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Abstract 

Over the last decade, there has been a growth of interest in polaritonic chemistry, where the 

formation of hybrid light-matter states (polaritons) can alter the course of photochemical reactions. 

These hybrid states are created by strong coupling between molecules and photons in resonant 

optical cavities and can even occur in the absence of light when the molecule is strongly coupled 

with the electromagnetic fluctuations of the vacuum field. We present a first-principles model to 

simulate nonadiabatic dynamics of such polaritonic states inside optical cavities by leveraging 

graphical processing units (GPUs). Our first implementation of this model is specialized for a 

single molecule coupled to a single photon mode confined inside the optical cavity, but with any 

number of excited states computed using complete active space configuration interaction (CASCI) 

and a Jaynes-Cummings type Hamiltonian. Using this model, we have simulated the excited-state 

dynamics of a single salicylideneaniline (SA) molecule strongly coupled to a cavity photon with 

the ab initio multiple spawning (AIMS) method. We demonstrate how the branching ratios of the 

photo-deactivation pathways for this molecule can be manipulated by coupling to the cavity. We 

also show how one can stop the photoreaction from happening inside an optical cavity. Finally, 

we also investigate cavity-based control of the ordering of two excited states (one optically bright 

and the other optically dark) inside a cavity for a set of molecules where the dark and bright states 

are close in energy. 
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I. Introduction 

 There have been many attempts to control molecular processes using strong-fields and 

coherent control.1-3 Recently, it has been realized that it is also possible to manipulate the 

photochemistry of molecules by placing them inside an optical cavity,4-6 without introducing any 

chemical modification in the molecules7, 8 or changing its environment.9-12 This requires that 

energy exchange between the molecules and light occurs faster than molecular and/or photonic 

energy dissipation, often referred to as the strong-coupling limit.13-15 In this limit, the state of the 

system can no longer be individually described by the state of light or molecule. These are instead 

known as polaritons (or dressed states), hybrid states between light and matter.16-21 Depending 

upon whether the confined photon mode is strongly coupled with the electronic or vibrational 

states, there can be exciton-polaritons or vibrational polaritons.22-29 In this paper, we focus on 

exciton-polaritons, formed when the photon mode is strongly coupled with the electronic excited 

states.30, 31 

 The formation of these polaritonic states mixes the photonic and the electronic degrees of 

freedom, altering the dependence of the polaritonic states on the nuclear degrees of freedom and 

modifying the potential energy surfaces (PES).32 Consequently, conical intersections and avoided 

crossings might move or change their shape in the polaritonic limit, compared to the molecular 

potential energy surfaces in the absence of a cavity. One can even envision the generation of a 

completely new set of light induced conical intersections.33-36 This provides a new route to 

changing or controlling molecular photochemistry.4, 18, 19, 33, 34, 37, 38 

 

Figure 1. Schematic of an optical cavity where the electronic excited state of a molecule is strongly coupled 

to a quantized electro-magnetic (EM) field mode. 
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 This strong-coupling regime can be realized by letting a molecule interact with a localized 

light mode confined inside an optical cavity (see Fig.1), where the enhancement of coupling-

strength scales as 1/√𝑉 (V being the photon mode volume).13, 14, 18 Although strong-coupling can 

also be achieved by utilizing strong laser fields,39-42 this can often lead to difficulties because of 

the increased probability of multiphoton ionization. Within the context of confined optical cavities, 

strong coupling can be achieved even in the vacuum state (i.e., even in the absence of the external 

field). Theoretical description of this coupling requires a quantum description of the field.15, 35 

Overall, the optical cavity-based strong-coupling regime has the potential for cleaner controls to 

modulate photochemical reactivity. The first theoretical description of this quantum field 

quantization was the Jaynes-Cummings (JC) model43 which couples a simple two-level electronic 

system to a single photon mode. 

 Experimental developments over the last decade made it possible to devise resonant or nano 

plasmonic cavities for creating such states with strong coupling.44, 45 Recently, an extension of 

these experimental advances has become available with a single molecule even at room 

temperature16, 46 and also with a microcavity47 (which increases the lifetime of these interactions32). 

These groundbreaking techniques led to demonstrations of strong coupling to hinder,48 catalyze,49 

and introduce selective modifications of a chemical reaction.50 However, these methods of 

manipulating the strong coupling between molecules and the cavity photon are still in their early 

stages. Further developments on both experimental and theoretical fronts are required to put these 

techniques onto solid ground. 

