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ABSTRACT 

This Thesis describes the systematic theoretical study aimed at prediction of the 

essential properties for the functional organic molecules that belong to diarylethene (DA) 

family of compounds. Diarylethenes present the distinct ability to change color under the 

influence of light, known as photochromism. This change is due to ultrafast chemical 

transition from open to closed ring isomers (photocyclization). It can be used for optical 

data storage, photoswitching, and other photonic applications. In this work we apply 

Density Functional Theory methods to predict 6 of the related properties: (i) molecular 

geometry; (ii) resonant wavelength; (iii) thermal stability; (iv) fatigue resistance; (v) 

quantum yield and (vi) nanoscale organization of the material.  

In order to study sensitivity at diode laser wavelengths, we optimized geometry 

and calculated vertical absorption spectra for a benchmark set of 28 diarylethenes. Bond 

length alternation (BLA) parameters and maximum absorption wavelengths (λmax) are 

compared to the data presently available from X-ray diffraction and spectroscopy 

experiments. We conclude that TD-M05/6-31G*/PCM//M05-2X/6-31G*/PCM level of 

theory gives the best agreement for both the parameters. For our predictions the root 

mean square deviation (RMSD) are below 0.014 Å for the BLAs and 25 nm for λmax. The 

polarization functions in the basis set and solvent effects are both important for this 

agreement.  

Next we consider thermal stability. Our results suggest that UB3LYP and UM05-

2X functionals predict the activation barrier for the cycloreversion reaction within 3-4 
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kcal/mol from experimental value for a set of 7 photochromic compounds. We also study 

thermal fatigue, defined as the rate of undesirable photochemical side reactions. In order 

to predict the kinetics of photochemical fatigue, we investigate the mechanism of by-

product formation. It has been established experimentally that the by-product is formed 

from the closed isomer; however the mechanism was not known. We found that 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 

methylcyclopentene diradical (MCPD) intermediate. At UM05-2X/6-31G* level, the 

calculated barrier between the closed form and the BCH intermediate is 51.2 kcal/mol 

and the barrier between the BCH intermediate and the by-product 16.2 kcal/mol.  

Next we investigate two theoretical approaches to the prediction of quantum yield 

(QY) for a set of 14 diarylethene derivatives at the validated M05-2X/6-31G* theory 

level. These include population of ground-state conformers and location of the 

pericycylic minimum on the potential energy surface 2-A state.  

Finally, we investigate the possibility of nanoscale organization of the 

photochromic material based on DNA template, as an alternative to the amorphous 

polymer matrix. Here we demonstrate that Molecular Dynamic methods are capable to 

describe the intercalation of π-conjugated systems between DNA base pairs and 

accurately reproduced the available photophysical properties of these nanocomposites. 

In summary, our results are in good agreement with the experimental data for the 

benchmark set of molecules we conclude that Density Functional Theory methods could 
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be successfully used as an important component of material design strategy in prediction 

of accurate molecular geometry, absorption spectra, thermal stability of isomers, fatigue 

resistance, quantum yield of photocyclization and photophysical properties of 

nanocomposites.  
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CHAPTER 1  INTRODUCTION 

 

1.1 Introduction to Photochromism 

 

Photochromism is a non-destructive process involving light initiated 

rearrangement of chemical bonds accompanied by the change in color and other 

properties. It often results in reversible transformation of a chemical species from open to 

closed ring isomers. The simplest example of photochromism is 1,2-cyclohexadiene 

(CHD) (closed isomer) and 1,3,5-hexatriene (cZc-HT) (open isomer) (Figure 1.1). 

hν1

hν2Δ or  

Figure 1.1: Photochromic reversible transformation of hexatriene (left) and cyclohexadiene (right). 

