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 Excited state deactivation pathways of neutral/protonated anisole and p-fluoroanisole: A 

Theoretical study 

Reza Omidyan* and Hajar Rezaei 

Department of Chemistry, University of Isfahan, 81746-73441 Isfahan, Iran 

 

Abstract 

The potential energy profiles of neutral and protonated anisole and p-fluoroanisole, at different 

electronic states have been investigated extensively by RI-MP2 and RI-CC2 methods. The 

calculations reveal that relaxation dynamics in protonated anisole and p-fluoroanisole is 

essentially different from that of neutral analogues. In neutral anisole/p-fluoroanisole, the 1πσ* 

state, plays the vital relaxation role along the O-CH3 coordinate, yielding the CH3 radical. For 

both of these molecules, the calculations indicate a conical intersections (CIs) between ground 

and excited state potential energy (PE) curves, hindered by a small barrier, and providing non-

adiabatic gates for radiation-less deactivation to ground state. Nevertheless, for protonated cases, 

besides the prefulvenic deformation of benzene ring, it has been predicted that the lowest 
1(σ,n)π* state along the bond angle of C-O-C plays an important role in photochemistry and 

relaxation dynamics. The S1, S0 PE profiles of protonated anisole along with the former reaction 

coordinate (out-of-plane deformation), show a barrierless relaxation pathway, which can be 

responsible for ultrafast deactivation of excited system to the ground state via the low-lying S1/S0 

conical intersection. Moreover, the later reaction coordinate in protonated species; (C-O-C angle 

from 120º-180º) is consequently accompanied with the bond cleavage of C-OCH3 at the 
1(σ,n)π* 

state, hindered by a barrier of ~0.51 eV, can be responsible for relaxation of excited systems by  

significant excess energy (hυ≽ 5 eV).  

Furthermore, according to the RI-CC2 calculated results, different effects on the S1-S0 electronic 

transition energy of anisole and p-fluoroanisole upon to protonation have been predicted. The 

first electronic transition of anisole and p-fluoroanisole shift by ~0.3 and 1.3 eV to the red 

respectively due to protonation.  

 

                                                           
* Corresponding author, E-mail: r.omidyan@sci.ui.ac.ir, reza.omidyan@u-psud.fr, Fax: (+98)  311 6689732 
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Keywords: Anisole, Excited States, MP2 and CC2 methods, Relaxation Channels, Conical 

Intersections. 

 

1-Introduction 

 Protonated aromatic molecules (denoted AH+) appear frequently as reactive intermediates 

in chemical and biochemical reactions1, 2. The characterization of AH+ has a vital role to 

understand and possibly control the dynamics and selectivity of chemical processes1-3. Since of 

recent advances on laser spectroscopy and computational methods, especial attentions have been 

paid to protonated aromatic molecules4-11. As a commonly concluding remark of recent studies 

on the AH+ in gas phase, it is has been highlighted that a red shift effect on the S1-S0 electronic 

transition is the main consequence of protonation of such molecules4-6, 12-14. Recently an 

experimental study has been reported by the research group of C. Jouvet on protonated Indole12, 

where a red shift effect on electronic transition of protonated Indole; (as a heteroaromatic 

hydrocarbon) has been confirmed. In contrary, our recent investigation on protonated 2-Pyridone 

showed that a blue shift effect on the S1-S0 electronic transition as a consequence of protonation 

of heteroaromatic compounds is also possible15.  

 Moreover, photochemistry of organic compounds plays an essential role in our day-to-

day lives. Our molecular building blocks readily absorb ultraviolet radiation. However these 

molecules display a large degree of photostability16, arising from quenching of photochemical 

reactions through ultrafast non-radiative processes imparting a high degree of photostability to 

these building blocks of life17-19. The dynamics of photoinduced bond cleavages in heteroatom 

containing aromatic molecules like azoles, phenols and so forth16, 20-24, have been the focus of 

intensive recent studies, both from their perspective of fundamental photochemistry and because 

many of such species, constitute the chromophores in larger biochemically relevant species (e.g. 

in the DNA nucleobases) 18, 22-26. According to recent investigations, it has been established that 

dissociative 1πσ* is a key players in the photo resistive properties of chromophores of aromatic 

amino acids and DNA bases19-22. Spectroscopic detection of H-atom appearance times and 

velocity distributions are indirect evidence for relaxation along the 1πσ* state23. According to 

recent reports of M. N. Ashfold and coworkers, the H atom photofragment translational 

spectroscopy (HRA-PTS) studies of the UV photodissociation of phenol, confirms O–H bond 

cleavage following excitation at energies both below and above the conical intersection between 
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the S1 and S2 potential energy surfaces24-29. Although several experimental and theoretical 

reports have been directed towards 1πσ* states in hydrides (X-H) 
24, 26-29, much less effort has 

been directed at studying these dissociative states localized on other coordinates such as X–C. 