 The pioneering experimental discoveries have stimulated a plethora of theoretical activity,17, 

32, 35-38, 51-58 which is essential for providing fundamental insights and designing new approaches 

for applications in this regime. Theoretically, the significant challenges for modeling these states 

arise from designing approximations to describe coupled nuclear–photonic–electronic states and 

determining the best representation, i.e. whether to associate the photonic degrees of freedom with 

the nuclear or electronic wavefunctions.17, 38, 59-61 Additional theoretical challenges include the 

proper description of the photonic degrees of freedom and interfacing with a propagation scheme 

to study the excited-state dynamics, in addition to the usual computational issues associated with 

photochemical reactions in the absence of a cavity.59, 61 

 Rubio and co-workers62, 63 developed the first complete quantum method, QEDFT, an 

extension of time-dependent density functional theory (TD-DFT) to include the photonic degrees 
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of freedom. Further development of this method17, 60, 64 made it possible to study the cavity-

modified properties for both single-molecule and many-molecule cases from first principles.65 

However, this method inherits the limitations of traditional DFT, along with limitations arising 

from our ignorance of the correct exchange-correlation form for electron-photon coupling. 

Recently, Haugland et al.66 developed a formalism based on coupled cluster theory, cavity QED-

CC, which can be used for the quantitative description of these polaritonic states. However, for 

studying excited-state dynamics, the required computational expense presents a significant 

bottleneck for this method. 

 Over the last few years, a number of different ways have been developed to deal with the 

quantum aspect of the nuclear dynamics for such polaritonic states. The multi-configurational 

time-dependent Hartree (MCTDH) method has been applied to polaritonic systems.52, 67 Surface 

hopping methods have been used, with both single-reference and semiempirical multireference 

electronic structure methods.61, 68 Semiempirical methods based on real-time nuclear-electronic 

orbital TD-DFT (RT-NEO-TDDFT) method by Li et al.69 have also been used.  

 Despite the emergence of these theoretical and experimental activities in the field, optical 

cavities are not well-explored in the context of manipulating photochemistry. This demands the 

development of a model or tool that can be utilized to do fast exploratory excited-state dynamics 

in a systematic way starting from these polaritonic PES. To build such an efficient model for non-

adiabatic polaritonic dynamics, there should be a reasonable balance between accuracy and 

computational cost. In this regard, although cavity QED-CC66 offers a more complete and accurate 

description of the light-matter interactions inside optical cavities, it does not qualify for doing fast 

exploratory dynamics due to its immense computational cost.   

 In this work, we present an ab initio polariton model, which includes all the electronic, 

nuclear, and photonic degrees of freedom. The photon-nuclear-electron degrees of freedom are 

grouped such that the photonic degrees of freedom couple with the electron degrees of freedom 

rather than the nuclear degrees of freedom. Hence our basis will consist of a product of photon-

electron and nuclear basis functions. Our method is most closely related to the model developed 

by Galego et al.18 with some modifications. As presented here, our method targets a single molecule 

coupled with a single cavity photon, but including any number of electronic excited states. 

Extensions to multiple molecules and/or cavity modes are possible, but left for future work. All 

the molecular electronic states are computed using the ab initio floating occupation molecular 
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orbital-complete active space configuration interaction (FOMO-CASCI) method,70 allowing for a 

good description of static correlation (i.e. multireference character in the electronic wavefunction). 

A Jaynes-Cummings43 (JC) type Hamiltonian is employed for describing the quantized photonic 

modes and their interactions with the electronic excited states. The implementation of analytical 

gradients and non-adiabatic couplings allows us to follow excited-state dynamics on polaritonic 

potential energy surfaces (PES) using the ab initio multiple spawning dynamics71 (AIMS) method 

to describe polaritonic surface crossings. Our implementation also leverages graphical processing 

units (GPU) to achieve the throughput necessary for excited-dynamics simulations. Details of the 

model are discussed further in the theory section. 

 Using this model, we have simulated the excited-state dynamics of the salicylidineaniline 

(SA) molecule and investigated different coupling conditions to manipulate the branching ratio of 

the two photo-deactivation pathways present in this system. We discuss the conditions under which 

the presence of the cavity can hinder photoreactions. We also discuss cavity effects on spectra and 

excited state dynamics in molecules with close-lying electronic states, using trans-butadiene, all 

trans-octatetraene, and ortho-hydroxybenzaldehyde (OHBA) as examples. These three molecules 

all have close-lying excited states (one optically bright and the other optically dark) at the S0 

minimum.  

II. Theory 

  In this section, we present our methodology for a single molecule coupled to a single photon 

mode inside an optical cavity. A Jaynes-Cummings43 (JC) type Hamiltonian is used for the 

description of the quantized electromagnetic (EM) mode and the coupling between these modes 

with the molecular wavefunction. Compared to the free molecule (with no cavity), the total 

Hamiltonian will now have an additional degree of freedom associated with the confined photon 

mode. In a typical organic molecule, the energy associated with such strong coupling lies in 

between nuclear and electronic energies. When it comes to making a choice of coupling the 

photonic degrees of freedom with either the nuclear degrees of freedom or the electronic degrees 

of freedom, we have chosen the latter as it leads to well-defined PESs on which the nuclei move,18 

and thus is well-suited for the adoption of nonadiabatic dynamics methods such as AIMS.  
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Figure 2. (a) A pictorial representation of our methodology is shown for a two-level system (S0 and S1) 

coupled to a single photon mode (|0⟩ and |1⟩). The strong coupling between |S1,0⟩ and |S0,1⟩ states splits the 

polaritonic energy levels into lower (LP or P2) and upper (UP or P3) polaritonic states separated by ΩR (or 