The two isomers differ from one another not only in the absorption spectra but 

also in various physical and chemical properties such as molecular structure, refractive 

index, dielectric constant and oxidation-reduction potential.1 The photoswitching in these 

compounds occurs through conrotatory electrocyclic mechanism Electrocyclic reactions 

are unimolecular processes which involve the exchange of π-bonds for ring-closing 

sigma-bonds. Woodward-Hoffmann rules2 have been used to predict the final product 

formation of such reactions and the process is understood by the frontier molecular 

orbital theory (FMO). Accordingly, Upon heating, 1,3,5-hexatriene will undergo an 
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electrocyclic ring closure to give 1,3-cyclohexadiene (Figure 1.1). The correlation 

diagram for the mechanism of thermal and photochemical ring closure explains that in a 

thermally excited system, if the terminus of the Highest Occupied Molecular Orbital 

(HOMO) is superimposed upon the triene system, the end groups must rotate in a 

disrotatory manner to form the bond (Figure 1.2a). On the contrary, in the photoexcited 

system, the end groups conrotate to form the sigma bond (Figure 1.2b).  
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hν

H

H

H

H

Disrotatory

 HOMO

Δ

(a) Thermal excitation

H

H

H

H

hν Conrotatory

HOMO  SOMO

(b) Photochemical excitation  

Figure 1.2: Orbital correlation diagrams according to Frontier Molecular Orbital theory depicting a: 
Thermal excitation and b: photochemical excitation in 1, 3, 5-hexatriene  

 

Photochromic compounds or photochromic materials (PM) can be broadly 

classified into thermally reversible compounds (T-type or thermally unstable) and 
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thermally irreversible (P-type or thermally stable) compounds. Typical examples of T-

type compounds are Azobenzene and Spiropyran; and Diarylethenes (DAs) and Fulgides 

belong to thermally irreversible P-type photochromic compounds (Figure 1.3). The 

instant property changes upon photoirradiation can be used in various optoelectronic 

devices such as optical memory, optical switching, displays and nonlinear optics. Irie and 

co-workers and the research group of Lehn3-11 were among the first authors to investigate 

DAs as a potential candidate for photochromic applications (Figure 1.3 (c)). 

Diarylethenes are an important class of thermally irreversible PMs, which have been 

extensively investigated to estimate some of the above mentioned properties and their 

potential application as optical switches.8, 9, 11-13 In the following project, we review the 

theoretical efforts directed at prediction of these properties 
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N N
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hν
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hν

hν'
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hν

hν'
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Figure 1.3: a,b: Thermally unstable (T-type) and c,d: thermally irreversible (P-type) photochromics.  

 

The thermal stability of P-type compounds makes them promising materials in 

design of various optoelectronic devices such as optical memory, optical switching, 

displays and nonlinear optics. In order to be practically useful, the PM has to satisfy 
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certain requirements, including: a) Sensitivity at diode laser wavelengths; b) Thermal 

stability of both isomers; c) Fatigue resistance; d) Efficient photochromic reactivity: high 

sensitivity, rapid response; e) Non-destructive readout capability and f) High solubility in 

polymer matrices.9 
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1.2 Computational Studies of Photochromism in Diarylethenes 

1.2.1 Thermal Stability 

 

Thermal irreversibility stability of both closed and open isomers is an 

indispensible property for applications of DAs for optoelectronic devices. According to 

Irie et al.,9, 14 the molecular design principle of thermally irreversible DAs is the 

heterocyclic aryl group. In particular to DAs, experiments have suggested that the 

thermal stability depends on the aryl group substitutions and it is their aromatic 

stabilization energies which allow conrotatory cycloreversion and hence make the closed 

ring isomer thermally unstable. It was found that in case of low aromatic stabilization 

aryl groups like furan, thiophene, selenophene or thiazole rings, the closed-ring isomers 

are thermally stable and do not return to the open-ring form isomers even at 80°C. While 

in case of pyrrole, indole, or phenyl rings, having high aromatic stabilization energies, the 

closed isomers are thermally unstable.9, 14  

Over the past three decades, Irie and co workers have extensively worked on 

designing dual-mode optical molecular switches both experimentally4-5, 12-26 and 

theoretically.27-33 Lehn et al. 6-8, 34-36 have also synthesized PMs as potential molecular 