The velocity map ion imaging (VMI) work of A. G. Sage et al.30 was the first to identify the role 

of 1πσ* state induced bond dissociation in non-hydride heteroaromatic systems. Using time-

resolved velocity map imaging (TR-VMI), it has been suggested that CH3 elimination with high 

kinetic energy is justified only by a direct dissociation of X-CH3 bond of excited system 

involving a 1πσ* state30. Also, experimental and theoretical study of D. J. Hadden et al.31 on 

mequinol (methoxy-phenol), reveal a competing dynamics along the 1πσ* of O-H and 1πσ* of O-

CH3 surfaces and a strong excitation wavelength dependence upon the tendency for either O–H 

or O–CH3 bond cleavage, respectively.  

In contrast to the neutral aromatic hydrocarbons, which have been the subjective of numerous 

studies so far19, 25, 26, 30-40, rarely reports have been devoted on photophysics and photochemistry 

of protonated aromatic compounds15, 41, 42.  According to the report of Rode et al.41 on 

photophysics of protonated benzene, it has been suggested that the ring deformations on the 

region where the excess proton locates, leads the excited system to the ground by a conical 

intersection between the S1/S0 PESs. This conical intersection can be responsible for ultrafast 

deactivation of excited system via internal conversion. 

  In present study, protonation effect on the electronic transition energies and 

photophysical behavior of anisole and p-fluoroanisole will be addressed based on the CC2/MP2 

methods. Anisole has been the subjective of several experimental 43-60 and theoretical61-63 studies. 

The high resolution S1-S0 electronic excitation spectrum of anisole has been recorded in a 

molecular beam experiment by F. Lahmani et al.64 and later by C. G. Eisenhardt et al.48. It has 

been shown that the bond origin of S1-S0 electronic transition of anisole lies on the 36386 cm-1 

(4.512 eV). Using the high accuracy rotational spectrum of anisole, the planarity of molecule in 

both of the ground and excited state has been clearly demonstrated46, 52. In addition, the 

rotationally resolved S1-S0 electronic spectra of anisole and its hydrogen bonded complex 

containing one water molecule have been obtained by J. W. Ribblett et al.59. Also D. Xiao and 

coworkers65 recorded the vibronic structure of p-fluoroanisole in the first excited state (S1) with 

mass selected resonance-enhanced two photon ionization spectroscopy. The band origin of S1 - 

S0 transition of p-fluoroanisole has been measured to 35149 cm-1 (4.358 eV), which is red-shifted 
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by 1234 cm-1 with respect to that of anisole. Also, an extensive experimental study on the 

photophysics of neutral anisole has been performed by D. J. Hadden et al.53. Using the TR-VMI 

experiment, they demonstrated that the CH3 elimination, with high kinetic energy, is the only 

fragment eliminates due to direct dissociation involving a 1πσ* state53.  

 Our paper is organized as follows: after summarizing the computational methods, we 

present ground- and excited-state optimized structures, protonated isomers and vertical/adiabatic 

transition energies. Then, we discuss and explain the deactivation pathways of excited species of 

neutral/protonated anisole and p-fluoroanisole. We start with the neutral structures because they 

form a basis for understanding of protonated species. The CC2 is method of choice because it 

gives reasonable results for medium size organic molecules, either in bare form or in their 

complex structures (e. g with water and ammonia) for a moderate computational time5, 14, 15, 42, 66-

69. 

 

2- Computational details: 

 The “ab initio” calculations have been performed with the TURBOMOLE program 

suit70, 71, making use of the resolution-of-identity72 (RI) approximation for the evaluation of the 

electron repulsion integrals. The equilibrium geometry of all systems at the ground state has been 

determined at the MP2  (Moller-Plesset second order perturbation theory) level73, 74. Excitation 

energies and equilibrium geometry of the lowest excited singlet states have been determined at 

the RI-CC2 (the second-order approximate coupled-cluster method)75-79. The Dunning’s 

correlation consistent split-valence double-ζ basis set (cc-pVDZ)80, 81 and the augmented cc-

pVDZ  by diffuse functions on all atoms (aug-cc-pVDZ)82 have been employed.  

 All of the neutral and protonated systems are of Cs symmetry in the ground state. With 

exception of few calculations relevant to the PE profiles; (will be addressed evidently), the Cs 

symmetry of systems was maintained for geometry optimization of ground and excited states as 

well. Within the Cs point group the wave function of the ground state and S1 (1ππ*) state 

transform according to the A′ representation and thus they are more distinguishable either with  

the 1πσ* in neutral molecules,  or with the 1(σ,n)π* excited state in protonated homologues; (both 

belong to the A″ symmetry representation). The numbering pattern of the carbon atoms is shown 

in Figure 1.  
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Figure 1: Optimized geometries of: (a) Neutral anisole and numbering pattern (b) the most 

stable isomer of protonated anisole (C4 isomer) (c) the most stable isomer of protonated p-

fluoroanisole (C2 isomer). 