Rabi splitting). (b) The contribution of the uncoupled product basis of electronic and photonic 

wavefunctions to the individual polaritonic states are shown by plotting |𝐶𝑛𝑒,𝑛𝑝ℎ
𝑖 |2 (defined in Eq. 5) at ωe 

= ωc. As expected, dominant contributions to the LP (P2) and UP (P3) states come from both the |S1,0⟩ and 

|S0,1⟩ states. 

  The total Hamiltonian (�̂�𝑡𝑜𝑡𝑎𝑙) of a polaritonic state is given by, 

 
ˆ ˆ ˆ ˆ

total e ph intH H H H= + +
 (1) 

where ˆ
eH  is the standard molecular Hamiltonian, and ˆ

ph
H  denotes the Hamiltonian for the 

quantized EM field inside the cavity (neglecting its zero-point energy): 

 
†ˆ ˆ ˆ

ph cH a a=  (2) 

Here, �̂�†  and �̂� are the creation and annihilation operators for the EM field mode and ωc is its 

energy. When this photon energy is resonant with the electronic excitation energy, it is commonly 

referred to as “zero detuning.” We describe the interaction between the electronic state and 

quantized EM field, �̂�𝑖𝑛𝑡, with the Jaynes-Cummings model. Within the dipolar approximation in 

the Coulomb gauge, the interaction Hamiltonian is given as: 

 ( )†

int
ˆ ˆ ˆH g a a=  +tr

λ μ  (3) 

Here, the transition dipole moment between two electronic states is denoted as µtr, λ refers to the 

electromagnetic field polarization unit vector, and g is the coupling strength (or field strength) 

which depends on the mode volume V as follows: 
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Galego et al.18 estimated the typical field strengths achievable in both the microcavities and 

plasmonic nanoantennas. In a typical microcavity, one can reach a coupling strength of g = 1.34 × 

10−7ωc
2 a.u. (where ωc is in eV).18 Due to the much lower mode volume (V) accessible in plasmonic 

nanoantennas,72 these can achieve much larger coupling of g = 3.72 × 10−4ωc
2 a.u. (ωc is in eV).18 

We have used these typical coupling strengths for all the molecules discussed in the current work 

(see Table S1). Like the JC model, we use the rotating wave approximation and neglect the 

permanent dipole and dipole self-energy contributions.  

 We first compute the adiabatic electronic state by diagonalizing ˆ
eH  with any electronic 

structure method. Then, the products of these adiabatic electronic states and photonic 

wavefunctions (known as Fock states) are used as a basis for finding the corresponding polaritonic 

states. This basis is commonly known as the adiabatic-Fock basis. To differentiate these uncoupled 

products from the bare electronic states, we denote these states as |ne(R),nph⟩ ( )( )
e ph

n R n  . 

Here, ne carries the index for electronic states (such as S0, S1, and so on), whereas nph is the index 

for the photon occupation number (which is limited to 0 and 1 in our case). On the other hand, the 

bare electronic states are represented as |S0⟩ and |S1⟩. The polaritonic eigenstates, 

 
,

,

,
e ph

e ph

i

i n n e ph

n n

P C n n=   (5) 

are obtained by diagonalizing ˆ
totalH  (see Eq. 1) in the adiabatic-Fock basis. 𝐶𝑛𝑒,𝑛𝑝ℎ

𝑖  are the 

resulting coefficients for the i-th polaritonic state in the |ne,nph⟩ basis. 

 Fig. 2 depicts a simplified representation of our methodology for a two-level system (|S0⟩ and 

|S1⟩) coupled to a single cavity mode (|0⟩ and |1⟩). In this case, the basis will be composed of |S0,0⟩, 

|S1,0⟩, |S0,1⟩, and |S1,1⟩ electronic-photonic products. If the photon energy (ωc) is resonant with the 

energy gap between S0 and S1 (ωe) inside an optical cavity, |S1,0⟩ and |S0,1⟩ will strongly couple 

with each other to form two completely new states which are known as the lower-polaritonic state 

(LP) and the upper-polaritonic state (UP) (see Fig. 2a). The energy gap between these LP and UP 

states is often referred to as the Rabi splitting (ΩR), which is a measure of the rate of energy 

exchange between the electronic and photonic mode (see Fig. 2a). The new polaritonic states 
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(denoted as Pi), written as a linear combination of the uncoupled electron-photon product basis 

functions, are shown in Fig. 2b. As expected, both the LP and UP states are formed from a strong 

coupling between |S1,0⟩ and |S0,1⟩. The extension of this method to include any number of 

electronic excited states in the uncoupled product basis (|ne,nph⟩) is straightforward. 

