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ABSTRACT: The lower polariton (LP) can reduce the energy barrier of the reverse intersystem crossing (rISC) process from T to
harvest triplet energy for fluorescence. Based on a Tavis—Cummings model including both singlet and triplet excitons, both coupled
with quantized photons, we derive here a comprehensive rISC rate formalism. We found that the latter consists of three
contributions: the one originated from spin—orbit coupling as first obtained by Martinez-Martinez et al. (J. Chem. Phys. 2019, 151,
054106), the one from light—matter coupling of Ou et al. (J. Am. Chem. Soc. 2021, 143, 17786), and the cross-term first reported
here. We apply the formalism to investigate the experimentally observed barrier-free rISC (BFrISC) process in cavity devices with
DABNA-2 molecular thin film. We found it can be attributed to the detuning effect. The rISC rates can be increased by orders of
magnitude through changing the detuning energy to realize the BFrISC process. In addition, the BFrISC rates exhibit a maximum as
a function of the incident angle and the doping concentration. The formalism provides a solid ground for molecular design toward

highly efficient cavity-promoted light-emitting materials.

lectronic processes in organic functional materials have

attracted increasing interest for understanding light
emission,’ photovoltaics,2 thermo-electric conversion,® etc.
Recently, a microcavity has been employed to investigate the
number of chemical processes and physical properties
including optical emission. When the molecules are con-
strained inside the cavity, the molecular exciton interacts
strongly with confined electromagnetic fields of the cavity
through a transition electric dipole to form hybridized light—
matter states, the exciton polariton.*™® Such cavity polaritons
have been applied in controlling chemical reactions,”™"* in
realizing long distance energy transfer,'””~'® in manipulating
electronic relaxation processes,'”'”'**” and even in realizing
lasings from Bose—Einstein condensation.'”™>* An interesting
applications has been found to enhance the reverse intersystem
crossing (rISC) process, which is a decisive process for
thermally activated delayed fluorescence (TADF) materials,
the so-called third generation organic light-emitting diodes
(OLEDs) with exciton utilization efficiency close to unity
under current injection.z‘%_26
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There have been a number of studies about the polariton-
enhanced rISC process for organic electronic devices.'®*" ™’
The underlying mechanism has been under scrutiny. As
pointed out by Martinez-Martinez et al., the rISC rate from T,
to the lower polariton (LP) state inversely proportional to the
effective number of molecules which coupled with the photon
(denoted as N.4), considering that the polariton is delocalized
across N singlet excitons and only one component can be
effectively coupled to a given localized triplet exciton.””** At
the resonance condition, the effective number N,¢ accounts for
nearly 1/3 of the total number of molecules in the cavity.*>*
In fact, the effective number of molecules inside a cavity can be
as large as hundreds of thousands. The rISC rates are difficult
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Figure 1. Schematic graph of three rISC channels. (a) rISC process from T, to the LP originated from spin—orbit coupling between T, and the

So

exciton part of the LP (the rate constant is k;rl‘sz;ihwayl). (b) rISC process from T, to the LP originated from the LMC between T, and the
photonic part of the LP (the rate constant is krTllsE,I;;zchwayz)' Pathwayl and pathway2 together contribute to k;;%z,t:;ss-
Table 1. Absorption/Emission Energies of S, and T, the 0— Table 2. Nonresonant Rabi-Splitting 7QR°"*, the LMC
0 S,—T, Energy Gap AESOE]Oi and Various Rate Constants of between T, and the Intracavity Photon 71, the Energy of
DABNA-2 the LP E,y, and the Photon Energy €, of Different Cavities,
0—0 LP—T, Energy Gap AE[; 1 at Different Cavities
energetics exptl (eV)*! caled (eV) ! gy Lap LPT,
S, absorption 2.817 2.83 Quonres hQr, Epp & AESY,
S, emission 2.61 2.66 cavity (eV) (em™) (ev) (eV) (meV)
T, emission 2.46 2.46 cavityl 0.37 0.0914 2.49 2.69 150.6
AEST, 0.1960 0.2132 cavity2 035 0.0907 2.48 2.65 1325
rate constants exptl (s71)*! caled (s71) cavity3 0.41 0.0872 235 245 10.0
ke 14.1 % 107 7.87 X 107 cavity4 0.4S5 0.0854 2.28 2.35 —67.0
Kues, 1.6 x 107 4.1 % 107 "
kisc 10.1 x 10° 1.73 x 10° ' " —e—Cavity1(E,=150.6 meV)
kasc 14.8 X 10° 144 x 10° 14r —e— Cavity2(E,=130.4 meV)]
12 —a— Cavity3(E_~0.0 meV) 1
12 —~ 10} —v— Cavity4(E =74.1 meV)
X
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03 A é é ; . Figure 3. Relative rate change between the LP and T, at different
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Figure 2. Relative rate change between S, and T, at different excited state dynamics simulation. So, the evaluation of

