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Optical Emission Spectra of Molecular Excitonic Polariton
Computed at the First-Principles Level QED-TDDFT

Shanhao Deng,” Junjie Yang,” Yihan Shao,” Qi Ou,*® and Zhigang Shuai*®

In microcavity, strong coupling between light and molecules
leads to the formation of hybrid excitations, i.e., the polaritons,
or exciton-polaritons. Such coupling may alter the energy
landscape of the system and the optical properties of the
material, making it an effective approach for controlling the
light emission from molecular materials. However, due to the
complexity of vibrational modes, spectroscopic calculations for
organic exciton-polaritons remain to be challenging. In this
work, based on the linear-response quantum-electrodynamical
time-dependent density functional theory (QED-TDDFT), we

1. Introduction

Inside an optical cavity, molecules may strongly interact with
space-quantized photon, namely the cavity modes, to generate
a new hybrid excited state, known as exciton-polariton (or
polariton)."™® The formation of the polariton may remarkably
alter the energy landscape of the system and the physical and
chemical properties of the material, such as chemical
reactivity’ " and excited-state dynamics.'""® The extent of
such changes depends on the strength of the light-matter
coupling.™” Importantly, polaritons have the ability to freely
interconvert with unbound photons outside the cavity,”
providing a simple and effective approach for controlling the
light emission of molecular materials. This concept holds great
potential for applications in next-generation optoelectronic
devices, such as sensors"®?” optoelectronic integrated
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employ the thermal vibrational correlation function (TVCF)
formalism to calculate the molecular optical spectrum of the
lower polaritons (LP) at first-principles level for three molecules,
i.e., anthracene, distyrylbenzenes (DSB), and rubrene. The
polaron decoupling effect is confirmed from our first-principles
computations. The theoretical emission spectra of LP provide
new insights for aiding molecular and device design in micro-
cavities that are otherwise hindered due to the lack of vibra-
tional information.

2224 and even room-temper-

circuits,”?" light-emitting diodes,
ature exciton-polariton lasers.”*2®

It is challenging to calculate the exciton-polariton optical
spectra at the first-principles level for complex molecules, which
usually requires the introduction of significant approximations
in the calculations.” Although some optical spectra have been
calculated using model Hamiltonians,®*>* limited information is
provided compared to the rich vibrational characteristics of
organic molecules. Spano and coworkers have made predic-
tions based on the resonant Holstein-Tavis-Cummings (HTC)
model B#23371 For both single molecules and aggregates, as
the cavity coupling strength increases, the relative intensity of
the system’s emission, exhibits an increase at the 0-0 vibra-
tional peak and a decrease at the 0-1 vibrational peak. This
trend is accompanied by a decrease in the reorganization
energy, indicating an effective decoupling between the elec-
tronic and vibrational degrees of freedom, commonly referred
to as polaron decoupling.” It is intriguing to demonstrate such
effect at the first-principles level by incorporating quantum
electrodynamics into quantum chemistry calculations.

In recent years, significant progress has been made in the
development of first-principles methods for polaritons, such as
quantum-electrodynamical time-dependent density functional
theory (QED-TDDFT),***! quantum electrodynamics coupled-
cluster (QED-CC)."*”" These methods enable us to accurately
describe the molecular electronic structure of polaritons in a
way comparable to conventional organic molecules. Further-
more, the work by Yang and coworkers on the analytical energy
gradients of QED-TDDFT has facilitated the direct vibrational
analysis of polaritons formed within optical cavities containing
realistic molecules.*” In combination with the thermal vibra-
tional correlation function (TVCF) method, which has been
widely used for the computation of organic molecule spectra
and rates of photophysical processes,“*=" in this work, we
calculate the optical spectra for molecular polaritons with
vibronic resolutions at the first-principles level, for anthracene,

© 2024 Wiley-VCH GmbH
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DSB, and rubrene, see Figure 1(a). We aim to calculate the
optical emission spectra of LP for these prototypical light-
emitting molecules in order to deepen the understanding of
strong light-matter coupling at the level of molecular spectrum.