  For the computation of the electronic excited states, we used the FOMO-CASCI method in 

this work but other choices are possible and require no significant alteration to the formalism. We 

also have made use of the highly efficient graphical processor unit (GPU) based implementations 

of the analytical gradients73 and non-adiabatic coupling74  matrix elements for FOMO-CASCI. 

Additionally, analytic derivatives of the FOMO-CASCI dipole matrix have been implemented with 

GPU acceleration; our formulation of this quantity closely parallels that of the non-adiabatic 

coupling vector,74 but requires nontrivial solutions of coupled-perturbed configuration interaction 

equations. The energies, analytic gradients, and analytic nonadiabatic coupling vectors of this 

model are implemented in a locally modified version of the TeraChem75 electronic structure 

package. This makes it possible to simulate the excited-state dynamics using the AIMS method 

starting from these strongly coupled polaritonic PES. 

 III. Results and Discussion 

 In this section, we explore some proof-of-concept applications employing the polariton model 

discussed above. In Section IIIA, we investigate how the photochemistry of a single 

salicylidineaniline (SA) molecule changes inside an optical cavity compared to the bare case 

scenario. Through the simulation of the excited-state dynamics under various coupling conditions, 

we elucidate how the branching ratios of the photo-deactivation pathways for this molecule can be 

modified by coupling to the cavity light mode. In Section IIIB, we discuss the cavity effects in 

molecules with close-lying electronic excited states, using trans-butadiene, all trans-octatetraene, 

and OHBA as examples. 

A. Excited-state dynamics of a single SA molecule inside an optical cavity 

   First, we have applied our methodology to investigate the excited-state dynamics of the aromatic 

Schiff base salicylideneaniline (SA) (shown in Fig. 3) in the strong-field regime. SA is a molecule 

which exhibits excited-state intramolecular proton transfer (ESIPT) upon photoexcitation. The 

experimental investigation of excited-state dynamics based on spectroscopic measurements 

demonstrated the existence of two internal-conversion pathways for this molecule,76-78 as depicted 
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in Fig. 3a. Theoretical studies79, 80 on the free molecule agree on the dominant decay pathway being 

ESIPT with some of studies80, 81 suggesting the presence of a secondary deactivation pathway 

involving rotation around the central carbon-nitrogen bond (C=N) which prevents the proton 

transfer from happening. Hohenstein and co-workers81 studied the excited-state dynamics of this 

system by carrying out AIMS simulations using FOMO-CASCI wave functions with embedding 

corrections82 from density functional theory (DFT) and provided the first theoretical estimation of 

the branching ratio of these two photo-deactivation pathways. In that study, 80% of the excited 

population is found to undergo proton transfer, leading to a metastable state on S1. The remaining 

20% of the population goes through a twisting motion around the C=N bond and does not lead to 

proton transfer. This population quickly (within ≈300fs) decays to the ground state via a twisted 

minimum energy conical intersection (MECI).  

 

 

Figure 3. (a) Two possible photo-deactivation pathways of the salicylideneaniline (SA) molecule. The 

dominant pathway shows the excited state proton transfer (ESIPT). The secondary pathway is associated 

with a twist around the C=N bond which frustrates the proton transfer. (b) Reaction coordinates are defined 

for the C=N twist pathway and the PT pathway, respectively. 

 Given that the excited-state dynamics of the bare SA molecule are already well-established 

and well-behaved with FOMO-CASCI (the same method is used in our polariton model for 

computing the excited states) and given the excited-state dynamics lead to two different 

photoproducts, this molecule represents an interesting case to examine the effect of placing a 

molecule inside an optical cavity by employing our ab initio polariton model. Moreover, the initial 

conditions that lead to different photoproducts in the bare case are also available separately. By 
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reusing those initial conditions for the polaritonic case, we can easily compare the dynamics with 

and without a cavity to determine the influence of the polaritonic mixing.  

 In the following, we focus on elucidating the variations of the branching ratios and the PT 

timescale for this molecule as a function of the coupling strength inside an optical cavity. The 

coupling conditions to trap the photoexcited SA molecule around the FC geometry are also 

explored in detail. In other words, taking this molecule as an example, we have demonstrated the 

amount of flexibility and control that this strong-field regime offers to modify the photochemical 

properties. 

 

 

Figure 4. (a) Variation of the energies corresponding to the UP and LP states as a function of coupling 

strength (g) and photon energy (ωc) and (b) Rabi splitting (ΩR) as a function of coupling strength (g) for 

salicylideneaniline (SA) molecule inside the optical cavity. 