temperatures. The inset shows the chemical structure of DABNA-2. 1ISC rate is a challenge for theoretical chemistry. Fortunately,
the thermal vibration correlation function (TVCF) has become
the useful approach to quantitatively calculate the ISC/rISC

to enhance except for the weak S;—T,; mixing of emitter and rate,”®~*" which has been successfully used to calculate the
the transition of S,—T| in the inverted Marcus regime, which experimentally observed doping concentartion-dependent
have been theoretically studied.*” The rISC process is typically polariton-enhanced rISC rate in ErB (erythrosine B),*
a slow process, which is much longer than typical time span of where it was found that the light—matter coupling (LMC)
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Table 3. RISC Rates in DABNA-2 (k'S¢

‘cav-o!
(kZSC_ v4) at Different Temperatures

.t) and Cavities1-4

1ISC rISC rISC
TR D KSS () kS () (1075 (1075
125 0.037 0.367 2.278 0.817 1.528
133 0.122 0.849 4.721 0.800 2.311
141 0.317 1.792 9.008 0.784 3.336
149 1.060 3.479 16.044 0.772 4,631
157 1.580 6.315 26.942 0.755 6.221
165 3.130 10.816 43.023 0.744 8.125
173 5.850 17.621 65.797 0.727 10.357
181 10.30 27.491 96.911 0.716 12.926
300 1440.0 1189.7 2612.8 0.564 87.859

between T and the intracavity photon dominate the total rISC
rate for molecules with a non-negligible transition dipole
moment (TDM) in the T, state such as for ErB. The
theoretical results are in good agreement with the experimental
data,'® indicating that the LMC between T, and the intracavity
photon has a significant promoting effect on enhancing the
1ISC rate of ErB.*

However, the above work only focuses on resonant cavities.
Recently, it has been experimentally observed the detuning
effects in the polariton-enhanced rISC process.”” Both laser
incident angle and cavity structure can lead to a detuning
effect, deviating from the resonance. In this work, we focus on
experimentally reported nonresonant cavities, i.e., the DABNA-
2 molecule.” First, we develop a general rate formalism for the
rISC transition from T; to the LP with full consideration of
detuning effects. Then, we combine the novel formalism
coupled with properly benchmarked electronic structure
calculations to quantitatively investigate the experimentally
observed barrier-free rISC process as a function of temper-
ature. Finally, we investigate the influence of the laser incident
angle and doping concentration on the barrier-free rISC
process. The proposed formalism and mechanism provide a
solid ground for molecular design toward highly efficient
cavity-promoted light-emitting materials.

In this work, we use Fabry—Pérot cavity structure as
employed in experimental work™ to build a theoretical model.
The incident light enters the cavity and is reflected many times
to form a standing wave. Here, we simplify the intracavity
electromagnetic field to a single photon. The photon energy in
the cavity is determined by the incident light angle and the

—=—c,=0.555M
—e—c,=0.740M
—— ¢, =0.925M
——c,=1.110M
——c,=1.205M
——c,=1.480M

2.0 a

1.5

1.0

0.5

0.0

In(kq/Ky)

8
1000/T(1/K)

12

Figure 5. (a) Relative rate change from T, to the LP at different
doping concentrations in cavity3. (b) Relative rate change from T to
the LP at different incident angles in cavity3.