2. Theoretical Formalism and Computational
Methods

In this study, we investigate a straightforward system consisting
of a single molecule coupled to a single-mode Fabry-Perot
cavity. The electronic structure calculations are based on the
Jaynes-Cummings model within the Tamm-Dancoff approxima-
tion (TDA), namely the TDA-JC model, which neglects the dipole
self-energy (DSE) and counter-rotating terms (CRTs) and

reads™!
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where the electronic-electronic block A corresponds to the super-
operator used in TDDFT/TDA, and w. denotes the frequency of the
cavity mode. The electronic-photon block is represented as:
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My = (b]r]j), represents the transition dipole between the
unoccupied Kohn-Sham orbital b and the occupied orbital j. 4 is
the fundamental coupling strength,*'*¥ of which the absolute
value is proportional to the amplitude of the vacuum electric
field at the position of the molecule and parallel to the
polarization direction of the cavity mode. In the calculations, 4
is treated as an adjustable parameter. The /™ solution of the
equation: E/_, . represents the excitation energy of the /™
polaritonic state |¢,) in the TDA-JC model. X' and M' are the
corresponding TDA-JC amplitudes, satisfying the normalization
condition:

ai’*ai
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where the first term represents the contribution of the
electronic excited state, while the second term represents the
photon contribution (Hopfield coefficient).We quantify the
light-matter coupling strength associated with the state |¢,)
using the light-matter interaction energy, which is expressed as
follows:

EI

we_pn = 20M'g - X' = \/2h M2 - p' 4

where p' = 37, X, p,, is the transition dipole moment of |¢,).
The spectral function of the cavity leakage can be

represented as the Fourier transform of the cavity field

autocorrelation function, given by®?
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Figure 1. (@) Molecular structures of three investigated systems in this work. Theoretically predicted absorption (purple) and emission (red) spectra of (b)
anthracene, (c) DSB, (d) rubrene. Experimental spectra are represented by dashed lines in the background, adapted from refs.[61-63]
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The above expression is derived because “for a classical
(coherent state) input field that is uncorrelated with the
intracavity field operator d(t), i.e., (F,(t)a(t)) — 0, the external
field spectrum is directly proportional to the spectrum of the
intracavity field fluctuations.”®? The input-output relations for
the cavity can be found in S1 of Supporting Information and
the derivation is based on ref.*¥ Where |¥;) and |¥;) represent
the initial and final states of the transition, E; and E; are the
respective energies, w;; = (E; — E;)/h, P, is the Boltzmann
distribution function of the initial state, and @ and @' represent
the annihilation and creation operators of the cavity mode
photons. To obtain the emission spectrum of LP that includes
vibrational information, the initial and final states in Eq. (5) are
set to be the different vibrational energy levels of the LP state
|@p) and the ground state |@;). Under the adiabatic approx-
imation, the system’s state can be written as a product of the
electronic-photon part |®) and the vibrational part |®). There-
fore, the spectrum can be expressed as:

S(w) o< 7w|(Pglal Py, >|2

(6)
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where

(Bola|Dyp )P = | (Wola| W)Xy + (O[] 1)M[2 = (M7)* s
the photon contribution of LP, where |1P;) represents a singly
excited state with an electron excited from orbital a to orbital i.
|©,,,) represents the system in the v-th vibrational state, and
Pip,,,(T) follows the Boltzmann distribution at temperature T.
Through expressing the Dirac-delta function by a Fourier time
series and inserting complete basis, Eq. (6) can be expressed in
the form of TVCF as follows:
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where Z,, is the partition function of the LP state, and
Pug(t, T) = Tr[e e ™1], represents the correlation function
corresponding to the LP emission process.[49,52] Where
tiszirft, k is the Boltzmann constant, and H; and H,
represent the final and initial state vibrational Hamiltonians,
respectively.