 Calculations on the SA molecule at the FC geometry with various coupling strengths were 

used to find suitable cavity parameters for this system. The electronic structure is modeled with 

FOMO-(2,2)-CASCI/6-31g** with an embedding correction computed using the ωPBEh 

functional, analogous to the previous simulations of the bare molecule.81 The Gaussian broadening 

parameter for the FOMO-CASCI method is 0.075 a.u. and the ω parameter for the DFT correction 

is 0.200 a.u.  

  Fig. 4a plots the energies of the LP and UP states as a function of the coupling strength (g) 

and photon energy (ωc). The electromagnetic field polarization unit vector is taken to be aligned 

along the transition dipole moment associated with the S0→S1 transition at the FC geometry. The 

Rabi splitting (ΩR) (see the definition in Fig. 2a), which represents the energy difference between 

the UP and LP states at zero detuning, is plotted in Fig. 4b as a function of coupling strength. The 
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range of coupling strengths examined is guided by the largest coupling strength expected in 

plasmonic nanoantennas (0.013 a.u., see Table S1). 

 

 

Figure 5. AIMS nuclear density plots along the two essential degrees of freedom (defined in Fig. 3b) are 

shown for the trajectories initiated from initial conditions which do not lead to proton transfer with (a) the 

bare molecule, (b) a coupling strength of 0.0005 a.u., and (c) a coupling strength of 0.007 a.u. 

  The excited-state dynamics inside a cavity are simulated using the AIMS method with two 

electronic states (S0 and S1) coupled with a single cavity-photon (see Fig. 2a). The energy of the 

confined photon mode (ωc) is chosen to be resonant with the energy gap between S0 and S1 states 

at the FC geometry. The electromagnetic field polarization unit vector (λ) is aligned along the 

direction of the transition dipole moment (µtr) between S0 and S1 states at the FC geometry. 

Following this setup, the AIMS trajectories were then propagated for 250 fs with a time step of 20 

a.u. with varying coupling strengths. For each coupling strength, we have run simulations with 30 

different initial conditions leading to ESIPT in the bare molecule and another separate 30 initial 

conditions where it does not lead to PT. This allows us to compute the effect of the cavity on 

branching ratios with a small number of trajectories. All these simulations are initiated from the 

LP state (or P2 in this case).  
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Figure 6. AIMS nuclear density plots along the two essential degrees of freedom (defined in Fig. 3(b)) are 

shown for the trajectories initiated from a PT-bound initial conditions with (a) the bare molecule, (b) a 

coupling strength of 0.0005 a.u., and (c) a coupling strength of 0.007 a.u. 

 The two essential degrees of freedom associated with the excited-state dynamics for this 

molecule are depicted in Fig. 3b. For the dominant PT pathway, the reaction coordinate (RPT) is 

defined as the difference between the O–H and N–H bond lengths (see Fig. 3b). To track the 

secondary pathway associated with a C=N twist, we follow a dihedral angle around the C=N bond 

(CN=CC) as shown in Fig. 3b. At the FC geometry, the dihedral angle is 180° and the PT 

coordinate is ≈ -1Å. Trajectory basis functions (TBFs) that undergo proton transfer (PT coordinate 

evolving to ≈1Å) typically do so very quickly (within 100fs), before any significant twisting 

motion (dihedral angle remains within 40° of planarity) takes place.82 Once the twisting angle goes 

beyond 40° of planarity, proton transfer no longer occurs82 and instead the molecule undergoes 

internal conversion through a twisted MECI. We followed the dynamics in the cavity for up to 250 

fs, monitoring these two coordinates (see Figs. 5b-c and Figs. 6b-c) for two different coupling 

strengths. The AIMS nuclear densities are calculated by using a Monte-Carlo algorithm82-84 

averaged over 30 trajectories for each case. A detailed description of this procedure has been 

explained previously.83 

  Fig. 5 depicts the time evolution of the nuclear wave packets for the TBFs started from the 

bare molecule initial conditions that undergo C=N twist (see Fig. 5a). The dynamics of these TBFs 

is significantly affected by the coupling to a cavity photon. With a coupling strength as low as 
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0.0005 a.u. (corresponding to a ΩR value of around 100 meV), the TBFs bifurcate from C=N twist 

to a combination of PT and C=N twist pathways (Fig. 5b).  The C=N twist pathway remains the 

dominant path (≈33% converts to PT). However, with a larger coupling strength value of 0.007 

a.u. (Fig. 5c), around 73% of the TBFs which led to C=N twist in the bare case instead undergo 

proton transfer within 250 fs. In contrast, the TBFs which undergo proton transfer in the bare 

molecule are unaffected by the cavity mode, for both investigated coupling strengths. These still 

show PT inside a cavity (see Fig. 6). Therefore, coupling the SA molecule with a single cavity-

photon increases the branching ratios in favor of the PT pathway, leading to more than 80 percent 

of the photoproduct undergoing proton transfer. 

 

Figure 7. Percentage conversion of the C=N twist pathway to a proton transfer pathway and average proton 

transfer timescale along with the error bar (averaged over all the TBFs which undergo PT) are shown. 