distance between the metal mirrors.””’ Based on the Tavis—
Cummings model, we derive the rISC rate formulizm from T,
to the LP (see the Supporting Information). Here, we study
the system which is N identical molecules inside an optical
cavity. The schematic graph is shown as Figure 1. When the
LMC between S, and the intracavity photon is very strong, the
coupling strength between the ith molecule and the intracavity
photon #g; can be written as”*’

5 | ho, 0
8, Msl 26,6,V i )

where ji¢ is the transition dipole moment of the S, state, @, is
1

the frequency of the intracavity photon, &, is the optical
dielectric constant of the matrix inside the cavity, &, is the
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Figure 4. (a) LP energy in four cavities at different doping concentrations. (b) LP energy in four cavities at different incident angles.
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Figure 6. (a) rISC rates from T, to the LP at different doping concentrations in cavity3. (b) rISC rates from T to the LP at different incident

angles in cavity3.

vacuum permittivity, 0; is the angle between the TDM of the
ith S; and the intracavity photon, and V is the cavity mode
volume.

Here, we ignore the exciton—exciton coupling among the S,
states of N molecules. Under the strong LMC condition, there
is one LP state, one upper polariton (UP) state, and N — 1
purely dark states (molecular excited states)."’ When the
intracavity photon frequency is resonant with the energy of S,
(which is the previous work of our group™), the energy
difference between the LP and the UP is the resonant Rabi
splitting AQE*, which can be written as

' hw. Y cos® 6
QR =2 hg)* =2 || ————
A /;< g)" =2 \/ T o

Within the random orientation model,*® it becomes
2 ‘hac
hQE = ——lii, | |[—%
V30 2¢08, 3)

where ¢ is the doping concentration of the molecule. The
nonresonant Rabi-splitting 7£2°™ can be expressed as

Z
QR = \/El PN L (hay — &)
3 €00 (4)

where £ is the energy of the S, state. The effective coupling
JNghg can be written as
1

1 hayc
[Nghg, = —=liis | | —
eff gsl \/g ﬂsl 280800 (5)
Previously,” we found that the coupling between T, and the
photon component of the LP is dominant. If the TDM of T is
,EZTI, the effective LMC between T excitons and the intracavity
photon can be written as

1 ha.cy

hQq = Nghg, = —=li | [ ——
E TV 2ee, )

Due to the TDM of the T, state ji,. is much smaller than that

of the S, state, and the LMC coupling between the T, state
and the intracavity photon is very weak. So, the hybrid
polaritonic triplet states cannot be formed. The frequency of

9282

the intracavity photon @, can be regulated by changing the
incident angle in the followmg way”

(6 =0)

1— ( sin 6 )2
Mrefract (7)
where 6 is the incident angle and 7, IS the refractive index.

Based on the Tavis—Cummings model the LP state can be
written as

w.(0) =

eff
ILP) = Cylg; 1) + Y. Clel’; 0)

i=1 (8)
where 10) and [1) are the intracavity photonic states, Ig; 1) is
the state which represents all molecules in the ground state
plus a intracavity photon, Ieis‘; 0) is the state which represents
the ith excited molecule plus cavity mode in vacuum state. The

normalization condition is

eff

DICH +1C,P =
i=1 (9)

The LP state is delocalized over N molecules and one
intracavity photon, and ICpl* represents the photonic
component in the LP. The coefficient C'(i = 0, .., N)
depends on the detuning factor defined as the energy
difference between the exciton and the intracavity photon.
Based on the TVCEF rate formalism and Fermi’s golden rule
(see the Supporting Information), the rISC rate between the

LP and T, can be calculated as>**
e S12 Nt S;12
LT=P Z " C 26 s 500y |Cplwlzi=1|Ci 1|
rISC
Neg VNt