In order to obtain vibrational information of the molecule,
we need to diagonalize the matrix of molecular force constants
weighted by atomic masses:

o, =L __M3FM-L,,, ®)

norm
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Where F,, = f—;y ! M = diag(m,, m;,m,,m,...my), R repre-
sents the 3 N coordinates of N atoms, R, denotes the
equilibrium position, m is the atomic mass, F and M are both
3 Nx3 N matrices. The canonical vibrational frequencies (3 N-6
for nonlinear molecules) w, and the corresponding canonical
coordinates are obtained:

Q= L;ormM%(R - RO) (9)

For absorption and emission processes, the relationship
between initial and final state canonical coordinates is satisfied:

Qr =J;Q + Kr (10

The Duschinsky rotation matrix J;_; = L,Tm,m‘,Lm,m,-, and the
mode displacement K;_; = L] .M'? (R, — Ry,). Here, the equi-
librium positions of the initial and final states are translated and
rotated to satisfy the Eckart conditions.” The Huang-Rhys
factor for the k™ mode is represented as s;_;, = %w,ﬁkKM_k, and
the corresponding mode reorganization energy s
AEgs i = w5 ix- We quantify the strength of the electronic-
vibrational coupling in the excited state using the total
reorganization energy AEpr i = > 4 WSt i

The TDA-JC model used in this work for energy and
analytical gradient calculations were implemented by Yang
etal. in a development version of the PySCF software
package.***! The polarization parameter A is set to be parallel
to the transition dipole moment of the S, excited state to
prevent significant molecular re-orientation during the structure
optimization process. The TDA-JC method reduces to TDA
when there is no electromagnetic mode, and can be directly
computed using the original PySCF.®**" The functional and
basis set are consistently set to B3LYP/6-31G* level. After
completing the structure optimization, the second-order energy
derivative of the LP state is obtained using numerical differ-
entiation with a step size of 0.001 atomic units, which is then
fed to the molecular property prediction program MOMAP to
obtain the LP emission spectra via the analytical calculation of
TVCF.#%8%9 |n the visualization of ground state vibrational
modes, the ground state Hessian matrix was calculated by
Gaussian 16" with the B3LYP functional and the basis set 6-
31G* to obtain a Hermitian Hessian matrix.

3. Results and Discussion

The structure of the investigated molecules is presented in
Figure 1(a). We first perform the electronic structure calculations
and conduct structural optimization without incorporating the
electromagnetic mode. The calculated properties are summar-
ized in Table 1. Additional excitation energies and transition
dipole moments for more excited states are provided in
Tables S1-S3.

Under the absence of the cavity electromagnetic mode, we
compute the absorption and emission spectra of the three
molecules at 300 K, are displayed in Figure 1 (b—d). It can be
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Table 1. Calculated vertical excitation energies of S, under optimized S,
and S, geometries, i.e., absorption energy (E,,) and emission energy
(Eemi), adiabatic excitation energy of S, (Ead), transition dipole of S, at S,
geometry (u), S;—S, reorganization energy obtained from vibrational
analysis (4Eg), and from the four-point method (4E;) for the three
molecules.

Molecule Eabs Eemi Ead n AE, AFg
(eV) (eV) (eV) (a.u.) (cm™) (cm™)
anthracene 3.506 3.184 3.341 1.021 1316 1262
DSB 3.380 3.114 3.236 5.453 1023 984
rubrene 2412 2.086 2.243 2.070 1191* 1267

[*] This result was computed using internal coordinates.

observed that the calculated spectra exhibit similar relative
vibrational peak positions as compared to the experimental
spectra, indicating that the computational results can effectively
capture the vibrational structures of the S, and S, state of these
molecules. Figure 2 illustrates the distribution of S;—S, reorgan-
ization energies. For anthracene and DSB, their reorganization
energies concentrate on high-frequency modes, primarily
corresponding to the stretching of C—C bonds and the bending
of C—H bonds. In contrast, rubrene mode 1 exhibits a significant
reorganization energy distribution and a larger Huang-Rhys
factor, corresponding to the rotation of phenyl groups. There-
fore, despite the three molecules having similar total reorgan-
ization energies, the S; and S, structures of anthracene and DSB
almost overlap, while those of rubrene exhibit significant
differences, as shown in Figure S1. Additionally, the rubrene
spectrum also features a more significant 0-1 peak, as shown in
Figure 1. In the vibrational analysis and spectral calculations of
rubrene, we employed internal coordinates, which are consid-
ered more effective for flexible molecules.™ % In contrast, using
Cartesian coordinates for the vibrational analysis resulted in a
significantly unrealistic reorganization energy (2507 cm™).
Next, we incorporate the electromagnetic modes onto three
molecules. For simplicity, we only consider four cases as shown
in Table 2: resonances between the cavity mode frequency hw,
and the absorption energies of three molecules in cases 1, 3,
and 4, as well as resonance with the emission energy of
anthracene in case 2. Due to the variation of the S, excitation
energy with the molecular structure during the LP structure
optimization process, we define the detuning as the difference
between the cavity mode energy and the adiabatic excitation
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Table 2. Photon energies (hw.) and Detuning levels of the four cavity
cases considered in this work.