 A variation of the branching ratios and the time scales of the proton-transfer are plotted as a 

function of coupling strengths in Fig. 7. The PT timescales are averaged over all TBFs which 

undergo PT. The percent conversion of a C=N twist pathway to a PT one increases with coupling 

strength (as noticed in Fig. 5 and Fig. 6). With a coupling strength of 0.007 a.u. (the largest in our 

simulations), we can convert nearly 75% of the C=N twist pathway to the PT pathway, which 

corresponds to a branching ratio of 95:5 for the PT vs. C=N twist pathway (compared to 80:20 in 

the bare case). We did not investigate larger coupling strengths since the maximum coupling 

strength that can be achieved experimentally is limited to the mode volume of the cavity mode. 

These results demonstrate that the optical cavity can manipulate the branching ratio of the two 
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pathways for the excited-state dynamics of the SA molecule (compared to the bare molecule with 

no optical cavity). 

 The timescale of PT tends to lengthen with increasing coupling strengths (as shown in Fig. 7). 

To explain the dependence of PT timescale and branching ratio on coupling strength, we have 

computed the two-dimensional potential energy surfaces (2D-PES) for the lower polaritonic state 

(LP) along the CN=CC dihedral angle and the O-H bond length (represented as rOH). These PESs 

were generated through a set of constrained optimizations fixing the CC=NC dihedral angle and 

rOH for g = 0.0005 a.u. and g = 0.007 a.u. The 2d PESs are compared in Fig. S1. 

 

 

Figure 8. Cuts through the optimized potential energy surfaces (PES) around the FC point relaxed with 

respect to the lower-polaritonic (LP or P2) state are shown along the O-H bond length (for the PT pathway) 

and the CC=NC dihedral angle (for the CN twist pathway). The energies are computed for g = 0.0005 a.u. 

and g = 0.007 a.u. by doing constrained optimization with FOMO-(2,2)-CASCI/6-31G** on the P2 surface. 

The dashed curve represents the cuts for the bare molecule where the constrained optimizations are done 

on the bare molecule S1 surface using the same level of theory.  

  One-dimensional cuts of the PES along these two degrees of freedom are plotted in Fig. 8 for 

both coupling strengths and compared to the bare molecule. In the bare molecule (dashed line in 

Fig. 8), both ESIPT and CN twist pathways are feasible. Both pathways remain feasible when the 

molecule is in a cavity with the smaller g value (the red curve in Fig. 8), although one already sees 

that the CN twist is less favorable (slope is less steep going from the FC point to the CN twisted 
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form). For the larger coupling strength (g = 0.007 a.u.), motion along the C=N twist is disfavored 

(primarily because the FC point has been stabilized on the lower polaritonic state). This makes 

ESIPT even more dominant. The longer timescale for proton transfer with larger coupling strength 

can be explained by the emergence of a small energy barrier near the FC point along the PT 

coordinate with g = 0.007 a.u. (which was absent with g = 0.0005 a.u.). 

  The results discussed so far for the SA molecule are focused on the case where the cavity-

photon is resonant with the energy gap between the S0 and S1 states (also known as “zero-

detuning”). Therefore, now, we investigate the effect of lowering or raising the photon energy on 

the excited-state dynamics for the SA molecule. We simulated the polaritonic excited-state 

dynamics with AIMS using a photon energy of 0.175 a.u. (4.76 eV) and 0.250 a.u. (6.80 eV), 

bracketing the resonant photon energy of 0.212 a.u. (5.77 eV). The corresponding AIMS nuclear 

density plots are shown in Fig. 9 (ωc = 0.175 a.u.) and Fig. S2 (ωc = 0.250 a.u.) for both the PT and 

C=N twist pathways. When the photon energy is off-resonant to the blue, the cavity has little effect 

on the dynamics compared to the bare molecule (see Fig. S2). However, when the photon energy 

is off-resonant to the red, the effect of the cavity on the dynamics is even more pronounced than 

the resonant case (Fig 9). The SA molecule excited to the LP state is trapped around the FC 

geometry on the 250 fs timescale of our AIMS dynamics. Only a very small amount of proton 

transfer is observed and the C=N twist is almost undetectable. In this case, detuning the photon 

energy below resonance arrests the photoreaction.    

  This observation seems to be very surprising at first glance, but can be understood by 

comparing the character of (S0,1) and (S1,0) (see Fig. 2 for the definitions) on the lower polaritonic 

(LP) state. When the photon energy is resonant with S1, or off-resonant with higher energy, the LP 

state is dominated by S1 character. However, when the photon energy is off-resonant with lower 

energy, the (S0,1) state becomes lower in energy compared to the (S1,0) state. Thus, the LP state 

(P2 state in Fig. 2) is largely characterized by the shape of the (S0,1) state, and this helps to trap the 

SA molecule in the LP states and stop the photoreaction from happening. This scenario can be 

created for any molecule photo-excited to the LP state. Although it does not lead to an exciting 

outcome in the present case, the detuning can have an effect in selectively trapping a photoproduct 

in other scenarios.  
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Figure 9. AIMS nuclear density plots are shown for both the (a) PT pathway and (b) C=N twist pathway 

with a photon energy of 0.175 a.u. (whereas the resonant photon energy is 0.212 a.u.). Using these coupling 

conditions, one can trap the photo-excited SA molecule in the P2 (or LP) state for the 250 fs timescale of 

our simulations. 