 

 

3- Results and Discussions: 

3-A: Geometry and electronic structures: 

 3-A- I: Protonated isomers of anisole and p-fluoroanisole: 

The ground-state equilibrium structure of anisole and p-fluoroanisole have been determined by 

several authors and need not to be discussed here45, 46, 61, 63, 83. We only present the results of 

calculations relevant to protonated species. Similar to protonated phenol84, there are several 

protonation sites on neutral anisole and p-fluoroanisole corresponding to different positions of 

carbon atoms on benzene rings.  However, to precisely find the relative energy of protonated 

isomers, the MP2 geometry optimization for all protonated isomers of anisole and p-

fluoroanisole have been done. There are five protonated isomers for anisole and four different 

isomers for protonation of p-fluoroanisole, corresponding to different carbon sites on two 

molecules (See ESI file for the xyz coordinates). The relative energy of isomers associated with 

protonation of anisole and p-fluoroanisole have been presented respectively in Table 1and Table 

2. Also, Figure 1 shows the optimized geometries and numbering scheme of neutral anisole/p-

fluoroanisole.  

 

 

 

(a) (b) (c) 
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Protonated Isomer 
[Ground state relative 

energy /eV] 

Vertical transitions /(eV) Adiabatic transitions /(eV) 

cc-pVDZ aug-cc-pVDZ cc-pVDZ aug-cc-pVDZ 

S1 S2 S1 S2 S1 S2 S1 S2 

C2[0.12]  3.71 5.48 
3.62 

(0.221) 
5.42 

(0.002) 
3.41 * 3.30 * 

C3[0.77] 2.98 4.74 
2.96 

(0.093) 
4.70 

(0.474) 
2.65 4.37 2.60 3.89 

C4[0.00] 
4.77 

 

5.25 

 

4.70 

(0.142) 

5.17 

(0.374) 
4.38 * 4.30 * 

C5[0.71] 2.95 4.75 
2.95 

(0.730) 
4.71 

(0.086) 
2.60 4.95 2.55 3.91 

C6[0.14] 3.79 5.61 
3.71 

(0.203) 
5.56 

(0.086) 
3.50 * 3.40 * 

Neutral anisole 
 

5.00 6.22 
4.48 

(0.290) 
5.37 

(0.002) 
4.80 5.95 

4.64 
#
4.512 

4.99 

 

Table 1: Excited transition energies (vertical and adiabatic), of neutral and protonated anisole, 

computed at the MP2/CC2 levels with two different basis sets. The values in parenthesis 

correspond to the oscillator strength. 
#
The experimental values  for the 0-0 band of S1-S0 

transition of neutral anisole, has been taken from Ref. 
64

. *The S2 geometry optimization for 

some of protonated isomers (denoted by * sign), doesn’t converge either for strong degeneracy 

of a′ 2 and a′ 1 (in C4) or for the strong geometry deformations upon to the a″1 state (in the C2 

and C6 isomers).  

 

According to the MP2/CC2 results, the C4 isomer has been found to be the most stable isomer 

produced from protonation of anisole (or the lowest in energy compare with the other isomers) 

and the isomer for which the excess proton located on C3, has the highest ground state energy 

(+0.77 eV higher than the C4 isomer, at the RI-CC2/aug-cc-pVDZ level of theory, see Fig. 1 for 

the numbering pattern and the ESI file for more information). In addition, no stable C1 structure 

from protonation of anisole has been found, and all efforts to optimize structures of the C1 type 

isomer converge via barrierless proton transfer to the more stable C2 structure.  Hence, we do not 

consider the C1 isomer in detail further. As shown in Table 1, the ground state energetic level of 

other isomers is 0.12-0.77 eV more than that of C4 isomer.  
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Protonated Isomer 
[Ground state relative 

energy /eV] 
 

Vertical transitions /(eV) Adiabatic transitions /(eV) 

cc-pVDZ aug-cc-pVDZ  cc-pVDZ aug-cc-pVDZ 

S1 S2 S1 S2 S1 S2 S1 S2 

C2 [0.00]  3.40 5.43 
3.33 

(0.187) 

5.38 

(0.002) 
3.13 * 3.03 * 

C3 [0.47] 2.76 4.82 
2.71 

(0.092) 

4.77 

(0.055) 
2.42 4.32 2.34 4.24 

C5 [0.35] 2.81 4.81 
2.77 

(0.071) 

4.77 

(0.138) 
2.46 4.35 2.37 4.25 

C6 [0.02] 
 

3.50 5.57* 
3.43 

(0.162) 

5.53 

(0.0009) 
3.20 * 3.11 * 

Neutral-F-Anisole 4.81 6.29 
4.66 

(0.048) 

5.33 

(0.0006) 
4.60 6.04 

4.42 
#
4.358 

 

5.10 

 

Table 2: Excited transition energies (vertical and adiabatic), of neutral and protonated p-

fluoroanisole, computed at the MP2/CC2 levels with two different basis sets. The values in 

parenthesis correspond to the oscillator strength. 
#
The experimental values  for the 0-0 band of 

S1-S0 transition of p-fluoroanisole, has been taken from Ref.
65

. *The S2 geometry optimization for 

C2 and C5 protonated isomers doesn’t converge since of the strong geometry deformations at S2 

(a″1) state.  

