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Abstract 

Symmetry is known to strongly influence the course of a chemical reaction. It has also been found 

to play a key role in vibrational strong coupling (VSC), where it can influence the outcome of 

chemical reactions or alter chemical equilibria. However, the precise nature of this effect and its 

extent remains elusive. To further explore the role of vibrational symmetry, we have investigated 

the equilibrium constants of different charge transfer complexes, in particular of isomers of 

trimethyl benzene belonging to different point groups from which a general symmetry rule 

emerges. We describe the strongly coupled system by a direct product of irreducible 

representations associated with the complexes and the cavity. As a consequence, the coupled 

vibration is associated with a new irreducible representation that projects differently on the 

reaction coordinate of the charge transfer complexation, reflecting the changes in the equilibrium 

constants. This phenomenological symmetry rule points to a general underlying framework for 

predicting the outcome of chemical reactivity under VSC. 

Key words: Symmetry, vibrations, strong coupling, charge transfer, rule 
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Introduction:   

The role of symmetry in chemical reactivity has long been of interest to chemists, most 

notably as illustrated by the Woodward - Hoffman rules which predict the outcome of pericyclic 

reactions and correlate the molecular orbital symmetry of the reactant with that of the product. [1] 

The symmetry of a molecule, given by its corresponding point group, affects spectroscopic 

selection rules, thermodynamic properties and determines the irreducible representations of its 

vibrations. [2–8] Molecular vibrations are crucial in the course of a chemical reaction and its 

dynamics. [6–16] And as pointed out by Bader over 60 years ago, the symmetry correlation between 

the vibrations and the electronic manifold strongly affects the outcome of reactions. [6] 

 

Symmetry also plays a critical role in vibrational strong coupling (VSC), a new frontier of 

research where much remains to be understood. [17-54] In VSC, the electromagnetic fluctuations of 

an optical resonance, its zero-point energy, is coupled to a given vibrational band of a molecule. 

As a consequence it occurs in the dark and no external photons are injected inside the cavity. 

Typically, the molecular vibration of N identical molecules is coupled to a single optical mode of 

a cavity which gives rise to two bright light-matter hybrid vibro-polaritonic states, VP+ and VP-, 

and N-1 dark states (DS) as illustrated in Fig 1. The strength of this collective coupling is directly 

proportional to the transition dipole moment of the coupled vibration and √𝑁. [19-20] To achieve the 

strong coupling regime, the energy splitting between VP+ and VP-, known as the Rabi splitting 

energy, must be larger than the full-width-half-maximum of the vibrational band and the cavity 

mode. In other words, the coupling strength must overcome the dissipative processes. VSC can be 

achieved by direct coupling of the solute or the solvent, or alternatively, the solute can be coupled 

by cooperative coupling through a vibrational band of the solvent that overlaps with the vibrational 

band of the solute. [20] 

 One of the surprising features of the VSC is that it can lead to very large changes in 

chemical rates, thermodynamics and product ratios even though the collective Rabi splitting is 

only ~𝑘𝐵𝑇 and the chemical event occurs at the molecular level. Thus, the energy perturbation 

induced by the Rabi splitting is not responsible for the VSC induced effects.  In all these 

experiments, the resonant nature of VSC is a crucial aspect. First, it provides a unique way to 

access, by the choice of the vibration, an on-site selectivity of chemical reactions under VSC. [17-
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22, 31-33]  Then, as we found serendipitously, symmetry plays a fundamental role in the change in 

chemical reactivity induced by VSC. [17] This finding was possible precisely because VSC allows 

for selective coupling of molecular vibrations of a given symmetry. We exploited this unique 

feature in the context of the charge transfer complexation of mesitylene-I2 and benzene-I2 and 

observed that the modification of the equilibrium constant depends only on the symmetry of the 

vibrational mode of the molecule resonantly coupled to the cavity mode. The type of vibration (e.g. 

bending, stretching, etc.) and their energy had little if any influence. From this resonant symmetry 

selection, we further demonstrated that VSC can influence the stereoselectivity of pericylic 

reactions. [18] 

 

a) 

 

 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

 