 

B. Cavity-induced modifications of the energy ordering 

 Up to this point, cavity-induced effects on the excited-state dynamics have been studied for a 

single-molecule which can be described as a two-state model (just like the JC model). For the next 

part of this work, we apply our model to a set of molecules (all-trans butadiene, all-trans 

octatetraene, and o-hydroxybenzaldehyde) that require three electronic states to describe the 

polaritonic states adequately. In these molecules, there are close-lying optically bright and 

optically dark excited states. Selective coupling of the optically bright states to the cavity-photon 

enables the use of cavity coupling to manipulate the ordering of bright and dark states (which could 

have significant effects on the excited state dynamics). We do not simulate excited state dynamics 
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on these molecules in this work (leaving that for future studies), but we do demonstrate the role of 

coupling to the optical cavity on the electronic states at the FC point.  

 

 

Figure 10. Influence of coupling strength on the energy ordering of the bright and dark states for all trans-

butadiene inside an optical cavity. (a) The relative energies of the polaritonic states and (b) the 

corresponding transition dipole moments are shown at the FC geometry with a three-state polariton model 

using FOMO-(4,3)-CASCI/6-31G* level of theory. 

 

System Level of theory S1 (osc. Str.) 

eV (a.u.) 

S2 (osc. Str.) 

eV (a.u.) 

Gap 

(eV) 

all trans-

butadiene 

Expt.85 

SA3-CAS(4/3)86 

SA3-CAS(4/4)-

MSPT286 

FOMO-(4,3)-CASCI  

5.92 (b) 

7.87 (1.08) 

6.34 (0.70) 

 

7.67 (1.31) 

N/A 

7.92 (0.0) 

6.47 (0.0) 

 

7.95 (0.0) 

N/A 

0.05 

0.13 

 

0.28 

all trans-

octatetraene 

Expt. 

NEVPT2-SC(8,8)87 

FOMO-(4,4)-CASCI 

 FOMO-(6,5)-CASCI 

3.97 (d)88 

4.57 (d) 

5.79 (0.01) 

5.55 (0.01) 

4.41 (b)89 

4.90 (b) 

5.92 (3.97) 

5.76 (4.07) 

0.44 

0.33 

0.21 

0.21 

OHBA Expt.90 

SA3-CAS(4/3)84 

SA3-CAS(8/7)84 

FOMO-(8,7)-CASCI 

< 3.30 (d) 

4.53 (d) 

4.50 (d) 

4.56 (0.03) 

3.75 (b) 

5.85 (b) 

4.56 (b) 

4.62 (0.95) 

< 0.45 

1.32 

0.06 

0.06 

Table 1. The excitation energies for the first two excited states (S1 and S2) and the corresponding gap (ES2 

− ES1) are reported (along with their character) for different levels of theory and experiments. Values which 

are unavailable are left blank. ‘d’ and ‘b’ represent the optically dark and bright states. 
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  Before applying the polariton model to such molecules, we tested different active spaces 

and different Gaussian broadening parameters for the bare molecule with the FOMO-CASCI 

method to reproduce an energy gap between the two excited states consistent with both the 

experimental energy gap (if available) and the theoretical gap obtained with more accurate 

methods. A summary of these tests is shown in Table 1, and on this basis we used an active space 

of (4,3) for all-trans butadiene, (6,5) for all-trans octatetraene and (8,7) for o-

hydroxybenzaldehyde (OHBA).  

 When these molecules are investigated inside the optical cavity, a 3-state model generates the 

polaritonic states for all of them. The cavity-photon is chosen to be resonant with the energy gap 

corresponding to the optically bright state. The transition dipole moments are computed using 

FOMO-CASCI and the electromagnetic field polarization unit vector is aligned with the transition 

dipole of the ground→optically bright transition. The range of coupling strengths is kept in a range 

that can be generated inside nanoplasmonic antennas (see Table S1). For all-trans octatetraene and 

OHBA, the FC geometries are obtained by performing B3LYP-D3/6-31g* optimizations on S0. 