optical switches and investigated the thermal stability as a measure of their half-life time 

at elevated temperatures. The photoswitching in DAs occurs through conrotatory 

electrocyclic mechanism. This is a unimolecular stereoselective process and can be easily 

understood by the Woodward-Hoffmann rules.37 According to these rules, conrotatory 
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and disrotatory cyclization proceeds along the pathways conserving different symmetry 

elements during which Molecular Orbitals (MOs) undergo continuous evolution. When 

occupied orbitals of the reactant evolve into the occupied orbitals of the product, the 

potential energy barrier is fairly low, and reaction is thermally allowed. When the 

occupied orbitals of the reactant evolve into the vacant orbitals of the product and vice 

versa, the reaction is photochemically allowed, and thermally forbidden (have a large 

activation barrier in the ground state). Cycloreversion reaction in diarylethenes is an 

example of such thermally forbidden reaction.  

The conclusions from Woodward-Hoffmann rules have been confirmed by ab 

initio quantum chemical calculations. In particular, a number of studies were published 

on the photochemical conversion in the model system of cyclohexadiene (CHD) and 

1,3,5-hexatriene (cZc-HT). A complete mechanistic picture of the photochemical ring 

opening and ring closure occurring on the 2A1 and 1B2 surface after CHD photoexcitation 

has been drawn by Celani et al. 38, 39 using correlated wave function theory methods 

(complete active space self-consistent-field (CAS-SCF) and CAS-SCF/MP2). Theoretical 

investigation of the CHD/cZc-HT photochemical interconversion have also been 

performed at CASPT240 and multirefrence-  single-excitation configuration interaction 

(MR-SCI)41 theory levels to investigate the potential energy surface, find the reaction 

path, and transition probabilities. Garavelli et al. 42 employed the algorithm of steepest 

decent 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. Sakai et al. 43 calculated the potential energy surfaces for 
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the electrocyclic reactions of cZc-HT with different ab initio molecular orbital methods. 

The activation energies of two electrocyclic reaction pathways (conrotatory, 47.62 

kcal/mol and disrotatory, 37.24 kcal/mol) for cZc-HT were reported at CASPT2/6-

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. 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. Unfortunately, the correlated 

wavefunction theory methods are very demanding computationally, and cannot be 

performed on the larger molecules of practical interest. For those molecules, 

semiempirical and Time-Dependent Density Functional Theory (TD-DFT) studies had 

been reported. 

Nakamura and Irie20 carried out semiempirical calculations on the three types of 

molecular systems (furyl, pyrrolyl, and thienyl), and have concluded that the energy 

difference between the ring closed and open forms controls the ease of their conversion 

as well as thermal stability. They observed that in the case of the thienyl derivative, the 

ground-state energy difference between the open and closed forms is the lowest, 

compared to furyl and pyrrolyl derivatives and concluded that the energy barrier in the 

case of the thienyl derivative would be the largest, which makes cycloreversion reaction 

less likely.  

Semiempirical Hamiltonian Intermediate Neglect of Differential 

Overlap/Screened (INDO/S) in combination with Coupled Electronic Oscillator (CEO) 
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formalism was used by Tretiak, Mukamel, and others to study the excited state dynamics 

for electrocyclic reactions in DA derivatives.44,45 They were able to explain the slow 

conversion of the precursor for the ring-opening process that corresponds to the 

pericyclic minimum on the excited state potential surface into the ground state products 

by the presence of the potential barrier, separating this minimum from the conical 

intersection to the ground state.46  

Another semiempirical study was reported by Cho et al.47 They investigated the 

thermal stability of 2,3-bis(2,4,5-trimethyl-3-thienyl)maleic anhydride P-type 

photochromic compound. Both closed form and three open forms were optimized: one 

parallel and two antiparallel ones. Restricted AM1 calculations were performed to 

calculate the ground state thermal stability and concluded the energy barrier heights for 

cyclization and ring-opening are 226kJ/mol and 160kJ/mol respectively. For the S1 state, 

configuration interaction with single substitutions (CIS) was used. Energy barriers at the 

S1 state were found to be much lower (33 kJ/mol for cyclization and 13 kJ/mol for the 

ring-opening). Due to the low accuracy of semiempirical method, no λmax prediction was 

attempted. 

