Dij) + CEO(D.; |k> JA,aD_E- (519)
i,j ;

For simplicity, we next assume the chromophores lie in an infinitely extended and translationally invariant slab along the xy plane and
their TDMs are isotropically distributed and orientationally uncorrelated:

—2a;z; 202 /12
Yaca,; = D \ZZ—ENAZ et 'LLDI’LA<KFRET>JAa
Dk kDK R i ny,D Zj eiZ“JZZI-D riGj ~
2
= 2 (2D), 2 'S 72a 204
¥l | 0P il LM"‘ >2£OL T ay (S20a)
where r;; is distance between acceptor at (0,0,z94) and donor ij, plgﬂ)) _ Ng.A is the concentration of acceptors per unit area, the

isotropically averaged orientation factors for FRET and light-matter interaction are (kZgz7) = (K: ]zo> 2 516 and (| K %|2> = (K 1?) =
y ij

3 + L ‘k‘ 54 Eq. (S20a]) shows that the isotropic distribution of dipoles and the lack of correlations amongst their orientations yields an

1ncoherently averaged rate over the populations of exciton (first term) and SP (second term). Furthermore, Eq. of the main text
D

e 2a52j.D K D, \e

i ey = W

is a less explicit form of Eq. (S20a) that follows from using the approximation NonE, ¢ a0
xy,D 2j€

(i.e., ignoring

the orientational dependence of the exciton populations).
In obtaining Eq. (S20a)), we have utilized the following approximations which are valid for large Np:

Kip, Kiji0k kD K 10 {Kip, Kijiok kD i j10) {Kip, Kijiok kD i ji0)
ke |2 2adlz.f-D ~ e |2 2(1/;2;’_[) - —2a;zjp’ (521a)
leJ|KkD[/‘ e Zl.j<‘Kle.l.| )e = <|KLM‘ ) X}DZ e
Kijim K < Kijim & >
kD J kA kD J kA (321b)
\/Zi,j |K‘zD__|267 Aar%ip \/Zz Jj ‘ kD, .|2€72d‘”<zj'n>
ij
In addition, we have applied a mean-field approach to the orientational factors,
{Kip, Kijiok kD KuﬂO) ~ (Kip,, KgD,i,jMKileKi’j’lO) = LMk\ Y(KERET) 80 ). (7 1) (522a)
N (e i ) —
<K%Dij Kijio Kh[ﬂ) ~ <KkDi/ KkA10><K’/10> 0. (S22b)
In the continuum limit, Eq. (S20a)) reads,
s+ —2a T
dze™ “4ai* ho:
_ (2D) 21,2112 12 Js 2(z04—2)* 2,2 2 k_,—2a;z,
YAa,; = YPA |CD,-(aD‘;| MpMs (KrrET) S B s + |Czan‘z| “A<|KLM7}| >280L;€e WO Jpa s (823)

—2a;

where the base of the donor slab is located at z = s and its thickness is # (while the integral over z has an analytical solution, it is
complicated and does not shed much insight into the problem).
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$2.5 Derivation of rate Eq. from donor dark states to acceptors
Here, we show that the rate (Eq. ) of EET from donor dark states to a spatially separated monolayer of bare acceptors at z =z 4
converges to the bare FRET rate Yare rret iR EQ. assuming that Np > Ny, p and all donor and acceptor TDMs are isotropically
oriented and uncorrelated. The steps applied in this subsection can be extended in a straightforward manner to establish this result for
multiple layers in the acceptor slab. This result is intuitively expected given that the dark states are purely excitonic and centered at
the original transition frequency wp; furthermore, the density of dark states is close to the original density of bare donor states. Our
derivation here relies on Lorentzian lineshapes for the dark donor and acceptor states (see Section [S2.2); however, we anticipate the
conclusions to hold for more general lineshapes under certain limits.