 

Furthermore, according to the MP2/CC2 calculations on protonated p-fluoroanisole, it has been 

predicted that C2 isomer is the most stable isomer produced from protonation of p-fluoroanisole, 

and the isomer producing by locating of proton on C3, has the highest ground state energy 

(+0.47 eV higher than the C2 isomer, at the RI-CC2/aug-cc-pVDZ level of theory). As shown in 

Table 2, the ground state energetic level of other isomers is 0.02-0.47 eV more than that of C2. 

Although, protonation of p-fluoroanisole at the carbon site of C1, leads to a local minimum, it is 

considerably less stable by ∆E≈ 95 kJ mol-1 (compared to the most stable C2 isomer). Since, the 

small barriers enable isomerizations of C1 toward C2 or C6, we didn’t consider C1, for more 

calculations (for more applicable information, see Ref.85 and references therein).  
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The MP2/aug-cc-pVDZ calculation, obtained 8.77 eV (855.8 kJ mol−1) for proton affinity of 

anisole which is in well agreement with corresponding experimental value of 8.70 eV (839.6 kJ 

mol−1) reported by E. Hunter and S. Lias86. Also at the same level of calculation, proton affinity 

of p-fluoroanisole has been calculated to 8.41 eV (811.0 kJ mol−1) which is comparable to the 

experimental value of 795 kJ mol−1 (8.23 eV) reported by B. Bogdanov et al83.  

 

3-A-II: Vertical and adiabatic transition energies of neutral and protonated anisole/p-

fluoroanisole 

 In order to compare the excitation transition energies of protonated anisole and p-

fluoroanisole with those of neutral analogues, we calculated adiabatic and vertical excitation 

energies for the lowest singlet electronic transitions.  The calculated results of the two lowest 

lying transitions (S1, S2) are presented in Table 1 and Table 2. Vertical transition energies have 

been calculated on the optimized geometry of ground state while the adiabatic transition energies 

have been determined based on the relevant excited state geometry optimized. Further details on 

the vertical excitation energies, oscillator strengths and configuration of involving molecular 

orbitals are presented in Table SM2 of ESI file. According to the results of CC2/aug-cc-pVDZ 

calculations for protonated anisole and p-fluoroanisole, the first 1A′ excited state corresponds to 

the S1-S0 electronic transition, while the first 1A″ state corresponds either to the second (S2-S0, in 

C2 and C6 isomers) or to the third electronic transition (S3-S0, in C3, C4, C5 isomers). In both of 

neutral anisole and p-fluoroanisole, the 1A″ state corresponds to the second electronic transition 

(S2-S0). In contrast to the 1A′ excited state, upon which, no important geometry deformation at 

the CC2 level of optimization has been predicted, geometry optimization at 1A" excited state, 

undergoes to considerable deformation on the structure of neutral and protonated species. In 

Table 3, the optimized geometry of the most stable protonated isomers of anisole and p-

fluoroanisole at ground and excited states as well as their neutral analogues have been presented. 

As shown, the CC2 geometry optimization of 1A" excited state, in neutral anisole is 

accompanied with significant lengthening of O-CH3; (bond cleavage of O-CH3). Also, 

optimization the geometry of protonated species at 1A" excited state, brings apart the bond-angle 

opening of COCH3; (and consequently the bond cleavage of C-OCH3). Since of such large 

deformations in the geometry of at 1A" excited state, the CC2 method doesn’t converge and we 

couldn’t report the corresponding adiabatic transition energy values in Table 1 and Table 2.   
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The frontier molecular orbitals (MOs) of neutral and protonated anisole and p-fluoroanisole 

(most stable isomers) are shown in Table 4. From the RI-CC2 calculations, the S1 (
1A′) state of 

protonated anisole (C4 isomer) corresponds to the orbital transition from Homo to Lumo; (Homo 

and Lumo respectively indicate to the highest occupied molecular orbital and the lowest 

unoccupied molecular orbital).  

 

 

 

 

 S0 S1 (1A′) 1A″ (S2 or S3) 
S1 (without Cs 

symmetry) 

Anisole 

 
  

--- 

Protonated 
anisole  

(C4 isomer) 

    

p-fluoroanisole  

 
  

--- 

Protonated 
 p-fluoroanisole 

(C2 isomer) 

    

 

Table 3: Optimized geometry structures of neutral/protonated anisole and p-fluoroanisole. In the 

last column, the optimized geometry of protonated species, at the S1 excited state, without the Cs 

symmetry constraint, has been shown.  
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As shown in Table 4,  the Homo orbital of C4 protonated isomer is a  π orbital and its Lumo is a 

π*, thus,  the S1 state of C4 protonated isomer of anisole has the 1ππ* nature. Also, the S2-S0 

electronic transition; (the second A′ state), arising from (Homo-1)-Lumo electronic transition, 

has the 1ππ* character, while, the S3-S0 (the first A" state) corresponds to the (Homo-2)-Lumo 

transition. As shown in Table 4, the Homo-2 orbital contains a combination of nO (non-bonding 

orbital on oxygen atom) and σ (located on the benzene ring).  