One has to note, however, that TD-DFT has been found to encounter difficulties 

in the description of potential surfaces in the vicinity of conical intersections.48 The 

source of these problems was traced to the poor description of the reference ground state 

near the pericyclic minimum within the restricted Kohn-Sham (RKS) formalism.49 The 

Kohn-Sham formalism of DFT was developed for non-degenerate cases; it breaks down 
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for systems with strong diradical character and degeneracy of the electronic levels, which 

happens to be the case for conical intersections. However, static (also called left-right) 

electron correlation can be taken into account by introducing different orbitals for 

different spin. This approach, often referred to as broken symmetry, or unrestricted 

Kohn-Sham formalism (UKS) is known to yield a qualitatively correct description of the 

bond breaking.50 During the course of this research project, we could isolate a set of 7 

photochromic DA derivatives, where experimental data on the thermal cycloreversion 

were available. We have employed UKS approach to investigate the activation barriers 

for cycloreversion of this set of compounds and predict the Thermal Stability of PM in 

chapter 3 (section 3.2). 
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1.2.2 Fatigue Resistance 

 

Along with thermal stability, fatigue resistance is yet another important property 

of the thermally irreversible photochromic compounds for their potential applications as 

optoelectronic devices. Irie et al. 12 investigated the mechanism of fatigue resistance and 

observed the decline in the absorbance of 1,2-bis(2-methyl-5-phenyl-3-

thienyl)perfluorocyclopentene after only a few cycles while the absorbance of its 

methylated derivative remained constant even after 800 cycles (104 cycles for a good 

candidate). The formation of a colored byproduct 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)perfluorocyclopentene51 and suggested two different probable schemes for the 

mechanistic formation based on the diradical recoupling process formulated by Celani et 

al.38 In both the cases it was clear that the byproduct formation takes place from the 

closed isomer since they observed decrease in the yield of the open form. We investigate 

the reaction mechanism for byproduct formation in chapter 3 (section 3.3).52 
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1.2.3 Molecular Geometry 

 

The distinctly different positions of the maxima on the absorption spectra of the 

open and closed forms of the PMs determine the differences in their color and had been 

attributed to the length of the conjugated chain in these systems. In the case of 

photochromic diarylethenes (Figure 1.4), the open form has twisted π-system and is 

colorless while the closed form with nearly planar π-system is conjugated and colored.  

X X X X

X=Heteroatom

hν

hν'

Open Form Closed Form

BLA BLA

 

Figure 1.4: Isomeric forms of thermally irreversible (P-type) Diarylethenes depicting the Bond Length 
Alternation (BLA).  

 

Since geometry is critically important for accurate prediction of electronic 

spectra, this section is focused on the geometrical aspect of PMs. An important 

geometrical parameter of any conjugated system is the bond length alternation (BLA), 

defined as the difference between the lengths of the single and double bonds. For linear 

chain oligomers it has been shown that the band gap, nonlinear optical (NLO) properties, 

excitation energies, etc. strongly depend on BLA.53-58 Thus, the accurate description of 

the ground state geometry is essential to predict the optical properties of photochromic 

diarylethenes. The theoretical predictions of BLA for several series of conjugated 
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oligomers were conducted by Jacquemin and co-workers 59-66 in the past decade. They 

performed ab initio calculations on mainly acyclic conjugated systems and concluded 

that (1) Second-order Møller Plesset Second order (MP2) values are in good agreement 

with higher-order electron-correlated wavefunction approaches that include triple 

excitations; (2) basis set effects are relatively limited, and polarized double-ζ basis is 

sufficient, at least for DFT calculations; (3) all conventional Generalized Gradient 