Figure 1. a) Sketch of vibrational strong coupling (VSC) of a cavity mode with a vibration of 1,2,3 

trimethylbenzene of point group symmetry C2v forming a CT complex with an acceptor molecule (I2); the 

red arrows symbolize the A1 mode of the methyl groups that is under VSC and black arrows symbolize the 

representation of the vibropolariton. The latter, as described in the text, is given by the direct product 

between the A1 irreducible representation and those of the transverse field (B1(f) and B2(f)) of the common 
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subgroup of the molecule and the cavity mode. The reaction coordinate is perpendicular to the aromatic 

ring towards I2. b) Schematic representation of the strong coupling of a vibrational transition with an optical 

mode that gives rise to vibropolaritonic states, VP+, VP- and dark states DS.  

 

This selection in the vibrational symmetry either favored the product or not, relative to the normal 

uncoupled condition. At the same time, the underlying explanation for why it leads to a change in 

reactivity was not understood. In this Article, we extend the study on donor-acceptor charge 

transfer complexation by comparing three different isomers of tri-methyl-benzene of different 

symmetries with various acceptors. From the results emerges a phenomenological symmetry rule 

for the change in charge transfer chemistry and by extension, more generally for chemical 

reactivity under VSC. 

 

Results and discussion:  

The experiments were conducted both inside the cavity under VSC and outside the cavity 

as detailed in the SI. To achieve VSC for a selected vibrational mode, the cavity must be in 

resonance at normal incidence. It should be recalled that modification of molecular properties is 

only observed under such condition. [19,20] Experimentally, the two vibro-polaritonic modes VP+ 

and VP- can be seen in the IR spectrum as illustrated in Figure 2 a) when the vibrational band at 

1378 cm-1 of 123TMB (1,2,3 trimethylbenzene) is coupled.  

Starting from stock solutions of donor and acceptor compounds, the acceptor A 

concentration was kept constant while that of the donor D was varied to extract the relevant data 

as follows. When a solution of D and A are mixed, they spontaneously form a charge transfer (CT) 

complex: 

                                              D +  A ⇌ Dδ+Aδ−  

 

  𝐾𝐷𝐴 =
[Dδ+Aδ−]

[D][A]
= 

k1

k−1
                  Eq. (1)   

DA complex has typically a new intense absorption CT band in the UV-Visible, as shown in Fig. 

2b for iodine (acceptor) and 1,2,3 trimethylbenzene (donor), that can be monitored to determine 
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both the equilibrium constant (KDA) and the absorption coefficient 𝜀𝐷𝐴 of the complex by plotting 

the Benesi-Hildebrand equation (2) (Fig.2 d):[55-60] 

 

[𝐴]0

𝐴𝑏𝑠
=

1

𝜀𝐷𝐴𝑙
+

1

𝐾𝐷𝐴𝜀𝐷𝐴𝑙
(

1

[𝐷]0
)             Eq. (2) 

 

a)                                                                          b) 

       

c)      d) 

       

Figure 2. (a) IR spectra of 123TMB (donor D) – I2 (acceptor A) CT complex (blue) with cavity 

mode (red) coupled with vibrational band of A1 symmetry at 1378 cm-1, (b) UV-VIS absorbance 

spectrum of the reactants and the CT complex in heptane, (c) evolution of the spectrum under VSC as a 
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function of [123TMB] in heptane and d) Benesi-Hildebrand plot under VSC and compared to that outside 

the cavity determined from the changes in absorbance of the CT complex at the maxima at 330 nm.  

where the [𝐴]0 and [𝐷]0 are the initial concentrations of the acceptor and donor respectively, 𝑙 

corresponds to the path length, 𝐴𝑏𝑠 corresponds to the absorbance of the CT complex for varying 

concentrations of the donor which is in excess compared to [𝐴]0. This protocol was used to analyze 

the consequences of VSC on the CT complexation by comparing it to the case outside the cavity 

as in Fig. 2 c) and d).  

