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Abstract. Photochromic compounds are promising materials for optoelectronic 
and photonic applications because of their ability to undergo change in color 
under UV/Vis illumination due to reversible chemical transition from open to 
closed ring isomers (photocyclization). The by-produc formation may lead to 
irreversible photodegradation of the material, called fatigue. We use Density 
Functional Theory methods to predict the rate for the by-product formation for 
1,2-bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene (PFC-2) in order to 
estimate its fatigue resistance. We propose a mechanism of the photofatigue for 
PFC-2 and explain higher fatigue resistance for its derivative. The method can 
become a part of rational design strategy for the new photochromic materials. 
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1   Introduction 

Photochromism is the ability to change color under the influence of light. It involves 
reversible phtoisomerization with rearrangement of chemical bonds between the open 
and closed ring isomers, exemplified by dithienylethenes (Fig.1): 

 
Fig. 1. Photochromic reversible transformation of dithienylethenes (X=O,NH,S). 

Some photochromic compounds are perspective materials for optical disks and 
nonvolatile optical memory application. The requirements to these compounds 
include: 1. Thermal stability of both isomers; 2. Fatigue resistance; 3. Efficient 
photochromic reactivity: high sensitivity, rapid response; 4. High solubility in 
polymer matrices; 5. Non-destructive readout capability; 6. Sensitivity at diode laser 
wave lengths [1]. The present contribution is focused on the second requirement. 



2      Pansy D. Patel,1, 2 Ivan A. Mikhailov,1,4 and Artëm E. Masunov* 1, 2, 3 

Concurrently with the photochromic rearrangement, irreversible photochemical 
reactions may also occur. This limits the number of cycles of photochromic reactions 
and is often referred to as photochemical fatigue. A successful candidate for 
photoswitching applications should be able to undergo the reversible reaction more 
than 104 cycles. Another example of implementation is optical data storage. While 
devices of the write–one–read–many type do not need a large number of lifecycles, 
fatigue resistance is crucial for a desirable write–many–read–many storage device. 

Cycloreversion process occurs through conrotatory electrocyclic mechanism 
involving symmetry forbidden diradical intermediate. This is a unimolecular 
stereoselective process and can be easily understood by the Woodward-Hoffmann 
rules and the Frontier Molecular Orbital (FMO) theory [2]. To explain the reaction 
mechanism of pericyclic reactions, Woodward and Hoffmann showed that by 
examining the interaction of the Frontier molecular orbitals (i.e. the highest occupied, 
HOMO and lowest unoccupied, LUMO) both the regio- and stereospecificity could be 
accounted for. They suggested that in a photochemical reaction, an electron in the 
HOMO of the reactant is promoted to an excited state leading to a reversal of terminal 
symmetry relationships and reversal of stereospecificity. Reactions that take the 
opposite course are symmetry forbidden and require a lot more energy to take place if 
they take place at all.  

Many computational studies have been done on the simplest model system for 
photoinitiated interconversion, cyclohexadiene(CHD)/1,3,5-hexatriene(cZc-HT). A 
complete mechanistic picture of the photochemical ring opening occurring on the 2A1 
surface after CHD photoexcitation has been done by Celani et. al. using expensive ab 
initio CAS-SCF and CAS-SCF/MP2 method [3]. Their results on the 2A1 potential 
energy surface suggested that the cZc-HT must be the only primary photoproduct of 
the direct irradiation of CHD form the conical intersection, which also agreed with the 
experimental data. They also described the 1B2 pathways for the same process and 
proposed that although the photochemical ring opening of CHD occurs (in 
femtoseconds) in the spectroscopic state, the associated photochemical ring closure 
reaction of cZc-HT is initiated upon decay of 2A1 cZc-HT to the ground state 
picoseconds after the initial excitation [4]. Sakai et al. calculated the potential energy 
surfaces for the electrocyclic reactions of 1,3,5-hexatriene at different ab initio 
molecular orbital methods [5]. The transition states of two electrocyclic reaction 
pathways: conrotatory (47.62 kcal/mol) and disrotatory (37.24 kcal/mol) for hexa-
1,3,5-triene were reported at MP2//CAS/6-311+G** level. Since the latter mechanism 
allowed by orbital symmetry has a lower energy barrier, the reactant and product with 
Cs symmetry are unstable; while the conrotatory mechanism with a higher energy 
barrier leads to stable reactant and product with C2 symmetry, so it is the preferable 
pathway for ring closure.  