Approximation (GGA) and meta-GGA provide similar BLA, that are much too small and 

too rapidly decreasing with the chain lengthens; (4) hybrid functionals correct this trends 

but to a small extent so that quantitative agreement with MP2 values is still far away; (5) 

the conformation differences do not alter these three latter conclusions; (6) self-

interaction corrections included via the averaged-density self-interaction correction 

(ADSIC) scheme improves BLA evolution obtained by the conventional DFT 

approaches. For medium-size oligomers ADSIC predicts BLA in better agreement with 

MP2, than B3LYP or PBE0. However, diarylethene derivatives had not been investigated 

in that respect. We report our benchmarking study of BLA parameter in the series of PM 

in chapter 3 (section 3.1).67  
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1.2.4 Sensitivity at Diode Laser Wavelengths 

 

The distinctive absorption spectrum of the two isomeric forms of the 

photochromic compounds is an essential property of investigation. Experimental 

absorption spectra (λmax) of such compounds are determined in different solvents for 

different derivatives. Recently, Nakamura et al.3 reviewed the theoretical studies on 

photochromic systems aimed at understanding of experimental spectroscopic data (NMR, 

Raman, IR and ESR). They did not consider the UV-Vis spectra, however. The visible 

spectra of the closed-ring structures were predicted by Uchida et al.23 using semi-

empirical methods, which lack the accuracy.  

In their pioneering TD-DFT study Majumdar et al. 68 investigated dithienylethene 

derivatives as potential NLO photoswitches. They reported the open and closed 

structures, stability, electronic absorption spectra, and hyperpolarizabilities. Other DFT 

studies soon followed. Jacquemin, Perpete, et al. 60,63,64,61,69  investigated several sets of 

DA derivatives and found that TD-DFT treatment gives much more accurate results than 

semiempirical approach. The absorption spectra were predicted, while implicitly taking 

bulk solvent effects into account with polarizable continuum model (PCM). Their work 

however was restricted only to the closed-ring isomers. Similar studies were extended to 

both closed and open-ring isomers.70,66,71  
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Chen et al.70 used TD-B3LYP/6-31G* theory level to predict the absorption 

spectra of closed isomers of 6 different diarylmaleic anhydrides. Perrier et al.66 designed 

10 photochromic diarythienyls with different conjugated substitution at the 5 and 5´ 

position of the thiophene ring and investigated the substituent effect on the optical 

properties of both the closed-ring and open-ring isomers at B3LYP/6-31G theory level. 

For both closed and open forms the photoreactive state was the lowest excitation and to 

have the HOMO-LUMO nature in most cases. Its λmax were predicted and correlated to 

the HOMO-LUMO energy gap and to the BLA parameter. They concluded that 

conjugated substituents stabilize LUMO and decrease BLA. However, in most of the 

cases considered the lowest excitation has low oscillator strength and does not correspond 

to the brightest optical transition. No comparison with experimental data was reported.  

Laurent et al.71 investigated 6 oxazole-diarylethenes (both closed and open forms) 

using TD-PBE0/6–311+G(2d,p)/PCM//PBE0/6–311G(d,p)/PCM. The theoretical λmax for 

the brightest states were in a good agreement with experiment. The authors concluded 

that the larger the experimental λmax, the larger the theory/experiment discrepancy (in 

nm), and introduced the linear scaling correction to predict the accurate λmax. Direct 

correlation was reported also between experimental λmax and the HOMO-LUMO gap for 

the 29 dithienylazoles (closed forms only). Recently, the authors also investigated the 

effect of substituents on the optical spectra by changing the heteroatom in the aryl ring 

and also the substituents attached to the aryl ring.72 They correlated the sensitivity of the 

closed isomer to the heteroatom substitution in particular to maleic anhydride derivatives 

of DA. Theoretical investigations on thermally irreversible PMs have also been 
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conducted by other groups in order to predict other ground-state properties.47, 68, 73,69 For 

the current project, we benchmark different Density Functionals for accurate predictions 

of λmax for both the closed and open isomeric forms of a set of 28 DA derivatives in 

chapter 3 (section 3.1).67 
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1.2.5 Efficient Photochromic Reactivity and Quantum Yield 