Thus the first A" electronic transition of C4, protonated anisole has 1(σ,n)π* nature. As the same 

as protonated anisole, in protonated p-fluoroanisole, the S1 and S2 (1A′ and 2A′) have 1ππ* 

nature while the S3 (1A″) has 1(σ,n)π* character. As it will be discussed in the next sections, the 

1A″ 1(σ,n)π* excited state has a vital role in the photochemistry of protonated anisole and p-

fluoroanisole. 

However, in neutral anisole and p-fluoroanisole, the S1-S0 (1A′) corresponds mostly to single 

electronic transition from Homo to Lumo which has the 1ππ* nature and the S2-S0 (1A"), 

corresponds to Homo-Lumo+2 electronic transition which has the  1πσ* character  (see Table 4).   

 

Anisole 

H-1 H L L+1 L+2 

     

Protonated 

anisole  

(C4 isomer) 

H-2 H-1 H L L+1 

     

p-fluoroanisole 

H L L+1 L+2 L+3 

     

Protonated H-2 H-1 H L L+1 
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Table 4: Frontier MOs of neutral and protonated anisole/p-fluoroanisole. Only the MOs which 

have the prominent contribution on the S1 and S2 (or S3) electronic transitions have been shown. 

Also, H and L respectively indicate to Homo and Lumo orbitals. 

 

Comparison the adiabatic transition energies of S1-S0 (
1A′) transition for protonated isomers and 

the one of neutral anisole (4.64 eV at the same level of theory and experimental value of 4.512 

eV for 0-0 band of anisole reported by F. Lahmaini et al.64), it can be concluded that protonation 

is accompanied with red sift effect on S1-S0 transition energy of anisole by at least 0.3 eV. This 

effect in protonated p-fluoroanisole is more pronounced which is 1.25-2.00 eV. Inspection of 

calculated adiabatic transition energies for protonated anisole and also p-fluoroanisole (Table 1 

and Table 2), it is seen that electronic transitions of S1-S0 (
1A′) of protonated anisole with 1ππ* 

character, lies in the UV-Vis range (4.30-3.03 eV respectively for C4 and C2 protonated 

isomers), while this transition in protonated p-fluoroanisole lies only in the visible (2.34-3.11 

eV) as well. 

 

3-B. Photophysical behavior: Potential energy profiles and internal conversions: 

3-B-1. Neutral anisole: 

 The photophysics of anisole has been experimentally studied by several groups49, 53, 55, 60, 

87, 88. It has been clearly stated by Tseng88 and later by Hadden53 that the CH3 elimination is the 

sole dissociation channel for the anisole at 193 and 248 nm. To our knowledge, there is no 

theoretical-exploration report on photophysics of anisole and fluoroanisole. Thus, we have 

investigated the relaxation channels in neutral anisole as well as p-fluoroansile at the CC2/MP2 

levels of theory. The potential energy profiles for both cases (neutral and protonated anisole) 

have been determined and the results have been presented in Figure 2 (a) and (b).  

 p-fluoroanisole 

(C2 isomer) 
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In Figure 2-a, the CC2 PE profiles calculated along the minimum-energy path (MEP) for 

detachment of methyl group (CH3) from of neutral anisole are presented. The PE profiles have 

been calculated for an elongation of the d(O-CH3) stretching  coordinate.  For a given value of 

stretching coordinate d(O-CH3), all remaining coordinates have been optimized either for the 
1ππ* or 1πσ* excited states, under Cs symmetry. For clarity, only the lowest 1ππ*, and 1πσ* states 

and the electronic ground state are shown in Fig. 2. The excited states geometries have been 

optimized along this reaction path, while the ground-state energy is computed at the 1πσ* 

optimized geometries. From inspection of results presented in Figure 2-a, it is also seen that the 

PE profiles of the ground state and the lowest valence 1ππ* excited state rise with increasing O-

CH3 distance, while the PE profile of the 1πσ* state is essentially repulsive. The repulsive 1πσ* 

PE profile crosses with 1ππ* state at the middle of reaction path. In a multidimensional picture, 

the 1ππ*-1πσ* curve crossings in Figure 2-a, develops into the conical intersections (CIs). 