Theoretical investigation of the CHD/cZc-HT photochemical interconversion have 
also been performed at MS-CASPT2[6] and MRSCI[7] methods as well to explain the 
reaction path and to suggest the potential energy surface and transition probabilities 
respectively. Garavelli et al. employed the algorithm of steepest decent path to 
compute initial relaxation directions (IRD) from the tip of the conical intersection to 
predict the mechanism of the product formation for the CHD/cZc-HT photochemical 
interconversion [8]. A systematic search for the IRD in the region of the 1A1/2A1 
conical intersection yields three relaxation paths. The first two paths, which start in 
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the strict vicinity of the intersection, are nearly equivalent energetically and lead to 
production of CHD and cZc-HT, respectively. The third path, which begins at a much 
larger distance, lies higher in energy and ends at a methylenecyclopentene diradical 
(MCPD) minimum. 

Similar theoretical calculations have been performed to study the photochromic 
cycloreversion reaction in dithienylethenes (Figure 2c; X=S) using CASSCF and MS-
CASPT2 method at variable basis sets and different active space definitions [9]. 
Later, Majumdar et al. performed DFT and TD-DFT calculations on selective 
dithienylethenes and their derivatives to study their structures, photophysics, and 
different molecular properties at the ground and vertically excited states [10]. They 
reported that dithienylethenes derivatives of maleic anhydrides and 
pefluorocyclopentenes are more effective photoswitches. Based on their calculations 
using DFT and restricted FOCI methods, they suggested the use of such molecules as 
nonlinear optical materials.  
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Fig. 2.  Isomeric forms of 1,2-bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene (PFC-2), 
1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene (PFC-2a) and 1,2-bis(2,5-
dimethyl-3-thienyl)perfluorocyclopentene(PFC-1d) 

Over the years Irie and his co-workers have done extensive designing of the dual-
mode optical molecular switching devices both experimentally [1, 10-28] and 
theoretically [9, 29-34]. Lehn et al. have also synthesized some potential molecular 
optical switches [35-40]. Irie et al. also investigated the mechanism of fatigue 
resistance [12]. He observed the decline in the absorbance of 1,2-bis(2-methyl-5-
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phenyl-3-thienyl)perfluorocyclopentene (PFC-2) after only a few cycles while the 
absorbance of its methylated derivative PFC-2a remained constant even after 800 
cycles (Fig.2). The formation of a colored by-product was suggested as the possible 
reason for the decrease in absorbance.  

They suggested that the methyl substituents at the 4- and 4΄-positions are 
considered to prevent rearrangement of the thiophene rings to the six-membered 
condensed ring. The authors later also isolated similar two six-membered heterocyclic 
ring containing byproduct in another compound 1,2-Bis(2,5-dimethyl-3-
thienyl)perfluorocyclopentene [41], and suggested two different probable schemes for 
the mechanistic formation based on the diradical recoupling process formulated by 
Celani et al. [3]. In both the cases it was clear that the byproduct formations takes 
place from the closed isomer since they observed decrease in the yield of the open 
form.  

In the present paper we carried out DFT calculations to predict the mechanism 
for by-product formation in 2-bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene 
(PFC-2). Our hypothesis for the formation of the by-product is based on a third route 
mechanism of the formation of a MCPD diradical from the conical intersection 
proposed by Celani et al. [3].  

2   Computational Details 

Density Functional theory (DFT) [42, 43] calculations have been performed using the 
GAUSSIAN03 package [44]. The transition state search was performed by employing 
the Synchronous Transit-Guided Quasi-Newton (STQN) method [45, 46] incorporated 
in the GAUSSIAN03 package. It uses a linear synchronous transit or quadratic 
synchronous transit approach to get closer to the quadratic region around the 
transition state and then uses a quasi-Newton or eigenvector-following algorithm to 
complete the optimization. It performs optimizations by default using redundant 
internal coordinates. This method will converge efficiently to the actual transition 
structure using an empirical estimate of the Hessian and suitable starting structures. 
To characterize each stationary point as a minimum or a transition state and to 
estimate the zero point vibrational energies (ZPE) and vibrational frequencies for all 
optimized species were computed at all levels.  