 

 Diarylethenes (DAs) are currently under investigation to be used in optoelectronic 

devices such as  optical memories and optical switches.9 For such applications, large 

photocyclization quantum yields (QYs) is required. In case of the rewritable optical 

memory media, the destruction of memory due to irradiation is necessary, so the QY (if 

wavelength-dependent) should be zero at a certain wavelength during irradiation so that 

we can write on the device and we can erase the data by the light where the QY is non-

zero. There is a scarcity of experimental information on the excited states and the QY is 

dependent on the excitation of the PM. Therefore the control on the QYs is the most 

difficult subject. There are a number of experimental studies on the QY of DAs. 9, 11, 13, 14, 

24, 26, 74-78 From the time-resolved experimental studies over the years, it has been 

established that both cyclization and cycloreversion processes take place in the 

picoseconds time domain.46, 79-83 It has also been shown that these transformations do not 

involve the triplet states.  Miyasaka et al.84 observed enhancement of the quantum 

efficiency of the cycloreversion process due to the stepwise multiphoton process.  

The quantum yields of DAs have been extensively studied and it is well-known 

that it is dependent on the substituent attached to the aryl group. 9, 22, 77 The open form of 

the DAs has two conformations parallel (mirror symmetry) and antiparallel (C2 

symmetry) and it is the latter which can only proceed to photocyclization. The population 

ratio of the two conformers in general is 1:1; thus the cyclization quantum yield (QY) 
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cannot exceed 0.5. Almost all photoexcited antiparallel conformations undergo the 

cyclization reaction. Irie and co-workers suggested introduction of bulky substituents to 

the thiophene rings, which should increase the ratio of the antiparallel conformation and 

in turn is expected to increase the QY.85 Stellaci et al.86 found that the QY increases by 

incorporating the dithienylethenes into a polymer backbone which is due to the fact that 

only the antiparallel conformation can exist in the polymer backbone. The inclusion of 

DAs in confined space is also another approach to increase the antiparallel conformation 

ratio and hence the QY. 9 

A number of theoretical approaches have been employed to understand the 

cyclization/ring-opening mechanism in some of the DA derivatives. Cho et al.47 

performed semiempirical AM1 calculations on 2,3-bis(2,4,5-trimethyl-3-thienyl)maleic 

anhydride on the C2 symmetry constraint. The first excited state was calculated using, 

configuration interaction with single substitutions (CIS). They suggested that in the S1 

state, the photochromic isomers can easily interconvert over the relatively low energy 

barrier, which is not possible in the S0 state, suggesting that the absorption of a photon 

generated a conrotation of the thienyl rings.  

Asano et al.29 studied the photochromic cyclization reactions for 1,2-bis (2-

methyl-5-phenyl-3-thienyl) perfluorocyclopentene and 1,2-bis (2-methyl-1-

benzothiophen-3-yl) perfluorocyclopentene using DFT calculations. They used canonical 

Boltzmann statistics for studying the population distribution of the stable structures in 

solution and correlated it to the quantum yield. The difference of the QYs in crystals and 
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hexane solution for the these molecules was explained based on their ground state 

geometries, the relaxation from the Franck–Condon states, the shapes of the potential 

energy surfaces of the ground state, and the geometry change by the large amplitude 

motions. They compared the cyclization reactions in crystals versus in solution.  