As suggested by Section and the main text, we assume that the lineshape of each dark state |d,;) can be expressed as a
Lorentzian with peak energy and linewidth identical to that of bare donors, leading to J4 4, . = Ja,p. Connecting this finding to the
relevant rate expression, we can rewrite Eq. of the main text for an acceptor monolayer as

2r 1
Y Z|(A,0|HDA|D,-,'>|27 Y {AwlHpalDy)1* | Ja.p- (524)

Yhdarky = — ——————
i Np=Nowp T {77 TeFBZ

We have used the relation Y _pn. ¥.q|dy) (dz| = l(Dsy s) Yicrnz IDy) (Dl for donor (electronic) identity lgys). Assuming N, p > 1 (equiva-

lent to Np > Ny, p ), we have
2w 1 2 1

Yidarky = — — 2. 3 (Al HpalDij) X Iap — = —Y Y [(AwlHpa|Dy)[PJap- (s25)
h Np T3 " Np T s

We note that the first term is exactly Yare preT- APPlying the arguments from the derivation (Section [S2.4} including the orientational
averaging approximations of Eqs. (S21)) and (S22)) of the rate of EET from donor polaritons to acceptors, as well as the continuum
approximation, we obtain

s+ s+ —2a -
2% b)) 5 2,0 Js d 72(10_:21)4 1 Ik dze 244z
Yacdarkp = ~~Pa Up iy (KireT) " Nh Z

D terpz

T
2(z04—2)*
5 Sy JaD- (S26)
N

Using ):%EFBZ = Ny,p and N, p > 1, we arrive at

S 76240 SHW ) da
1 fsHL dze 244z 2(20?*1)4 1 f;JF dze 2a;2 2(Z0:r*2)4
N Z Vi y < max s -
No iy 7 dze 2 oD Rerz [T dze
fS+W dz%
P il -
which yields
2 % { ! 3 L 3
T (2D a—s—W oA—5)
Yasdarky ?pfx )u%IJXO(I%RET) Gop—s 7)/ (204—5) JAD- (S28)

This expression is exactly the bare FRET rate Y, rrer Of EQ. (13b) under the aforementioned assumptions of infinitely extended slab
along the xy plane, translational symmetry, orientational averaging, and the continuum limit.

S$2.6 Additional simulation notes/data for donors SC
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Fig. S1 SC of SPs to donors. Lorentzian spectra for the donor polariton and dark states (formed with donor-resonant SP mode), as well as the bare
donors and acceptors.
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S$2.7 Derivation of simulated rates for acceptors SC

The simulated rates for EET from a monolayer of bare donor at z =z p > z,.4 for all m to acceptor polariton/dark states asssuming a
thick acceptor slab (N4 > Ny, 4), orientational averaging and no correlations for the TDMs [iy,, are given by

s+ —2a;:z T
1 [7/a 2,2 2,2 s dre R 2.2 2 Moy 5,
1 i 0,02, - . —2a,z20.0
YoyuD = h/o dkk | leaa, |"MpMA(KiRET) e g +|CkaA_;| 1y (I 7] >280L%3 "L Jo, 2D (529a)
—2%1

1 1
B A )3} JAD = Yhare FRET" (S29b)

Ydark D=£PAH2ﬂ2<K2 >E
arky e n PARDEANEERET) G (oo p—s—#P  (zop —s

where ){)are rrer 18 the bare FRET rate Here, the thickness of the acceptor slab is 7, its base is located at z = s, and its (three-
dimensional) concentration is ps = 7. The derlvatlon of Eq. starts with the preliminary rate expresswn in Eq. of the main
text and proceeds analogously to those in Sections|S and- respectlvely In contrast to Eq. (S23), Eq. ( also sums over the
final polariton k¥ modes, yielding a integral rate upon 1nvok1ng the continuum-limit transformat1on ZkeFBZ — (2i 5 o Td joﬂ/ “dkk for
acceptor lattice spacing a. Eq. (S29) is a more explicit form of Eq. [13|in the main text.
We now consider the case when
1 - ) 1 b
~— Y. [(klHpp|Dio)|* < =Y [(Am|Hpa|Dio)|*, (S30)
Niya - Ny 1
> keFBZ ,m

in other words, the average PRET coupling intensity is smaller than that of FRET; this can happen when the donor-acceptor separation
lies within the typical FRET range (1-10 nm). As we next show, the EET rate from a monolayer of bare donors to acceptor polariton
band oy is consequently much smaller than the bare FRET rate (y{)are rreT 1 EQ. lb as Ny > Ny 4 (ie., N; 4 > 1), for isotropic and
uncorrelated orientational distribution of TDMs [i4,, , [ip,,- The steps taken here resemble those employed in Section Starting from

1 2 ~ 1 .
Eq. |l we utilize |cy,, 4| ~ 5 to obtain

2 2 277
You¢D R Z Z leaza, ;| Z |{Asm [ HpalDio) " +leg, | \(k|Hpp|Dio)|* | Ja, .0
D terpz i ’
< | A[ ‘HDA‘D ()>| —_— max J D
hN Zz’% " O N a ez
—_— Z Z k|HDP|D,0 ‘ max J(xAk’D
i keFBZ keFBz
< 722\ (AimHpa|Dio) P Ja.p
i Im
= ’}{)are FRET> (83D
where the second inequality holds for sufficiently large N, 4 such that N max;_poo Jo, .0 < Ja p. This result can be physically interpreted
as follows: %, prer and Y4 RE], scale as the number of final states Ny and Nyya < Ny, respectively.