X (\/Neffhng YHO) + ICPlz(\/l\Teffhng )i

© ih(‘)LP—T]t
X /_m dt e pLP_Tl(t, T) (10)

where Hi ¢ is the SOC constant between T, and S, Wy p.g is
the frequency difference, and p,, ..(t, T) is the Franck—
Condon factor between T, and the LP. The rISC process from
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T, to the LP can be triggered due to the strong LMC. Then,
the rISC rate may be significantly changed. To compute the
rISC rate constant from T, to the LP, the vibronic decoupling
effect can be adopted when the Rabi frequency is larger than
the highest frequency of vibrational modes coupled to the
excited states.””**** According to the vibronic decoupling
effect, the LP has the same vibrational structure as the ground
state.”***** Hence, Pipr (t, T) is replaced by ot (t, T),

which is the Franck—Condon factor between the ground state
and the T, state. Under the framework of the short-time and
high-temperature approximation, the intersystem crossing rate
can be expressed as

i 1 ~Sy12 Negg 1 ~S112
LT=LP 1 Z; L1c (HSOC 2, 2|CP|,IZi=1|Ci 1|
1ISC ~ 2 if
h N N

X ( \V Neff h’ng)(HEOC) + |CP|2(\/ Neff h’ng )2

Ag.1kT (11)

which is the Marcus—Levich expression for the rISC rate.””**
Based on the vibronic decoupling effect, the rISC rate from T,
to the LP which originated from spin—orbit coupling can be
written as

(AELP T g—'Ii)
4/1g,T1kBT

kT—)LP

N Si12
paicn IHEOP
rISC, pathwayl

” N

+o0
i p_pt
x/:w dte lpg_Tl(t, T) (12)
The mechanism of the SOC-triggered rISC process is
schematically depicted in Figure 1 (a). It also can simplified
to the Marcus—Levich equation

gLoLe o L Ez]ifi lcisqz \H soclz
tISC,pathwayl ~ 2
? ’ h Neff
2
b3 (AELPT - ig»Tl)
exp
horksT Mg rkgT

(13)
The rISC process will be changed by the LMC between T,
states and the intracavity photon if molecules have a non-
negligible TDM of T|. The rates can be written as

T,—LP
rISC, pathwayZ

1 +00 X
(G, P1hQs ) / dt ey (1, T)
—00

(14)
The mechanism of the LMC-triggered rISC process is
schematically depicted in Figure 1 (b). It can be also simplified
to the Marcus—Levich type of expression:

2 }

(1)

kL T,—LP
rISC, pathway?2 ~

12 (P 1hQ )

| xp{

(AELP T T g-Tl)
4 grksT

T
AgrksT
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T—LP T,—>LP .
In addition to K¢ pathwayt 204 Kis parhway2s there is a cross-

T,—LP
term krISC cross in krISC

> [ 1ca T icse
VN

T-LP _
ki Pe
+00 . .
10
x/_m dt e “”Tlpg_Tl(t, T)

rISC,cross —

(N, (HC

(16)

Single Molecular Properties of DABNA-2. Molecular
geometries for DABNA-2 are optimized by density functional
theory (DFT) for ground state Sy and by time-dependent DFT
(TDDFT) for S; and T, states, both with B3LYP/def2-svp.
Since TD-B3LYP/def2-svp cannot provide the accurate value
for the S;—T, energy gap for the multiresonant (MR) TADF
systems such as DABNA-2, we apply SCS-CC2 (second-order
approximate coupled cluster) to evaluate AEg 1 while keeping

TD-B3LYP/def2-svp for calculating the excitation energy of
S;) to balance the accuracy and cost.*> From Table 1, we can
see that the excitation energies calculated by TDDFT/B3LYP
are consistent with the experimental results. Explicit values of
the TDM of S,;/T,, the SOC between S, and T, for DABNA-2,
the computational details, are given in the Supporting
Information.

Based on the knowledge of electronic structure, we compute
the rate constants of different physical processes by the TVCF
rate formalism.”*™* The calculated results are listed in Table
1. For comparison, the experimental results®® are also listed in
Table 1. The overall agreement between the calculated rate
constants and the corresponding experimental results ration-
alizes the electronic structure parameters and the TVCF rate
formalism. Next, we will study the change of the rISC process
in respect of temperature. The rISC process is a thermally
activated process, and the relative rate change is linearly
dependent on temperature.””** Experimentally, the relative
rate change with respect to the different temperatures has been
observed within a wide temperature range (from 77 to 181 K).
Theoretically, k,5c of DABNA-2 at different temperatures has
been calculated, and the results are shown in Figure 2. As
shown in Figure 2, the relative rate change is linearly
dependent on temperature (from 125 to 300 K). The energy
barrier can be calculated according to the Arrehenius law:

1000
T

E
In(ky/ky) = ——2 (

1000
1000k,

Ty (17)

where kr(kg), ks, and E, correspond to the rISC rate at the

temperature T (T,), the Boltzmann constant, and the energy
barrier. The calculated results (E, = 192.9 meV) are slightly
larger than experimental results (E, = 115.0 meV), which may

be caused by the fact that the zero point energy AES1 io of the

experiment is 0.14 eV.”” The overall tendency of the rISC rates
of DABNA-2 can be qualitatively reproduced. The agreement
between the calculated rISC rates and the corresponding
experimental results rationalizes our extended rISC rate theory.
Based on the electronic structure parameters and the extended
rISC rate theory, we can further explore the rISC process
inside the cavity.

The rISC Process Inside the Cavity. Based on the single
molecular properties of DABNA-2, we further calculate the
light—matter coupling of DABNA-2 and the intracavity photon

https://doi.org/10.1021/acs.jpclett.2c02557
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at different temperature based on the setup experiments.”” The
€, of toluene is the square of n,.q, = 1.541
(6 = Mpopract = 2:375).”7* From Table 2, we can see that
the Rabi splitting 2QR°" is large enough for different cavities,
and then the LP and UP states can be formed. In addition, it is
in accord with the experimental absorption spectra.”” Mean-
while, it is difficult to calculate the effective number N
because of the absence of the intracavity photon density,
which should be provided by relevant experiment. Here, we fix
the width and length of the optical cavity as two times as large
as the experimentally measured thickness of the doped film
(130 nm) to express volume V, i.e,, 130 nm X 260 nm X 260
nm, and the doping concentration ¢y = 1.0 M. N is 5.28 X 10°
based on N = ¢\;VN,, where N, is the Avogadro constant, and
the effective number of molecules Ny (N4 = N/3) is 1.76 X
10%, which has a similar order of magnitude with the results
estimated in refs 30 and 33.

1
In(ky/kr) = — In(Ty/T)
~ (AEgg - g-Tl)Z[IOOO ~ 1000]
44 (1000ky) T,

(18)

The LMC coupling between T, and the intracavity photon is
much smaller than that between S, and the intracavity photon.
So, the T state cannot participate in the formation of the LP
for all cavities, which is in accord with the experimental result”’
that the phosphorescence spectra remain much the same for
inside and outside cavity. However, the LMC coupling
between T, and photon may trigger the rISC process from
T, to the LP. From Table 2, the zero point energy AE%E,OT, is

different for all cavities, which triggers different rISC process
between the LP and T,. Theoretically, the relative rate change
In(k;/kgsi) at different temperatures has been calculated, and
the results are shown in Figure 3. The calculated values are
shown in Table 3. Because the AEg;f)Tl values of cavityl and

cavity2 are very large, the rISC process from T to the LP is a
thermally activated process, the energy barrier E, of cavityl
and cavity2 equals 150.6 and 130.4 meV, which are smaller
than that for the cavity-free case. Amazingly, the zero point
energy AE%EOT is nearly zero, and the process becomes a

barrier-free crossing from T, to the LP, in agreement with the
experimental results.” It can be understood in an easier way
from the Marcus—Levich equation (see eq 10). Namely, the
nuclear quantum tunneling effect can promote the electron
transfer process.23’34 From Table 3, we can see that the rISC
rates of cavity3 far outweigh those of other cavities and isolated
DABNA-2. For cavity4, AE[pT, is negative, and the rISC

process again becomes a thermally activated process. Mean-

. 1 1 . .
while, we calculate the k;;}?wayz/ k;ls'_)CLP of different cavities.