For butadiene, the BLYP/6-31g* optimized S0 geometry is used.86 

 The state ordering of the 2A (optically dark) and 1B (optically bright) states in butadiene has 

been a matter of debate, both theoretically and experimentally.85, 86, 91, 92 Levine and Martínez86 

showed that both state-averaged CASSCF, SA-CAS(4/3), and MSPT2, SA-3-CAS(4/4)-MSPT2, 

predict the 1B state to lie a bit lower in energy than the 2A state at the Franck-Condon point. We 

found that FOMO-(4,3)-CASCI with a temperature of 0.35 a.u. reproduces the character of these 

excited states with a reasonable energy gap. When this molecule is placed inside the cavity, the 

strongly coupled bright state splits into the LP and UP states and increasing the coupling strength 

pushes the bright state (LP or P2) away from the optically dark state (P4). The variation of the 

energies of these three states of interest (P2, P3, and P4) for different coupling strengths is shown 

in Fig. 10a. The transition dipole moments are also plotted in Fig. 10b to track the character of the 

states. In the bare molecule, the 2A state is observed to cross the 1B state within 20fs. Thus, one 

can surmise that the cavity effect of pushing the bright state away from the dark state will lengthen 

the time scale of the 2A/1B crossing.  
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Figure 11. Influence of coupling strength on the energy ordering of the bright and dark states for all trans-

octatetraene and OHBA molecules inside an optical cavity are shown at the FC geometry using a three-

state polariton model. The variation of energies and their corresponding transition dipole moments for the 

OHBA molecule are plotted in (a) and (c), respectively, using FOMO-(8,7)-CASCI/6-31G* level of theory. 

The same for the trans-octatetraene molecule are calculated using FOMO-(6,5)-CASCI/6-31g* level of 

theory and shown in (b) and (d), respectively. 

 

 For octatetraene and OHBA, the optically bright state lies slightly higher in energy than the 

optically dark state at the FC point. The energy ordering of the important polaritonic states and 

their corresponding transition dipole moments are shown in Fig. 11. Thus, in these cases, we expect 

the optically bright state strongly coupled to a cavity photon to cross the optically dark state at 

some point. Coupling strengths of 0.002 a.u. and 0.003 a.u. are sufficient to bring the bright state 

below the dark state for all-trans-octatetraene and OHBA molecules, respectively. Such changes 

in the energy ordering could significantly alter the excited-state dynamics of the trans-octatetraene 

and OHBA molecules without any direct chemical modifications. Simulations of the excited state 

dynamics for molecules where the cavity changes bright/dark ordering is an exciting avenue for 

future studies.  
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 IV. Conclusions 

 In summary, we have developed a first-principles nonadiabatic polariton model to study 

excited-state dynamics inside an optical cavity. We use a Born-Oppenheimer approximation to 

decouple the correlated nuclear-photonic-electronic degrees of freedom, but these are recoupled 

to allow transitions between the states (as in traditional cavity-free nonadiabatic dynamics93, 94). 

We use FOMO-CASCI to generate the electronic wavefunctions. Nonadiabatic dynamics is 

described with the AIMS method, including transitions between polaritonic states. The quantized 

quantum field and its interactions with the electronic state are described with a JC-type 

Hamiltonian, extended to incorporate any number of excited states. The implementation of the 

FOMO-CASCI analytical gradient and non-adiabatic coupling in the TeraChem package enables 

us to study the excited-state dynamics in the strong-field regime starting from the strongly coupled 

polaritonic PES. Although the model is now available with FOMO-CASCI, it can be easily 

extended to other electronic structure methods, provided analytical gradient, non-adiabatic 

coupling, and dipole matrix element derivatives are implemented. The initial implementation of 

this model focused on a single molecule inside the cavity. However, it can be extended to multi-

molecule systems using the ab initio exciton model,95-99 exploiting the highly parallelized GPU-

based implementation in TeraChem.95, 99  

 As a proof-of-concept application, we applied this model to simulate the excited-state 

dynamics of salicylideneaniline (SA). Previous studies in the bare SA molecule81 showed the 

existence of two competing photo-deactivation pathways, where 80% of the excited state 

population decays via ESIPT and the rest decays by torsion which blocks the proton transfer. We 

showed that when this molecule is coupled to a resonant cavity-photon in the strong field regime 

with experimentally feasible coupling strengths, the branching ratios for ESIPT:torsion can be 

modified to 95:5 from 80:20. Moreover, detuning the photon energy below resonance can trap the 

photo-excited SA molecule in the LP state near the FC geometry. 

 We further extended our applications to a set of molecules (trans-butadiene, trans-

octatetraene, and OHBA) with close-lying optically dark/bright states in the FC region. Because 

there are two close-lying excited states, a three-state polariton model is needed. We show that the 

gap between the bright and dark states can be increased using feasible coupling strengths. In 

contrast, for the other two molecules (OHBA and trans-octatetraene), coupling to the cavity 

changes the ordering of the optically bright and dark states at the FC point. Our results demonstrate 
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that cavity coupling in the strong-field regime can be used to manipulate molecular 

photochemistry. 

Supporting Information 

Coordinates for different molecules at the relevant geometries and some additional analysis are 

included. 
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