To better understand the reaction mechanism of the proposed stepwise 

multiphoton process in the cycloreversion process, attempts have been made to project a 

detailed potential energy surface (PES) in the lowest excited states of some of the 

photochromic compounds using theoretical methods. Guillaumont and co-workers30 

performed ab initio complete active space self-consistent-field (CASSCF) calculations 

under the C2 symmetry constraint for some dithienylethene derivatives. They correlated 

the experimental QY with different properties like calculated energy difference, 

optimized C—C bond lengths and the natural orbital occupation number of the σ* orbital 

of the 2A excited state closed isomer. Based on their calculations, Nakamura et al.87 

suggested that the thermodynamic stability of the various energy minima on the ground 

state is primarily important for the cyclization reactions, while a detailed PES analysis of 

the excited state profile and the locations of the conical intersections are important for the 

cycloreversion reactions. We test different correlation schemes for QY prediction in 

chapter 3 (section 3.4) 
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1.2.6 DNA Templated Nanostructured Photochromic Materials 

 

The association of molecular switches and biomolecules can be advantageous for 

several reasons. Several studies demonstrating the use of DA based photochromic 

compounds to reversibly control biochemical reactivity have been done recently. Branda 

and co-workers 88 have used sulfonamide and copper based dithienylethene derivatives as 

inhibitors to regulate human carbonic anhydrase I (hCAI) activity. The use of visible light 

to activate the photoresponsive inhibitor not only allow them to control and reversibility 

enhance the activity of the enzyme, but it also allows better penetration into the tissue and 

reduce the amount of damage caused by higher energy UV light. The researchers also 

investigated the use of PMs in modulation of lewis acidity of Boron and regulation of 

Bergman cyclization.88-90 In yet another study it was shown that the photochromic 

dithienylethene regulates paralysis in Caenorhabditis elegans, a simple model nematode. 

This biological photoswitching suggested that dithienylethene can be processed by living 

organisms.91  

Here we will focus on photon-mode rewritable optical memory media in order to 

develop thermally irreversible PMs. Generally, the photochromic reactions are done in 

polypeptide matrix films. Recently, Saito et al.92 proposed intercalation of the 

photochromic compounds between the base pairs of DNA. Their studies involved 

experimental preparation of open isomer of the diarylethene derivative intercalated in 

stretched DNA followed by photoirradiation in both parallel as well as perpendicular 
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direction to the stretched film. The absorbance studies suggested that the DA derivative 

lies perpendicular to the stretched direction of the DNA film, with probability of one of 

the aromatic moieties intercalated between the base pairs. Large change in reversible 

optical rotation was observed and attributed to the interaction of the closed isomer with 

the chiral liquid-crystalline-like ordered structure of DNA.  This study holds a great 

promise to optimize material properties, (such as photocyclization QY) not by chemical 

modification of the chromophore but templating and other ways to control material 

nanostructures.  

In order to design DNA intercalated PMs, one needs to select a suitable 

computational method and validate it against experimental observations. While the data 

on photochromic chromophores intercalated in DNA are limited, a large body of 

experimental data is collected on aromatic drug molecules intercalated in DNA. The 

aromatic drug is cationic in nature while the DNA is polyanionic in aqueous isotonic 

solution, thus implying the involvement of weak electrostatic attractive forces. Due to 

planar structure of the drug, it may easily slide into the hydrophobic environment found 

between the base pairs.  

Many simulations have been done to investigate both structural features and 

energetics of DNA intercalation. Rodgers et al. performed molecular dynamics 

calculations to study multiple DNA binding modes of Anthracene-9-Carbonyl-N 

Spermine (a spermine derivative terminally substituted with an anthracene moiety) in the 

poly(dAdT)2 complex93. They incorporated preferred binding orientations and locations 
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(minor groove, major groove, backbone, etc.), base sequence selectivity, 

association/dissociation kinetics, equilibrium constants for complex formation, etc. They 

deduced that the ligand can intercalate from both the minor groove and the major groove. 

In contrast, intercalation with poly(dGdC)2 probably occurs only from the major groove. 