S$2.8 Additional simulation notes/data for acceptors SC

We note that the rates from donors to polariton bands (Eq. [S29a) were calculated numerically. In particular, the integrals over k were
calculated via the trapezoidal rule using 2000 intervals.
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= 107 —]
— UPpssp — LPpsp||

. — UI:>D—>A — I—F)D—>A
107'% —

E————]

0 200 400 600 800 1000
Az (nm)

Fig. S2 SC of SPs to acceptors. Contributions of EET rates from donors to acceptor UP and LP due to donor-acceptor (FRET) and SP-donor (PRET)
interactions.
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24 o D
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2q o dark/A|
L%’ |
ZWMW
1
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k (1/a)

Energy (eV)

—

3
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k (1/a)
Fig. S3 SC of SPs to acceptors.(a) Dispersion curve in the FBZ. The value a = 1 x 107° m is the inter-chromophoric lattice spacing for the acceptor

slab. (b) Expanded view of dispersion curve at region of anticrossing characteristic of SC; the SP dispersion has been added to help visualize the
anticrossing.
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$2.9 Simulations for the “carnival effect”

For this simulation, the coupling is strong enough such that the UP is higher in energy than the bare donors. Thus, the acceptor UP
becomes a donor and the donors turn into acceptors. We use the rate Eq. derived for the case of exclusive donor SC for transfer
from a polariton state with the labels D and A interchanged.

20 ]

RN
@)

Intensity (eV)™
o

(9]

1.4 1.6 1.8 2.0 2.2 2.4
E (eV)

Fig. S4 Carnival effect of EET role-reversal. Lorentzian spectra for the acceptor polariton and dark states (formed with acceptor-resonant SP mode),
as well as the bare donors and acceptors.
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S3 Caseii

S3.1 Derivation: EET rates Eq. |D

In this section, we show how to derive the EET rates in Eq. (11) of the main text between polariton/dark states when both donors and
acceptors are strongly coupled to SP modes. While we only derive rate Eq. (11a)) in significant detail, Eqs. (11b) and (11c) can be
analogously obtained in essentially the same manner.

Excitons coupled to the k-th SP mode produce polariton states of the form log) = cpyoy D7) + caro [A7) + g k). As discussed in the
k

main text, for sufficiently large separation between donor and acceptor slabs, the perturbation V(%) due to the chromophore and photon
baths induces transitions between the UP, MP, LP and dark states of donors and acceptors:

=2 Y ICy) CU\Z/'chhwqc b, +he) +22g b} paz +h.c.), (S32)
C ij

where C = D,A. Neglect of Hp, in V) is justified by FRET decaying with increasing interslab distance and occurring slower than
vibrational relaxation in typical organic molecules.>Z Given the locality of vibronic coupling, the first term only couples two states that
share the same chromophores. On the other hand, the second term does not couple different polariton/dark states because it represents
radiative and Ohmic losses from the SP modes. The EET rate from a single polariton state |o;) to the polariton band  can then be
calculated by invoking FGR,

2 2 2
Yﬁea; = Z Z |CCZ/ i | |CC;(X;| Z ‘CCI','C;/
L]

¥erBz C

2

lcc,ic;

2r
X7 Y. ) pee, e, Zlq.chwq,c(b;qj +b4.c,)|Lc,) I 8(wp, o + Oy, 1) (833)
L L q S

|Lc,;) refers to a local bath state of molecule C;; and py,. is the thermal probability to populate it. Assuming that all molecules of the
ij
same type C (donor or acceptor) feature the same bath modes, we can associate the single-molecule rate

ZZPLJ Cy \Z q.chg (b qc +byc,)|Lc,) S(o+ oy 1 )=%c(®) (834

which can be readily related to a spectral density, as explained in the main text. Then we arrive at the compact expression,

Teow = Y. Llec,,[le C~ak|22| cc,cp Plec,c P %e(0p,q), (835)
kerBzZ €

which is exactly Eq. (11a) of the main text.