Tables 1, 2 and 3 summarize the results of our study of VSC of vibrational modes of 

different irreducible representations for various DA complexes, using for D three trimethylbenzene 

(TMB) isomers of different point group symmetry, namely 135, 123 and 124 TMB. Clearly, 

patterns can be seen in how VSC affects KDA and 𝜀𝐷𝐴. While under normal conditions KDA does 

not vary much for the three TMB isomers under complexation with I2 (Table 1), the point group 

symmetry of the isomer impacts strongly the outcome of VSC experiments.  For instance, upon 

coupling the 1378 cm-1 vibrational band (-CH3 angular deformation mode), KDA under VSC is 

found to be either unchanged, increased or decreased depending on the symmetry of the vibration 

of D. The absorption coefficient ƐDA is also found to change and this is most likely related to the 

relative position of A and D,[17,60] but this will not be discussed further as it is outside the scope of 

this work.    

 

Table 1: Complexation constants KDA and absorption coefficients 𝜀𝐷𝐴 of CT complexes of TMB 

isomers with I2, measured in heptane, outside the cavity and under VSC for vibrations associated 

with different irreducible representations (irr. rep.). Absorption coeffcient 𝜀𝐷𝐴 (320nm (124 TMB), 

330nm (123 TMB/135 TMB) values are given in 104 mol-1 l cm-1. # corresponds to the results for 

135 TMB and I2 taken from ref. 17. The point groups of the isomers are the global ones. The actual 

assignment of the irreducible representations for 135 TMB is based on the analysis in ref. 61 using 

local symmetry. 
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Acceptor Donor Outside the cavity VSC 

KDA ƐDA Vibr. Bands  

(irr. rep.) 

KDA ƐDA 

 

 

 

 

I2 

135TMB   # 

  D3h  

                 (C3v) 

0.41±0.02 1.44±0.1 1378cm-1(A') 0.15±0.02 4.70±0.5 

1468cm-1(A') 0.16±0.02 3.63±0.4 

1609cm-1(E’) 1.01±0.1 1.52±0.2 

123TMB 

     

                C2v 

0.46±0.05 1.05±0.07 1378cm-1(A1) 0.81±0.07 0.92±0.02 

1094cm-1(A1) 0.80±0.11 0.95±0.05 

124TMB     

     Cs 

0.57±0.02 0.89±0.01 1378cm-1(A’) 0.52±0.03 0.97±0.03 

1507cm-1(A’) 0.31±0.03 1.18±0.09 

 

 

Table 2 compares the results of VSC for three different acceptors complexed with 135TMB. 

In all cases, an increase in KDA by a factor of 1.5 to 3 is observed when an E symmetry band of the 

donor is directly coupled. For the bands of A and B1u symmetry whether of the donor or acceptor, 

KDA decreases to the same value within experimental error. It should be noted that in the case of 

2,3-dichloro-5,6-dicyanobenzoquinone (DDQ), its A1 band is cooperatively coupled with 

acetonitrile.   In contrast, the KDA of 124TMB - DDQ complex remains unchanged when the 2253 

cm-1 band (A1 symmetry) is under VSC (Table S4) unlike the corresponding band for the 135TMB-

DDQ complex (Table 2). 

 

Table 2: Complexation constants KDA and absorption coefficients 𝜀𝐷𝐴 of 135TMB with different 

acceptors outside the cavity and under VSC for vibrations of both D and A and their irreducible 

representations (irr. rep.). 𝜀𝐷𝐴 values are given in 104 mol-1 l cm-1. # corresponds to the results for 

135 TMB and I2 measured in heptane from ref. 17. The experiment with chloranil and DDQ were 

carried out in acetonitrile. The point groups of the molecules are the formal ones. The actual 
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assignment of the irreducible representations for 135 TMB is based on the analysis in ref. 61 using 

local symmetry. 

 

Donor Acceptor Outside the cavity  VSC 

KDA ƐDA D/A Vibr. Band  

(irr. rep.) 