Case Molecule ho, (eV) Detuning (eV)

1 anthracene 3.506 0.165

2 anthracene 3.184 —0.156

3 DSB 3.380 0.144

4 rubrene 2412 0.169

, Modes

energy of the molecule’s S, state, as shown in Scheme 1. The
fundamental coupling strength is chosen to be parallel to the
transition dipole moment of the first excited state. We perform
geometry optimization of the LP state in the system with
respect to varied values of A and calculate the excitation
energies and photon contributions of the first two excited
states, i.e., LP and upper polariton (UP), as shown in panel a of
Figures 3-6. For anthracene, additional optimization results of
LP under various cavity mode energies are displayed in
Figure S3. Panel b of Figures 3-6 demonstrates the correspond-
ing relationship between the light-matter interaction energy of
LP and A, where for all cases 1-4, the interaction energy
exhibits a monotonical increase with A.

In the following discussion, we first consider cases 1 and 2.
We first analyze the energy levels of the LP and UP. As A
approaches 0, the energy difference between UP and LP not
being entirely zero due to the detuning. The potential energy
surfaces for both negative and positive detuning (cases 1 and
cases 2) as well as the resonant case (where the photon energy
equals the adiabatic excitation energy) are shown in Figur-
es S4-S6. As ) increases, the energy of LP decreases while the
energy of UP increases, resulting in an expected increase in the
energy splitting between LP and UP. At lower values of A, the
energy change is not significant, and for the case of negative
detuning (cases 2), the decrease in LP energy occurs earlier as
compared to the positive detuning (cases 1). In both cases 1
and cases 2, the slope of the LP energy relative to A is similar
and corresponds to an increasing light-matter interaction
energy. However, for the case where the cavity mode energy is
closer to the adiabatic excitation energy, i.e., smaller detuning,
the coupling strength increases more prominently with respect
to A, as shown in Figure S7 (when hw =3.265 eV, correspond-
ing to 0.120 a.u.). Consequently, the slope of LP energy
decrease during this phase is larger, as shown in Figure S3(b).
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Figure 2. Decomposition of the reorganization energies of (a) anthracene, (b) DSB and (c) rubrene The three vibrational modes of S, with the largest three
Huang-Rhys (HR) factors are visualized in the insets.
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Scheme 1. Schematic representation of the potential energy surfaces under strong coupling between the molecule and the cavity mode.

Due to the influence of higher excited states, the energy cavity mode energy of 3.673 eV (corresponding to 0.135 a.u.),
increase of UP is suppressed, resulting in an asymmetric as shown in Figure S3(d), the UP composition gradually
splitting."¥ For the case of a large positive detuning with a
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Figure 3. Calculated results for anthracene polariton in case 1. (a) The excitation energy and the photon contribution of LP and UP. (b) The light-matter

interaction energy of LP with respect to A. (c) The theoretical emission spectra of LP at various A values. (d) The photon contribution in LP and the
reorganization energy of LP with respect to A.
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Figure 4. Calculated results for anthracene polariton in case 2. (a) The excitation energy and the photon contribution of LP and UP. (b) The light-matter
interaction energy of LP with respect to A. (c) The theoretical emission spectra of LP at various A values. (d) The photon contribution in LP and the

reorganization energy of LP with respect to A.

becomes dominated by S, as A increases, leading to a decrease
in the excitation energy of UP.