To derive the average rate Eq. (11b) from dark states of chromophore C to the polariton band ¢, we begin with

2
Yaedarke = hif; Z Z ZZZ Z ZPLC// 7 k”LC/ i ‘V( )‘dc.%’LCi”i”Hzé(wai’C + wL/C‘-/j/LC,U‘/-// ) (836)

K'€FBZ Ne=Noc N keFBz d Ij L' "j" L

Similarly, the derivation of rate Eq. Ii from polariton state |og) to the same dark states starts at
. )
Ydark(;%az = Z ZZZ Z ZPLC i 11 C kML,C’./ p |V(”) ‘ aA’LCi”/” >‘ 5((06‘0;; + (DLE ) L(?.// o ) (537)
kEFBZ dij L i L 7 il

We note that the presence of the prefactor N 'N in Eq. D and lack thereof in Eq. lb is due to the asymmetry of FGR: in the
former equation, dark states serve as the initial state and thus the term for each state is weighted by its occupation probability, which
we have assumed to be uniform at m given their degeneracy.

S$3.2 Simulated rates

In this section, we present the rates used in our simulations for both donors and acceptors strongly coupled to SPs assuming (as
discussed in the main text) orientationally averaged TDMs /ftc,,j, Nyy.p = Nyya = Ny, and N; ¢ > 1 for C = D,A.

—az;
- 2j,c
Kic..e dk

—4  and plugged into Eq. Il to

The overlap between |C;;) and the collective mode ;) can be written as |cc,¢, | =

- ‘ze—ZadE:_f_C
ij

Yijl%e
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obtain the rate for EET from polariton state |o;) to band f:

2(a =+a = )(sp+¥p) e 2(a =+a z/)sp

1 |C |2 ”/a e “\ar T aw ak " ar
CGa " .
_ 14 /1) 2 dk
Vo = 7 ; o g CCHO) _ e /0 dk'k ‘CC;ﬁ| o 20 D 7D) _ 24D ‘%D(wﬁ;/a;)v (838)
pc —2a; —2ap
. . . . . . .C .
where we have applied orientational averaging of the TDMs under the approximation (|c¢, ¢.|?) ~ e dz (Section [S2.4) and the
Yk N{»‘Z/‘E dk® ‘e

%-Space continuum-limit transformation (Section|S2.7)).

The derivation of the EET rate from polariton |a;) to dark states is quite alike that of Section We can write Eq. (11c) as

Vdarkeo, = |ccoop|*Fe(0ca Z| ceu” Y Y NCijldep) . (839)
) kerBz d

Inserting the relation Y;_po ¥ d. i) (do 7| = l<cm> — Yicppz (G (G, we obtain

Vdarke o, = \Cc;a;\z«%’c(wc%)z lec, ¢, <1 - Y lecye, 2) : (540)
Lj k' eFBZ
Noting that |cc;c, P~ wone and Y g, sums over Ny, terms, we utilize N ¢ > 1 and §; j |ec, c; |> =1 to write
Vdarke—a;, = |CCyo|*Fe(0car)- (541)

This same logic can be applied to arrive at

Yo—darke =

/1]
o WKy Pe0gc) (842)

for a continuum of % states.

In summary, the simulated equations for the case where both donors and acceptors are strongly coupled are

—Z(Gdzﬂzdz,)(.vD+“/fD)7e—2(ud7{+ad;, )sp

2 e
1 ‘CC;a| m/a 27 2 —Aa
VBeop = " Z 2 HIE)_2agsc /0 dk’k |CC;[3‘ 2 5D 7D) _2agn '%D(wﬁ;,a;)v (S43a)
Pt 2
S R e PR S43b
Yadarke = W/O ‘CC;,oc;,| : C(woc;/C)’ ( )
Vdarke+—a; = |ccyo|* % (0cay)- (8430
From these expressions, it can be seen that the rates to polariton bands (Egs. (S43a) and lh scale as ~ —— relative to the rate
to dark states (Eq. (S43c)), which scales as a single-molecule rate Z¢. This is because there are N,, states in each polariton band as

opposed to Nc — Ny, in the band of dark states.