KDA ƐDA 

 

 

 

 

 

          D3h 

           (C3v) 

 

#    

      I2 

0.41±0.02 1.44±0.1 D 1378cm-1(A’) 0.15±0.02 4.70±0.5 

D 1468cm-1(A’) 0.16±0.02 3.63±0.4 

D 1609cm-1(E’) 1.01±0.1 1.52±0.2 

 

                C2v 

0.26±0.01 0.68±0.02 D 1609cm-1(E’) 0.38±0.04 0.47±0.04 

A 2253cm-1(A1) 0.16±0.01 0.81±0.06 

        

                D2h 

0.23±0.02 0.30±0.01 A 905cm-1(B1u) 0.14±0.01 0.48±0.01 

D 1609cm-1(E’) 0.29±0.02 0.31±0.01 

 

 

In these experiments under VSC, every coupling splits a vibrational peak into two, and 

therefore the vibrational degrees of freedom 𝜈𝑓  under VSC must increase and should be re-

written as follows: 

𝜈𝑓 = 3𝑛 − 6 + 𝑛𝑐   Eq (4) 

 

where 𝑛𝑐 corresponds to the sum of the vibrations Vc that are simultaneously coupled to the cavity 

times the number of Rabi splittings s per coupling so 𝑛𝑐 = ∑ 𝑉𝑐 (2𝑠 − 1). We recall that VSC can 

lead to more than one Rabi splitting as in ultra-strong coupling. [29]  In essence, the cavity brings 

𝑛𝑐 additional degrees of freedom to the coupled molecule and will thus affect the partition function. 

To apprehend the nature of these additional degrees of freedom, Mulliken’s initial formulation of 

the CT complexation is inspiring [55-59]. Mulliken describes the wavefunction of CT complexes by 
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the mixture of two states which define the representation basis set, a neutral DA pair and the ionic 

𝐷+𝐴− pair (ground and excited states):  

Ψ𝑖(𝐷𝐴) = 𝑎𝜑0(𝐷, 𝐴) + 𝑏𝜑1(𝐷+𝐴−) 

Ψ𝑓(𝐷𝐴) = 𝑐𝜑0(𝐷, 𝐴) + 𝑑𝜑1(𝐷+𝐴−) 

where, 𝜑0(𝐷, 𝐴) is the non-bond wavefunction and 𝜑1(𝐷+𝐴−) is the dative wavefunction and 

a,b,c,d are the mixing coefficients. These two states (𝜑0, 𝜑1) are taken as basis wavefunctions for 

the complex wavefunction Ψ whose properties are entirely given by the mixing coefficients, i.e. 

the components of the complex wavefunction projected on this basis. These mixing coefficients 

depend on the orbital symmetries involved [58] and must also be vibration symmetry dependent, in 

agreement with Bader [6] who pointed out the importance of the vibrational symmetry in chemical 

reactivity. The significant change of the complexation constants under VSC must imply a 

modification of the degree of charge transfer in the complex reflecting in modified mixing 

coefficients (a, b, c, and d), manifesting the fact that the initial vibronic states have become 

vibropolaritonic states under VSC.  

We boldly transpose this notion of projection into the realm of point group representations 

under VSC (i) by describing VSC as a selection of irreducible representations among a set given 

by the molecules and the cavity, and (ii) by using the fact that the CT complexation is spatially 

oriented along a reaction coordinate simply given by the direction of charge transfer between the 

donor and the acceptor (Fig. 3). This leads us to “project” in the way detailed below the selected 

irreducible representations with respect to the reaction coordinate. Each projection corresponds to 

a modification of the CT complexation paths with the two extreme cases of parallel vs. 

perpendicular projections expected to respectively enhance or reduce the CT reactivity.   

In more detail, we first set the reference frame to represent the different point groups 

involved. In the context of VSC and longitudinal modes of the cavity at normal incidence with 

respect to the mirrors (with degenerate TE (transverse electric) vs. TM (transverse magnetic) 

modes), a natural frame is set by the intracavity optical mode with the longitudinal z-axis of the 

cavity (Fig.1a) and the transverse (x,y)-plane of the electric field polarization.   