We now investigate the composition of the LP and UP, i.e.,
the photon and exciton contributions to two polariton
branches. As X tends to zero, the LP state becomes the lower
energy state between the pure photon state and the pure
electronic excited state. Therefore, when A=0, for the case of
positive detuning (case 1), the optimized LP tends towards a
pure electronic excited state, whereas when for negative
detuning (case 2), it tends towards a pure photon state. In the
case of positive detuning (case 1), the photon contribution in
LP gradually increases as A becomes larger and that in UP
decreases [Figure 3(a)]. The contributions of photons in the two
states intersect around A=0.03, and their combined total is
always close to 100%. This process indicates that with
increasing the coupling strength, the LP gradually transit from
an exciton-dominant state to a photon-dominant state. More-
over, when positive detuning is smaller (when hw=3.401 eV,
corresponding to 0.1250 a.u.), the crossover point appears at
smaller L value (0.02 a.u.), as shown in Figure S3(c). Further-
more, as A increases after the positive detuning crossover point,
the photon contribution continue to increase. In the case of
negative detuning (case 2), the photon contribution in LP
shows a decreasing trend starting from 100% with increasing A
[Figure 4(a)]. Additionally, the decrease becomes more substan-
tial with smaller detuning, as shown in Figures S3(a) and S3(b).
Regardless of whether it is positive or negative detuning, when
A is large, the photon contribution in LP tends to reach a

ChemPhotoChem 2024, 8, €202400117 (6 of 10)

constant value. We believe that this value is mainly determined
by the molecular excited state energy and transition dipole,
thus primarily depending on the molecular species. For
anthracene, this value is approximately 80%. Additional exciton
contributions from higher excited states to the LP state is
shown in Figure S10(a) and S10(b). It can be observed that the
dominant excitonic contribution in the LP state is S,, although
the contribution of higher excited states increases with the
coupling strength, it remains below 1%. This outcome can be
attributed to the significant difference between the excitation
energy of the higher excited states and the cavity mode photon
energy, as well as the relatively small transition dipole moment
in the 4 direction.

The calculated emission spectra are consistent with the
energy and photon contribution calculations. As shown in
Figures 3(c) and 4(c), at A=0, the emission spectra correspond
to the molecular spectra and cavity spectra, respectively, since
the LP states in case 1 and case 2 are optimized to the S, state
and the photon state, respectively. In a single-mode cavity
without dissipation, the cavity spectrum appears as a sharp line.
With the increase of A, the emission spectra of the LP state
exhibit an apparent redshift, and the spectrum in case 2 shows
a greater redshift compared to that in case 1. In case 1, as A
increases, the vibrational peaks other than the 0-0 peak are
gradually suppressed. The emission and absorption spectra of
the LP state in case 1 and case 2 are separately displayed in
Figure S8 for A=0.02 and A=0.03, corresponding to light-
matter interaction energies of approximately 200 meV and
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Figure 5. Calculated results for DSB polariton in case 3. (a) The excitation energy and the photon contribution of LP and UP. (b) The light-matter interaction
energy of LP with respect to A. (c) The theoretical emission spectra of LP at various A values. (d) The photon contribution in LP and the reorganization energy

of LP with respect to A.

450 meV, respectively. The LP—S, reorganization energy is
calculated as shown in Figures 3(d) and 4(d). For case 1, the
reorganization energy rapidly decreases with the increase of A,
and the corresponding photon contribution of the LP state
experiences a rapid increase. Both the decreased reorganization
energy and the increased photon contribution of LP indicate
the weakened electron-vibration coupling when the coupling
strength becomes stronger. This suggests that polaron decou-
pling might indeed occur in case 1. Furthermore, if the region
with lower reorganization energy, specifically at A>0.03, is
considered the decoupling region, the decoupling condition
could be approximated as the light-matter interaction energy
(3385 cm™) being greater than three times the reorganization
energy (1316 cm™'). Based on the variation of the photon
contribution in the LP state with respect to the detuning,
polaron decoupling would occur at higher A under larger
positive detuning conditions. In case 2, as A increases, the
exciton contribution gradually mixes into the LP state, and the
reorganization energy also increases and approaches that of
case 1. However, within the tested range of A, the reorganiza-
tion energy of LP in case 2 never exceeds that in case 1, which
is consistent with the trend of the photon contribution.
Correspondingly, as shown in Figures S8(c) and S8(d), up to A=
0.03, the LP emission spectrum is still predominantly dominated
by the 0-0 peak and remains nearly a sharp line. This spectral
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shape is reminiscent of the emission spectra of a Bose-Einstein
condensate (BEC) laser,” which occurs when the LP state is
heavily populated. Furthermore, due to the significant overlap
between the absorption and emission spectra, we consider the
resonant excitation to be highly effective for the LP state. These
results indicate that, in the case of negative detuning, the
electron-vibration coupling is lower compared to the positive
detuning case. Therefore, under both positive and negative
detuning conditions, once polaritons can form smoothly, it is
expected that polaron decoupling in the LP state will occur in
anthracene molecules under sufficiently strong light-matter
coupling conditions.