3   Results and Discussion 

Celani et al. [3] investigated the prototypical electrocyclic photoreaction from  
cyclohexadiene (CHD) to all-cis hexatriene (cZc-HXT). They found that after the 
excitation to the Franck-Condon region on the excited state surface, the system 
decends to the pericyclic minimum, and funnels to the ground state potential surface 
through the conical intersection (CIX) region, where the ground and excited state 
surfaces are nearly degenerate. Form the CIX region they suggested three possible 
routes for electron recoupling process: Route1 to the closed CHD, Route2 to the open 
cZc-HXT and Route3 to the ground-state methylcyclopentene diradical (MCPD) 
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intermediate. They stated that the MCPD intermediate is unstable which may undergo 
ground state reactivity to form methylenecyclopentene via 1,2-H shift or 
bicyclohexane (BCH) via radical pairing. Later Irie et al proposed two different 
schemes to describe the formation of byproduct in 1,2-Bis(2,5-dimethyl-3-
thienyl)perfluorocyclopentene, based on the recoupling process suggested above. 
Following the same lead, we hypothesized a possible scheme to investigate the fatigue 
resistant of PFC-2 and PFC-2a (Fig.2). From our calculations we can define two 
different routes to form the by-product: thermal and photochemical. The thermal by-
product pathway involves the bicyclohexane (BCH) ring formation as a stable 
intermediate; while the photochemical by-product formation pathway may involve the 
MCPD intermediate. An energy profile diagram depicting the transition state scheme 
for the by-product formation (Scheme 1) was construsted from the above hypothesis.  

 
Scheme 1. Energy profile for thermal cycloreversion and the by-product formation 
 
In the Scheme 1, the TS1 corresponds to the transition state between the open and 
closed forms. TS2 and TS3 are the transition states between the thermal pathway from 
the closed form to BCH and from BCH to the byproduct respectively.  
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Fig. 3. Simpler prototype for STQN search calculations 

The two transition state structures TS2 and TS3 from open and closed forms were 
evaluated employing the STQN method by using the QST2 method on a simple 
prototype of the perflourocyclopentene (Fig.3). These transition states correspond to 
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simultaneous bond formation and breaking for the formation of the by-product from 
either of the isomers. The transition state TS2 corresponds to the concurrent C1-C5 
bond formation and C1-S8 bond breaking leading to the BCH intermediate at a barrier 
of 51.2 kcal/mol at M052x/6-31G* level. The formation of C6-S8 bond and breaking 
of C5-C6 bond corresponds to the TS3 transition state between the BCH intermediate 
and the by-product at a barrier of 16.2kcal/mol at M052x/6-31G* level. Table 1 gives 
the values of the energy barriers for thermal cycloreversion and the by-product 
formation processes evaluated at B3LYP and M052x level of energies for PFC-2, 
PFC2-a and PFC-1d. 

Table 1. Energy barriers for thermal cycloreversion and thermal by-product formation 
processes evaluated at UB3LYP and UM052x level of energies for PFC-2, PFC-2a and PFC-1d 
in kcal/mol. 

 PFC-2 PFC-2a PFC-1d 
Barrier TS1 TS2 TS3 TS1 TS2 TS3 TS1 TS2 TS3 
Experiment 33.2         
UM052x/6-31G* 38.2 53.4 17.3 39.6 52.5 22.1 42.3 55.8 16.7 
UM052x/6-
31G*(ZPE corr) 35.3 51.2 16.2 36.9 49.9 21.2 39.3 53.3 16.0 
UB3LYP/MidiX 35.4 57.6  39.3 57.5 15.0 39.5 59.4 6.3 
UB3LYP/MidiX(ZP
E corr) 32.8 55.1  36.5 54.8 14.2 36.3 56.7 5.5 
UB3LYP/6-31G* 33.3 45.9  36.0 46.7 20.0 37.1 47.7 11.3 
UB3LYP/6-
31G*(ZPE corr) 30.6 43.9  33.3 44.1 19.1 34.1 45.1 10.4 

 
Scheme 2 depicts the thermal as well photochemical formation of the byproduct. 

According to the experimental procedures of Irie et al.,[12, 41] the formation of the 
byproduct is a photochemical process. This involves the presence of the conical 
intersection (CIX). 

4   Conclusions 

The mechanism and kinetics of the by-product formation for 1,2-bis(2-methyl-5-
phenyl-3-thienyl)perfluorocyclopentene (PFC-2) is investigated using Density 
Functional Theory methods to predict the fatigue resistance of this molecule. We 
propose a mechanism leading from the conical intersection to the biradical 
intermediate, and then through the sinchronious transition state to the by-product. The 
activation energies corresponding to this transition state explains higher fatigue 
resistance for the methylated derivative PFC-2a. This protocol may become a part of 
the rational design strategy for the new photochromic materials used in 
phhtoswitching and optical data storage applications. 
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Scheme 2. Proposed mechanistic routes for thermal and photochemical byproduct formation in 
dithioethylene derivatives 
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