When reaching the strong coupling regime, the eigenstates of the system become 

hybridized, incorporating both light and matter components. This leads to a symmetry relation 

between both components which engages the common subgroups of both the molecular system 
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and the cavity. These common subgroups share a rotational symmetry axis (the cavity z-axis) 

within a unique spatial representation given by the transverse plane of polarization. From this 

shared representation, we then describe the overall symmetry associated with the hybridization 

from direct products performed within the set of irreducible representations of the common 

subgroups.  To understand how the symmetry of the coupled vibration is modified by hybridization 

with the optical mode, and its chemical consequences, we first assign a point group to the 

electromagnetic mode in the cavity. We then see how the direct product of the mode representation 

with that of the molecular vibration leads to a new irreducible representation corresponding to the 

hybrid vibropolariton. Finally, since all irreducible representations are orthogonal, the resulting 

change in projection on the reaction coordinate is analyzed to explain the favorable or unfavorable 

modification in the charge transfer complexation reaction. 

Let's take as a first example the case of 135TMB with I2 under VSC.  

Since the optical mode forms a standing wave along the z-axis (Fig. 1), degenerate in x and 

y, it can be analyzed in the D∞h point group. The 135TMB isomer, strictly speaking of the D3h 

point group,  is typically assumed with the lower C3v symmetry to explain the presence of the IR 

active bands such as CH3 angular deformation mode.[61] We choose the C3v as the simplest common 

subgroup of the cavity and the molecule and we represent it within the frame set by the intracavity 

field. The corresponding character table for the C3v common subgroup is given in Table 3.[62] 

Table 3: Character table for C3v point group. 

C3v E 2C3 (z) 3 σv  

A1 +1 +1 +1 z 

A2 +1 +1 -1 Rz 

E +2 -1 0 (x, y) (Rx, Ry) 

  

From the character table, as per the explanation given above, the electric field f transforms as the 

E irreducible representation (noted as E(f)) being degenerate in x and y.  Next we do the direct 

products of the representations E(f) with A' (A' now A1 in the subgroup) when vibration A' of the 

135TMB is strongly coupled, or with E when vibration E of the 135TMB is strongly coupled. The 
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direct products can be reduced into 𝐴1⨂𝐸(𝑓) = 𝐸  and the linear combination 𝐸⨂𝐸(𝑓) =

𝐴1⨁𝐴2⨁𝐸, as shown in Table 4. 

Table 4: Direct product of the irreducible representations 

C3v E 2C3 (z) 3σv 

𝐴1⨂𝐸(𝑓) = 𝐸 +2 -1 0 

𝐸⨂𝐸(𝑓) =  𝐴1⨁𝐴2⨁𝐸 +4 1 0 

 

This change in symmetry representation under VSC has immediate consequences. For the charge 

transfer complexation of 135TMB, when an A1 symmetry vibration is coupled to the cavity mode, 

we see a decrease in KDA (Table 1). This is because under VSC, the vibrational A1-symmetry state 

is changed into a vibropolariton that transforms as the E representation, as shown above by the 

direct product. Looking at the complexation, the reaction coordinate transforms as A1. The mode 

now in the E representation under VSC is now orthogonal with respect to the charge density 

displacement along the reaction coordinate of the CT complex. In other words, the projection of 

the vibropolariton on the reaction coordinate is null (Fig. 3). As a consequence, KDA decreases.  

On the contrary, when coupling the E symmetry vibration of 135TMB with the optical field, 

the CT complexation is favored. Here we see that the direct product of this vibration representation 

with the cavity mode (𝐸⨂𝐸(𝑓)) yields elements of the irreducible representations A1 and A2 to 

which correspond both the principal axis and the reaction coordinate of the charge transfer, 

explaining the increase in KDA. 

   

a)                                                                                                         b)  

 

 

 

 

 

Figure 3. Illustration of the relationship of the principal axis (blue dotted line) of the molecule and 

the CT reaction coordinate (red dashed line) of a) 135TMB and b) 123TMB with I2.  
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Next let's consider the CT complexes of the 123TMB isomer with I2.  The 123TMB isomer belongs 

to the point group C2v and has its principal axis in the plane of the benzene ring, in other words 

orthogonal to the reaction coordinate as illustrated in Fig. 3b. As a consequence, we expect the 

opposite response to VSC as compared to 135TMB, as observed. The common subgroup with the 

optical field is also C2v with the character Table 5. 

Table 5: Character table for C2v point group. 