As discussed in the main text (Section, the spectral density that governs %¢(w) depends on the energies 7o, and coupling strengths

A4hw, of representative localized vibrational modes Brpgc, reproduced below from literature: 18
haw, (meV) 40 80 120 150 185 197
dgho, (meV) | 14 18 25 43 42 67

S$3.3 Rate parameters for comparison to experiments

Here, we present closed-form expressions for certain rate parameters characterizing downhill vibrational-relaxation transitions between
polariton and dark states. Specifically, these rate parameters were first introduced as empirical constants fitted to the data of Coles et
al.B12 For spatially separated slabs of donors and acceptors—the setup studied in our work—such experimental values are not available
in the literature. Instead, we compare to those of Coles et al. for a blend of donors and acceptors. This comparison is supported by
qualitatively similar photoluminescence for both setups, as reported by the same authors.’512

Based on their fitting model (Egs. (3)-(5) of Ref.*1?), we express their rate parameters {#JF8 = (34 fs) 1,4, = (603 ps) !, ¥ MPB =
(8.5 fs)~1, % = (228 ps)~!} (Table 1 of Ref.*1?) in terms of our theoretical framework as follows (throughout this section we use the
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convention ¢, ; = (a|b) and wy; = Of — ©;):

G = mzax{YdarkDeUP;}v (S44a)
k1

> = Nyarky <27F()7D(_wMPZ.D)W]\TD>Z (S44b)

kmax
_ Ndarkp fkmin dK’ (k,)3jD(7wMPZ’ *D) (S44c)
2pp¥p % (krznax - klznin) ’
G = mzaX{YdarkA “MP; ) (S444d)
k2 1

1 = Naark, ( 27 /A(QLLPZ,A)W Ni (S44e)

_ NdarkA j]::;r:x dk’ (k/)3(jA(_wLP;/,A) (S44f)
I (A

where the relations in Egs. (S44b) and were obtained by comparing the first terms on the right-hand sides of Egs. (4) and (3)
of Ref219| respectively, with Eq. (15) of the theoretical work by Michetti and La Rocca.>2% The particular ki, kmax used in calculation
of ¢, and % in Table [2] of the main text are given in the next section. #¢(w) is the spectral density (defined after Eq. of the main
text) for chromophore C = D,A. Ng44,. is a fitting constant proportional to the steady-state population—assumed to be independent
of the wavevector by Coles et al. Notice that P8 and ¥MPP can be numerically evaluated using theory presented above (Eq. .
However, numerical computation of %, and % requires the values of Ny., which are not actually defined by Coles et al. 519 Given that
Coles et al. determined %, and %) partly by using the work of Michetti and La Rocca®2¥ (see first four sentences of footnotes of Table 1
in Ref.512) we next estimate Ngark, using experimental results from Ref. 519/ and the theoretical results from=22,

The first step is to relate %, and %) to FGR rates Wp,«dark, and %p,«dark, (Eq. (S43D)) using Eqgs. (4) and (3), respectively, of
Ref 5191521

(603 ps) ™! (|ep,mp, |2 [n(—0mp,.0) +1])

(S45a)
(MMPgdarkp) 6

~
darkp ~

1.93
228 5) " (lensn, Plr-orm,)+ 1) (585) )

(YiPy—darks )6

Naark, ~ 0. (S45b)

where |cc 4, |* is the fraction of exciton C in polariton state o for (C,a) = (D,MP), (A,LP) and n(w) = W is the Bose-Einstein

distribution function. We have replaced k with 6 to indicate quantities that are either experimentally determined for a polariton state
excited by a laser with this incident angle (see Coles et al.®1? for further experimental details) or estimated from Michetti and La
Rocca®2, We carry out the averages (-)¢ above over the 6-interval [6pi, = 17°, 6max = 56°] by approximate fitting of the data of Coles

11519

eta as follows:

CpMP ‘2 — 0 S [emin727o} (S46)
e o7 (0 — Omax) + 0.8 6 € [27°, Omax]

(Fig. 3d of Coles et al.512)
e n(—oyp, p) ~ 0 because |yp, p| > kgT (Figs. 4a-4c of Coles et al.51?)

0.9 o o
09 (9_47°)409 6 € [Oyin, 47
leatp, 2= 7 o ( ) [Brmin,47°] (S47)
0.9 0 € [47°, Omax]
(Fig. 3e of Coles et al.519),
¢ 1 1
Opya(nm ) = —5 (S48)

(0 — Bmax) +640 nm  636.4 nm

Omax —Omin
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(Figs. 4a-4c of Coles et al.512),

® (WIPy<darkp)8 = (WPy<darky )0 ~ 107 s~! (roughly the average rate of scattering from the dark states to states in the LP close to the
anticrossing for microcavity with a single strongly coupled J-aggregate cyanine dye, Fig. 6 of Michetti and La Rocca’®2%).