Because, the potential energy curves of the different electronic states (1ππ* and 1πσ*), have been 

determined independently at different geometry optimizations, the energetic position of these CIs 

cannot be precisely determined from Fig. 2. Nevertheless, the CC2 calculations are reliable38, 89, 

90, and our results relevant to the CIs are good signs for the region of conical intersections 

qualitatively. 

Page 12 of 25Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



13 

 

1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1

0

1

2

3

4

5

6

7

8

120 135 150 165 180

0

1

2

3

4

5

6

7

8

E
n

e
rg

y
 (

e
V

)

d (O-CH
3
)/[A] β (COC angle)/[deg]

 

Figure 2: CC2 PE profiles of (a) neutral and (b) protonated anisole (C4 isomer) in the electronic 

ground state (circles), the lowest 
1
A′ excited state (squares), the lowest 

1
A″ state (triangles), as a 

function of O-CH3 coordinate in the neutral and COC angle in protonated case. The red-color 

curves in both panels represent the PE profile of S1 state without Cs symmetry constraint.  

 

The resulting lower adiabatic PE sheet of the coupled 1ππ*-1πσ* states exhibits a small barrier in 

the vicinity of the conical intersection. We have evaluated this barrier by breaking the Cs 

symmetry of the system; (to allow vibronic coupling between 1ππ* and 1πσ* states). The barrier 

has been determined amount to 0.51 eV, consequently, a wave packet prepared in the 1ππ* state 

by optical excitation with sufficient excess energy (≃0.51 eV) will bypass this barrier and then 

evolve on the 1πσ* surface. The low-energy part of the 1ππ* surface is separated from the region 

of strong non-adiabatic interactions with the ground state by this barrier on the PE surface of the 

lowest excited singlet state. Morever, the repulsive 1πσ* PE profile intersects the PE function of 

the ground state at an O-CH3 distance of about 2.0 Å, resulting in another conical intersection 

1
ππ* 

S0 
(πσ*) 

1
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1
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(CI). This CI is expected to lead the excited system to an ultrafast internal conversion to the 

ground state.  

These results are in well agreement with the experimental reports of Hadden53 and Tseng88, 

where the –CH3 fragment has been observed at laser wavelength of  193 and 248 nm with 

sufficient kinetic energy. When the photon energy with this range of wavelength (193-248 nm; 

6.43-5 eV) is exposed to anisole, the excited system has sufficient energy to bypass the barrier of 
1ππ*-1πσ* evolution. After this barrier, the excited system may dissociate along the O-CH3 bond: 

C6H5OCH3�C6H5O+CH3 producing the phenoxy and methyl radicals with the excess kinetic 

energy, or it decays to the ground state.  

 

3-B-2.  Protonated anisole (C4 isomer) under the Cs symmetry constraint: 

 

In the Cs symmetry point group, the first and second electronic transitions (S1 and S2) of 

protonated anisole (C4 isomer), having the 1ππ* nature, having A′ representation while the third 

one (S3 state) belongs the A" representation and has electronic 1(σ,n)π* nature. Due to the 

different nature of the first A" state in protonated anisole than that of neutral homologue, a 

different photoiphysical behavior for protonated anisole can be expected.  Moreover, the 

optimized geometry of C4 protonated isomer of anisole at S3(A″-1σ,nπ*) state shows drastic 

alterations in the C-O-CH3 bond angle; (from 120º to 180º) and also in the C-OCH3 bond length; 

(from 1.220 Å to 1.950 Å). Thus, a bond cleavage between the benzene ring and methoxy group 

can be the main consequence of UV excitation of protonated anisole (C4 isomer).  

In order to determine the PE profiles of protonated anisole, either the COC bond angle (β) or the 

C-OCH3 bond distance (d) can be considered as the reaction coordinate. Thus we have 

determined the PECs along with both reactions coordinates. The results along with the COC 

bond angle (β) has been presented in Figure 2-b, and the corresponding results along the C-OCH3 

bond length has been presented in the ESI file. As the same as neutral anisole, in determination 

of PE profiles (Fig. 2-b), only the lowest 1A′(1ππ*),  and 1A″(1σ,nπ*) states and the electronic 

ground state have been presented. Along with the bond angle of C-O-CH3, as reaction 

coordinate,  geometries of the excited states have been optimized, while the ground-state energy 

is computed at the 1(σ,n)π* optimized geometries. From of the results presented in Figure 2-b, 

this is clear that the PE profiles of the ground state and the lowest valence 1ππ* excited state rise 
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with increasing C-O-CH3 bond angle (from 120º-180º). This is while the PE profile of the 
1(σ,n)π* state is repulsive. However, the repulsive 1(σ,n)π* PE profile crosses with 1ππ* state at 

the middle of reaction path producing a conical intersection (CI) between 1ππ*-1σ,nπ* in a 

multidimensional picture. The resulting lower adiabatic PE sheet of the coupled 1ππ*-1σ,nπ* 

states will exhibit a barrier ≃0.56 eV in the vicinity of the conical intersection. Thus, a wave 

packet prepared in the 1ππ* state by optical excitation with sufficient excess energy (≃5 eV) will 

bypass this barrier and then evolve on the 1(σ,n)π* surface.   