C2v E C2 (z) σv (xz)  σv (yz) linear functions, 

rotations 

A1 +1 +1 +1 +1 z 

A2 +1 +1 -1 -1 Rz 

B1 +1 -1 +1 -1 x, Ry 

B2 +1 -1 -1 +1 y, Rx 

 

In the C2v subgroup, the cavity field transforms as the B1 and B2 irreducible representations, noted 

B1(f) and B2(f) representations along x and y. From the direct product in Table 6, the A1 vibration 

now transforms as B1 or B2 both orthogonal to the principal axis C2, thus now along the charge 

transfer axis, i.e. its reaction coordinate (see Fig. 3b), leading to an increase in KDA, as observed. 

 

Table 6: Direct product of the irreducible representations 

C2v E C2 (z) σv (xz)  σv (yz) 

A1 ⨂ B1(f)= B1  +1 -1 +1 -1 

A1 ⨂ B2(f)= B2
 +1 -1 -1 +1 

 

Finally, for the least symmetric isomer, 124TMB, the corresponding Cs point group has no well-

defined principal axis. As a consequence, the changes under VSC are much smaller relative to the 

other two other isomers, consistent with the model.  

10.1002/anie.202503915

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.

 15213773, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202503915 by U

niversité D
e Strasbourg, W

iley O
nline L

ibrary on [24/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 
 

13 

We can apply the same analysis to explain all the increases and decreases KDA in Table 1 

and 2 as shown in Table 7.  In the latter, we have added results for a complex with two CT bands 

(spatial isomers) where the changes in the equilibrium constant can again be understood by the 

symmetry representation of the vibropolariton relative to the reaction coordinate. The modified 

KDA under VSC reflect relative changes in the reaction rates of the charge transfer complexation 

(Eq. 1). Within the same symmetry-based approach, it should be possible to rationalize other 

modifications of reaction rates under VSC for instance, the silyl deprotection reaction reported in 

2016 and more recently for alcoholysis reaction. [21,31] These small molecule reactants have well 

defined symmetry and their reactions are well-known high-yield ones where most likely the 

vibronic overlap is already favorable. [6] Therefore, it is not surprising that when VSC induces 

changes in symmetry representation of key vibrations so that they become orthogonal to the 

reaction coordinate, it decreases the rate as observed, reflecting a higher activation energy (see 

Table 7).  

In summary, we have found a phenomenological link between chemical reactivity under 

VSC and symmetry representation. This link views VSC as generating a hybridization of a 

vibration and the optical field that results in a new irreducible representation for the vibropolariton,  

relative to the principal axis and thereby its projection on the reaction coordinate. Needless to say 

however that many other factors will also modify or obscure this rule. For instance, the vibrational 

states of the molecules are rarely pure normal modes so that the effect of vibrational symmetry 

changes will not always be detected, the more so the larger the molecules. VSC has to affect the 

limiting step in the pathway for it to be detectable in the rates although it could still be seen in the 

product yields in complex landscapes as already shown. [22,36] Internal vibrational energy 

redistribution will also be affected by VSC as pointed out in recent theoretical studies. [37-39] 

Furthermore, external conditions such as solvation can also influence the outcome.  

While the molecules are randomly oriented, most molecules are coupled as shown in 

references 17 and 36 where phase transition like behavior is seen upon the onset of VSC, as there 

always some projection onto the field. Intermolecular interactions will further favor the coupling.  

It is tempting to see whether the phenomenological symmetry principle identified here is 

also in agreement with other findings. For instance, recent results show that the conductivity of 

polystyrene can be boosted by 6 orders of magnitude when coupling the B2 vibration of the styrene 

moiety.[26] The B2 vibration can only be changed under VSC to A1 symmetry representation  
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Table 7: Summary of reactions under VSC and agreement with symmetry predictions: Reaction 

type (CT: charge transfer), point group of the molecule under VSC, irreducible representation of 

vibration in the common subgroup with the optical field, symmetry product, prediction and 

experimental observation. 

Reaction Point 

Group 

Vibration 

irreducible 

represent. 