The computed results for the other two molecules, DSB and
rubrene, are shown in Figures5 and 6. The cavity mode
energies are set to be the S, absorption energies, and both
cases correspond to positive detuning. We refer to these cases
as case 3 and case 4. Due to the large transition dipole moment
of S; in DSB (5.453 a.u.), it is more easily coupled to the cavity
mode. In case 3, the LP state (denoted as P1 in Figure 5(a))
reaches a light-matter interaction energy of approximately
500 meV at A=0.01(as shown in Figure 5(b)), which is signifi-
cantly larger than the anthracene at the same A value. The
energy of LP also decreases much faster as A increases
compared to the case of anthracene, and the photon contribu-
tion stabilizes and converges around 50%. The behavior of
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higher energy polaritons is more unique, as A increases, their
energy increases sequentially, and the photonic contribution
gradually shifts among these states. As for Rubrene (case 4), its
behavior is closer to that of anthracene. When A is large, the
photon contribution in the LP state converges around 80%,
similar to anthracene.

As A increases, both case 3 and case 4 exhibit an increase in
the relative intensity of the 0-0 peak and a decrease in LP—S,
reorganization energy, as shown in Figures 5(c), 5(d) and 6(c),
6(d). Compared to S;, the LP geometry of rubrene is also
significantly closer to SO, as shown in Figure S2. However, in
case 3, when A exceeds 0.01, the reorganization energy shows a
significant increase, resulting in an increase in the relative
intensity of the 0-1 peak in the spectrum. Considering that
there is no significant change in the LP component within this
range, as shown in Figure S10, this result indicates that the
strong-coupling regime might no longer be held. At this point,
we consider that the system may enter the regime of ultra-
strong coupling,”®” where the light-matter coupling strength is
comparable to the transition frequencies in the system. More
exploration under such case will be carried out in further
studies.
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4. Conclusions

Based on QED-TDDFT electronic structure calculations, the
spectra of molecular polariton with rich vibronic structure have
been predicted using TVCF theory for three molecules, i.e.,
anthracene, DSB, and rubrene. The calculations have shown
that the LP optical emission spectra in the cavity generally
exhibit an enhanced intensity for the 0-0 transition along with
a reduced reorganization energy compared to the molecular S,
state, indicating a weakened electron-vibration coupling, which
is consistent with Spano’s predictions based on model
Hamiltonian.®'#2***” Furthermore, the vibrational properties of
LP are strongly correlated with the photon contribution. This
implies that the design of the cavity can significantly alter the
vibrational characteristics of LP over a wide range.

Moreover, due to the presence of the photon component in
LP, the weakening of electron-vibration coupling in LP
compared to the pure S, state may generally occur within a
certain range of coupling strengths, although the extent of this
effect may vary for different molecular species and photon
energies. Although the calculations in this study are limited to
single molecules, achieving single-molecule strong coupling is
challenging in experiments. In practice, strong light-matter
coupling is typically realized through the collective coupling of
a large number of molecules. If the light-matter interaction
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energy in the calculations corresponds to collective coupling of
N molecules, assuming that all molecules interact with the
cavity mode identically, the LP excitation energy gradient for a
single molecule would become 1/N of the original.**' Addition-
ally, when the coupling strength is sufficiently large, static
disorder contributes minimally to broadening.®® Therefore, we
can anticipate that under collective strong coupling, the LP
vibrational properties will closely resemble those of S, and
polariton decoupling is almost certain to occur, resulting in a
much sharper LP spectrum. Hence, approximating the LP using
S, vibrational properties is quite reasonable."™ In addition to
emission, photophysical processes such as nonradiative internal
conversion, intersystem crossing, and charge transfer reactions
may also be influenced by the excited-state vibrational
structure, which are worth further investigations.
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