 Also, it is seen in Figure 2-b that the repulsive 1(σ,n)π* PE profile intersects the PE 

function of the ground state at an C-O-CH3 angle of ~180º, resulting in another conical 

intersection. This conical intersection is expected to lead the excited system to an ultrafast 

internal conversion to the ground state. In addition, the CC2 PE profiles of 1σ,nπ* along the C-

OCH3 bond distance (Fig. SM1, ESI file), shows a dissociative trend, which verifies the 

prediction of producing the OCH3 radical photoproduct, upon to relaxation of the UV excited 

protonated anisole.  

 

3-B-3: PE profiles of protonated anisole (C4 isomer without Cs symmetry constraint): 

 Extensive theoretical results on photochemistry of benzene has been reported by I. J 

palmer et al., where an out-of-plane distorted structure (e.i prefulvene) has been introduced as a 

photoproduct of benzene40. The same result has been obtained for protonated benzene upon to 

the S1 geometry optimization without symmetry restriction. Indeed, an out-of-plane deformation 

on the region where excess proton locates, occurs by the CC2 geometry optimization of 

protonated benzene41, 42. It also has been well established that excited states of protonated 

benzene undergos a very fast internal conversion and should be very short-lived41, 42. Moreever, 

in the first excited state, the system has to lose its planar symmetry, and a conical intersection 

can be expectable with the ground state which arises along out-of-plane bending coordinates. As 

shown in Table 3 (last column on the right), such out-of-plane deformation happens in 

protonated anisole (C4, the most stable isomer) after the S1 geometry optimization. This ring 

deformation can be a sign of curve crossing between S1-S0 in the PECs of protonated anisole as 

well as protonated benzene. Thus, we have investigated the PE curves of different electronic 

states of protonated anisole along with the ring deformation reaction coordinate. The potential 

energy profiles along the minimum energy paths (MEP) for torsion of the -CH2; (the dihedral 
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angle of 3654 CCCC −−− , see Fig. 1-a for numbering) in protonated anisole at the S0/S1 states 

have been calculated. The results are shown in Figure 3 (full curves). The coordinate-driven 

minimum-energy paths for out-of-plane deformation have been obtained by fixing the 

)( 3654 CCCC −−−ω  and optimizing the lowest S1 state with respect to all other coordinates. 

The geometry optimizations have been performed with the CC2 method. The energies at the 

optimized geometries have been calculated at the CC2/cc-pVDZ level. In Fig. 3, the PE profiles 

of the S0 state, calculated at the 1ππ* optimized geometries (dashed lines with hollow squares), as 

well as at the S0 optimized geometries, determined with the MP2 method (solid lines with filled 

squares), are also shown. Also, the )1(
0

SS curve is rising by increasing the )( 3654 CCCC −−−ω , 

while, the energy profile of the S1 state calculated along the S1 reaction path ( )1(
1

SS ) indicates a 

barrier-free reaction coordinate which leads to the conical intersection. In the S1 state, the MEP 

for the -CH2 torsion could be determined with the exception of geometries which are very close 

to the S1–S0 conical intersection, where the CC2 iteration cycle fails to converge. Around 20º, 

the S0/S1 potential energy profiles cross with each other and obtain a conical intersection. This 

conical intersection mediates the radiation-less deactivation of the compounds after excitation of 

the lowest 1ππ* state. Because, the relaxation of the 1ππ* state of protonated anisole via –CH2 

twisting is barrier-free, this relaxation channel can be strongly in competition with that of C-

OCH3 bond cleavage. However, the former should be the main path for relaxation of excited 

system at the lower lying energy of excitation (∆E≈ 4.5 eV), though, the role of the later channel 

(C-OCH3 bond cleavage) should be more pronounced when the system is excited by a photon 

having energy of more than 5.0 eV. After intersection point, the reaction coordinates (ω) 

increasing to more values the CI, leads the flat trend of )1(
1

SS  curve (data were not shown).  

Figure 3-b shows the PE profiles of different electronic state of neutral anisole along with the 

ring twisting (dihedral angle of )( 3654 CCCC −−−θ ). As seen, the rising trend of the S1 state by 

increasing θ, shows that there is no barrier-free conical intersection in the PE curves of neutral 

anisole along with the ring distortion coordinate, verifying the difference between relaxation 

dynamics of neutral and protonated cases.  
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Figure 3: Potential energy curves of the S0 state (circles) and the S1(ππ*) state (squares), of (a) 

protonated anisole and (b) neutral anisole, determined at the MP2,CC2/cc-pVDZ level for 

torsion of the -CH2 and –CH respectively in protonated and neutral anisole. The full lines 

represent the energy profiles of reaction paths determined in the same electronic state and the 

dashed lines show the energy profiles of reaction paths determined in the complementary 

electronic state.  