The values of cavityl, cavity2, cavity3, and cavity4 equal
99.819%, 99.837%, 99.902%, and 99.922%. The calculated
results are shown in Table S3. So, we think that the rISC
process arising from the LMC between T, and the photonic
component of the LP is also very important for the typical
TADF molecule (such as DABNA-2). In order to compare
with the nonresonant cavities, we calculated the rISC rate
constant of the resonant cavity, shown in Figure S1 (see the
Supporting Information). We can see that it is difficult to reach
the barrier-free process by increasing doping concentration ¢y
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inside the resonant cavity. Only when ¢y reaches a very high
concentration (1.295 or 1.48 M) can a barrier-free process
occur. This manifests the advantage of nonresonant cavities.
Next, we consider the influences of doping concentrations
and incident angles on the enhancements of rISC rate. From
N. The

concentration may affect its proportion in the total rate. Here,

rISC /k 1ISC
pathwayl T,—LP

eq 16, we can see that the cross-term depends on

krISC/k rISC

cross/ T, —LP’ and

we calculate the

rISC
pathwayz

results are shown in Table S4. From Table S4, we can see that

rISC
kT —LP*

However, the cross-term does not dominate the total rate for
any concentration. So, the rISC rate is largely dominated by
the light—matter coupling between T and the photonic part of
the LP for DABNA-2. The relative rate change In(ky/kgsx) at
different doping concentrations ¢y has been calculated, and the
results are shown in Figure Sa. It decreases with the
concentration ¢y increasing from 0.555 to 0.925 M. However,
the relative rate change decreases as the concentration ¢y
increases from 0.925 to 1.480 M. In addition, the rISC process
changes from a barrier-free quantum tunneling process to a
thermally activated process as the concentration increases. The
calculated results of the relative rate change In(kp/kgsk) at
different incident angles 6 are shown in Figure 5b. The relative
rate change decreases as @ increases from 5° to 10°. However,
the relative rate change decreases as the incident angle
increases from 10° to 25°. In addition, the rISC process
undergoes a transition from a barrier-free quantum tunneling
process to a thermally activated process as € increases.

From Figure 6, we can see that the barrier-free rISC rates
exhibit a maximum as 6 and ¢, change. k™SS first increases and
then decreases with the increase of ¢y; (or 8), which shows a
parabolic-shape dependence. The phenomena can be under-
stood via the relation between the zero-point energy difference

/ k{aIS_?LP at different concentrations in cavity3. The

concentration indeed affects the ratio of k'oe/

AELP T and oy (or 0). From Figure 4a, we can see that AELP T

first decreases to zero and then becomes negative with the

increase of ¢y, leading to king showing a parabolic- shape

V.

dependence (see eq 11). Figure 4b shows that AELPT

monotonically increases with the increase of 6, and the starting
(AEGS -

4

2 2
point is very close to zero (10.0 meV). However, e1)
8-

(ﬂg_Tl = 753.16 cm ") first decreases to zero and then increases

kiSS showing a parabolic-

(A ELPT]

8T
used as a good descriptor to characterize the rISC (from T to
the LP) performance. The descriptor remains for future
investigations.

To conclude, we have derived a comprehensive rISC rate
formalism with consideration of contributions from spin—orbit
coupling between T, and the excitonic part of the LP, light—
matter coupling between T, and the photonic part of the LP,
and their cross-term. The second term is found to be
overwhelmingly dominant. The rate formalism is applied to
investigate the detuning eftect for rISC process in MR-TADF
material. The following conclusions are drawn: (i) The relative
rate change of DABNA-2 inside different cavities which is the
experimentally observed can be reproduced that the enhanced
rISC of DABNA-2 inside the cavity can be -effectively
promoted by the LMC between its T, and the intracavity

with the increase of 6, leading to

2
Fgm)

shape dependence (see eq 11). Perhaps can be
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photon. (ii) The rISC rate from T, to the LP can be enhanced
by orders of magnitudes through detuning effect to lower the
transition barrier, even reaching barrier-free maximum through
manipulating the light incident angle and dopant concen-
tration. The latter determines the detuning energy, namely, the
difference between the LP and T,. Our work provided a
theoretical protocol for evaluating the rate processes for the
molecular aggregate in the microcavity, and the experimental
findings of the barrier-free rISC process in DABNA-2 have
been explained by the detuning effect.
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