Symmetry 

product with 

cavity mode 

Prediction Observation 

    135TMB      I2 CT  

D3h 

Donor 

 

E 

(in C3v)  

 

 

E ⨂ E(f)=  

A1+A2+E 

 

KDA increases 

KDA increases 

for donor E 

symmetry 

vibrations 
135TMB     DDQ CT 

135TMB     Chloranil CT 

    135TMB      I2 CT  

D3h 

Donor 

 

A1  
(in C3v)  

 

A1 ⨂ E(f)= E  

 

 

KDA decreases 

KDA decreases 

for donor E 

symmetry 

vibrations 

123TMB       I2 CT 𝐶2𝑣 

Donor 

A1  A1 ⨂ B1(f)= B1  

A1 ⨂ B2(f)= B2 

KDA increases KDA increases 

for donor E 

symmetry 

vibrations  

 135TMB     Chloranil 

CT  
D2h 

Acceptor 

B1  
(in C2v) 

B1 ⨂B1(f) = A1 

 

B1 ⨂B2(f)= A2 

KDA decreases KDA decreases 

for acceptor B1u 

symmetry 

vibrations 

Anisole     TCNE* CT 

 

2 CT isomers 

D2h 

Acceptor 

A1  
(in C2v)  

A1 ⨂ B1(f)= B1  

A1 ⨂ B2(f)= B2 

KDA increases KDA increases 

for both CT 

complexes 

Anisole     TCNE* CT 

 

2 CT isomers 

𝐶2𝑣 

Donor 

B2  B1 ⨂B1(f)= A1 

 

B1 ⨂B2(f)= A2 

KDA decreases KDA decreases 

for isomer 1 

Silyl deprotection[21] 

  

𝐶2𝑣 A  A1 ⨂ B2(f)= B2  

A1 ⨂ B1(f)= B1  

Deceleration Reaction rate 

decelerated 

Alcoholysis of phenyl 

isocyanate[31] 
 

𝐶2𝑣 A  A1 ⨂ B2(f)= B2  

A1 ⨂ B1(f)= B1  

Deceleration Reaction rate 

decelerated 
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* A. Jayachandran, J. G. Ricca, M. Mahato, J. Wega, E. Vauthey, T.W. Ebbesen, in 

preparation 

 

according to the C2v symmetry of styrene, and thereby favoring the charge displacement along the 

principal axis of the styrene moiety. Of course, other factors are no doubt also involved such as 

the delocalized states associated with the collective coupling that contribute to boosting the 

conductivity. 

Since the hybridization between the optical mode and the vibrations under VSC leads to 

novel combinations of irreducible representations, it is highly possible that electronic strong 

coupling (ESC) also results in symmetry changes in the electronic wavefunctions involved. This 

could lead to major changes in chemical landscapes, as observed for photochemical ones,[63-66]  

since it would affect the mixing (configuration interaction) between the ground and excited states 

which define among other things the height of the reaction barrier.  

Our results emphasize again the relevance of symmetry, and in particular vibrational 

symmetry, in chemical reactivity. Taken together with the fact that VSC induces no detectable 

changes in chemical shifts in the 1H and 13C NMR, in other words in the electronic density 

distribution in the molecules, [36]  it indicates that VSC acts primarily on the reaction pathways and 

not on the reactant electronic ground state. Thus, VSC is a unique tool to modify selectively 

vibrational symmetry and its projection on the reaction landscape.  Such triggering of new 

mechanistic paths can also be combined with well demonstrated selective laser excitation of 

individual vibrations of reactants. [8-16]   By applying the symmetry rule identified here, it should 

be possible to help predict the outcome of reactions under VSC making it a useful a tool to 

manipulate and control reactions, and to understand their mechanism.  

 

Conclusion: 

While our phenomenological symmetry rule can account for many of the experimental 

findings, there is clear need for more theoretical work to understand many details. For instance, 

while the vibropolaritons, VP+ and VP-, are embedded in the new symmetry representation, their 

exact nature needs to be clarified. Furthermore, it has not escaped our attention that the origin of 

the normal incidence condition for seeing change in properties might be related to the fact the 

optical field symmetry breaks down at other angles. 
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TOC: A general symmetry rule emerges from the study of charge transfer complexes in cavities that points to 

an underlying framework to the predict the outcome of chemical reactivity under vibrational strong 

coupling. 
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