 

3-B-4: Neutral and protonated p-fluoroanisole: 

Similar to neutral anisole, the CC2 geometry optimization of p-fluoroanisole at the first  1A″ 

(1πσ*) state leads to the O-CH3 bond cleavage. In Figure 4-a, the CC2 PE profiles calculated 

along the minimum-energy path for detachment of methyl group (-CH3) from p-fluoroanisole are 

presented. From Figure 4-a, it is shown that the PE profiles of p-fluoroanisole behave in the same 

trend with those of protonated anisole. Also, the PE profile associated with the S1 state, shows 
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roughly the same barrier (0.51 eV) as that of neutral anisole in Fig. 3 (a). Thus, photophysics of 

p-fluoroanisole shouldn’t be essentially different from that of anisole. 
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Figure 4: CC2 PE profiles of (a) neutral and (b) protonated p-fluoroanisole (C2 isomer) in the 

electronic ground state (circles), the lowest 
1
A′ excited state (squares), the lowest 

1
A″ state 

(triangles), as a function of the O-CH3 coordinate in the neutral and COC angle in protonated 

cases. The red-color curve in panel (a), represents the PE profile of S1 state without keeping the 

Cs symmetry constraint.  

 

In Figure 4-b, the CC2 PE profiles calculated along the minimum-energy path for opening of C-

O-CH3 bond angle in protonated p-fluoroanisole has been presented. The PE profiles have been 

determined in the same approach, discussed in the previous section for protonated anisole. 

Although, the PE profiles of the ground state and the lowest valence 1ππ* excited state rise with 

increasing C-O-CH3 bond angle (from 120º-180º), and the PE profile of the 1(σ,n)π*  state is 

repulsive, the decreasing trend of  1(σ,n)π* state by increasing the COC bond angle, is different 
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with that of corresponding state in protonated anisole. The smooth descent of 1(σ,n)π* along with 

the reaction coordinate causes removing the ππ*-1σ,nπ*  conical intersection at the middle of 

reaction coordinate and move this CI to the end of reaction path (COC is 180º). Also, at the end 

of reaction path, (COC=180º), the PE curve of 1(σ,n)π* crosses with that of ground state, 

producing a conical intersection which lead the excited system to relax toward ground state. 

According to the PE profiles of Fig. 4-b, one can conclude that the photoexcited protonated p-

fluoroanisole with sufficient excess energy (≃5 eV), may either undergo photodissociation to 

produce  OCH3 radical or decay to the ground state via the conical intersection between 1σ,nπ*-

S0 and loosing the absorbed energy to heat. Moreover, the dissociative nature of 1(σ,n)π* state 

along the C-OCH3 distance verifies the suggestion of the C-OCH3 bond breaking as a consequent 

photo-chemical reaction of protonated p-fluoroanisole as well (see Fig SM1 in ESI file).  

 

 

4- Conclusion 

 The photochemistry of protonated anisole and p-fluoroanisole has been predicted to be 

essentially different from that of neutral analogues, since of differences in electronic states, 

reaction coordinates and photoproducts. It has been found that O-CH3 coordinate is responsible 

for photochemistry of neutral anisole and p-fluoroanisole. The detachment of CH3 in the S1 state 

of neutral molecules, leads to a low-lying conical intersection of the S1 and S0 energy surfaces, 

providing the mechanism for efficient radiationless deactivation of the excited state back to the 

ground state or, alternatively, to dissociation of excited system (e.i to loss methyl group). These 

results are in agreement with previous experimental observations as well.53, 88  

 On the other hand, for protonated anisole and p-fluoroanisole, similar to protonated 

benzene41, a prefulvenic deformation of benzene ring, has been found to lead the excited system 

from S1 (
1ππ*) state toward the ground, via a barrierless conical intersection of 1ππ*-S0 states. 

While, at the S3 (
1σ,nπ* ) state, the bond-angle opening of C-O-C, consequently accompanied 

with elongation of C-OCH3 distance,  can be responsible for photochemical process. The 
1(σ,n)π* state in protonated anisole and p-fluoroanisole, predissociates the bound S1(

1ππ*) state, 

connecting the later to a conical intersection with the S0 state, leading the excited systems either 
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back to the ground state or,  bond cleavage of C-OCH3, producing methoxy group as 

photoproduct.  

According to theoretical differences between photochemistry of protonated and neutral anisole, it 

can be interesting if one investigates the relaxation dynamics of protonated anisole or p-

fluoroanisole via the convenient experimental devices!.  
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Graphical Abstract: 

 

 

 

 

 

 

 

 

 

 

 

The CC2 PE profiles of neutral and protonated anisole in the electronic ground and S1 (
1
ππ*) 

excited state. Excitation of anisole and protonated anisole to the S1 (
1
ππ*) with sufficient excess 

energy (≈5.0 eV), leads the excited systems respectively to the bond cleavage of O-CH3 and C-

OCH3. 
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