Then we arrive at Nyg, ~ 49 and Nyg, ~ 112.
Using these quantities, numerical values for Eq. (S44) can be calculated, as discussed in the next section. Comparison of the values
to the rate parameters of Coles et al. is summarized in Table [2| of the main text.

S$3.4 Additional simulation notes/data

We note that the rates in Egs. and from polariton and dark states, respectively, to polariton bands were calculated
numerically: as for the case of exclusive SC of acceptors to SPs (Section[S2.8), the k-integrals were computed with the trapezoidal rule
using 2000 intervals.

For the downhill energy transfer processes between polariton and dark states, we also compared (Table [2| of the main text) rate
parameters % that were experimentally determined by Coles et al.51? to analogous theoretical rate parameters that we presented in the
previous Section The latter values, shown in the second column of Table [2] were calculated by computing the ¥ in Eq. (S44))
with the same simulation conditions as for Fig. [4b, except considering T = 300 K and polariton k-interval [kyn = 0.8ka,kmax = 1.1kp]
(instead of T = 0 K and the entire FBZ, respectively; see next paragraph for justification). k4 =9.8 x 10° m~! and kp = 1.1 x 10’ m~! are
the anticrossing wavevectors for acceptors and donors, respectively. Given the reduced k-interval, the numerical integrals (Egs.
and [S44f) were evaluated using only 200 intervals (instead of 2000). The results are plotted in Fig.

The above changes in temperature and k-interval were chosen to allow for a more direct comparison with the experiments of Coles
et al. Their experiments were carried out at room temperature and only probed polariton states near the anticrossings. Our choice of
[kmin; kmax] comes from the paper of Hakala et al.®22 To the best of our knowledge, this is the only work that studies a system with
SPs strongly coupled to two organic-exciton bands and reports the concentration of the chromophore after it has been deposited on the
metal and becomes strongly coupled to SPs. Specifically, the three polariton bands formed from hybridization of SPs and two exciton
bands of Rhodamine 6G dye afforded absorption signal detectable in the window~ [1.2 x 107 m~!,1.8 x 107 m~!], or between ~ 0.8 of
the smaller anticrossing wavevector and ~ 1.1 of the bigger. This result stayed essentially the same for a wide range of concentrations,
ranging from 0.1-10% of that used in this work for strongly coupled chromophores. So we employed [kuin,kmax] for our calculation of
% (without changing the concentration we assumed for Fig[4p).

It should be noted that between the systems of our work and Coles et al., there are differences in setup (physically separated slabs vs.
blend) and electromagnetic modes (SP vs. microcavity). We argue that these differences do not preclude good agreement with respect
to order of magnitude:

e The validity of comparing physically separated slabs and a blend of donors and acceptors has been explained in Section|S3.3} as
well as Section [3] of the main text.

e Energy-transfer rates (Eq. (11)) are dictated by energy gaps between polariton and dark states, exciton fractions of polariton
states, and the spectral densities, regardless of the nature of the electromagnetic modes.
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Fig. S5 SC of SPs to both donors and acceptors. EET rates (that are not shown in Fig. of the main text) as a function of donor-acceptor separation
Az for downhill transtions among polariton and dark states. The SP mode is resonant with the donor transition, and the donor slab lies 1 nm from the
metal and has fixed position while the acceptor slab is moved in the +z-direction to vary Az.
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Fig. S6 SC of SPs to both donors and acceptors. (a) Dispersion curve in the FBZ. Donor-acceptor separation is 205 nm. The dispersion curves at
all other donor-acceptor separations (10-400 nm) have the same qualitative form. The value a = 1 x 10~° m is the inter-chromophoric lattice spacing
for both donor and acceptor slabs. (b) Expanded view of dispersion curve at region of anticrossings characteristic of SC; the SP dispersion has been
added to help visualize the anticrossings.
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Fig. S7 SC of SPs to both donors and acceptors. Rate parameters ¢ as a function of donor-acceptor separation Az for downhill transitions. The donor
slab lies 1 nm from the metal and has fixed position while the acceptor slab is moved in the +z-direction to vary Az.
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