The studies also suggested a sequential nature to the binding of the ligand to calf thymus 

DNA, with GC-rich sites being occupied first. More recently Mukherjee et al., 94 

performed simulation studies of the intercalation pathway, free energy and structural 

changes owing to DNA intercalation by anticancer duanomycin drug. The results pointed 

to a mechanism where the drug first binds to the minor groove and then intercalates into 

the DNA in an activated process. In chapter 3 (section 3.5), we benchmark predictive 

capabilities of Molecular Dynamics Simulations in experimentally studied case of 

spermine bound anthracene DNA intercalators.  
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CHAPTER 2 METHODS OF CALCULATION 

2.1 Density Functional Theory  

 

For calculation of many-body electronic structure problems, the nuclei of the 

treated molecules are considered fixed (Born-Oppenheimer approximation) and so it is 

this static potential around which the electronics are moving.1, 2 The stationary 

Schrödinger equation for such a system is: 
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 (eq. 1) 

Here ( )Ni rr rr ,.......,Ψ is the wavefunction describing the stationary electronic state, Ĥ is the 

electronic molecular Hamiltonian, N is the number of electrons, T̂ is the N-electron 

kinetic energy, V̂ is the N-electron potential energy from the external field and  Û is the 

electron-electron interaction energy for  N-electron system. Out of these three operators, 

V̂ is system dependent while both T̂ and Û  depend only on electron distribution.  There 

are many sophisticated methods for solving the many-body Schrödinger equation based 

on the expansion of the wavefunction in Slater determinants.  

Many properties of the molecules in their electronic ground states are can be 

described in the mean field approximation, also known as Hartree-Fock (HF) theory. In 

this approximation each electron is assigned a wave function called an orbital, shaped in 

http://en.wikipedia.org/wiki/Slater_determinant�
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the mean field created by the density distribution of all other electrons. Total electron 

wavefunction is expressed as antisymmetrized product (called Slater determinant) of 

these orbitals. Electron repulsion is then composed of two terms: classical Coulomb 

energy and exchange energy EHFX, resulting from quantum nature of electrons. Single 

Slater determinants can be used for description of electronically excited states in similar 

manner. Electron correlation effects are missing from this picture. However, they are 

present in the ground and excited states to a different degree, making mean field 

approximation inaccurate for spectroscopic purposes. 

Traditionally, post-HF ab initio Wavefunction Theory (WFT) is used to describe 

electronic excited states more accurately than mean field approximation. Although WFT 

tools are capable to provide quantitative predictions of nearly experimental quality, they 

are often computationally prohibitive. For this reason WFT methods are often combined 

with semiempirical Hamiltonians (AM1, PM3, CS-INDO, ZINDO, etc.) to guide the 

experimental work.3,4,5 As a result of semiempirical parameterization, the accuracy 

varies from one class of the compounds to another, and at best only quantitative picture is 

obtained.  

 An alternative to WFT methods one can use Density Functional Theory (DFT) 

approach.6, 7 There, the key variable is the particle density and which is given by:  

( ) ( ) ( )∫ ∫ ∫ ΨΨ= NNN rrrrrrrdrdrdNrn rrrrrrr ,.......,,,.......,,*....... 212
3

3
3

2
3   (eq. 2) 

It is possible to calculate ground-state observables using this density, in particular 

ground-state energy E0, which is also a functional of 0n : 
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And the final energy can be minimized as:  

[ ] [ ] [ ] ( ) ( )∫++= rdrnrVnUnTnE 3rr     (eq. 4) 

The Kohn-Sham equations8 to solve for non-interacting particles, are given by  
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Which yields the orbitals iφ ; and the effective single-particle potential Vs can be written in 

more detail as: 
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 Here the second term denotes the so-called Hartree term describing the electron-

electron Coulomb repulsion, while the last term XCV is called the exchange-correlation 

potential, which replaces exact exchange in HF method and includes all the many-particle 

interactions. The KS equations (eq.5) are a solved self-consistently for orbitals until 

convergence is reached. 
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2.2 Time-Dependent Density Functional Theory 

 

Time-Dependent DFT (TD-DFT) is an approximation method to solve time-

dependent Schrödinger equation. It is analogous to DFT in replacing wave function with 

the density, except this time the electron density changes with time.9, 10 The 

corresponding KS equations in TD-DFT can be written as: 
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The typically used TD-DFT implementation11 is based on the linear response 

approximation within DFT, and is used to investigate the excited state properties of 

many-body systems. Instead of increasing complexity of the molecular wavefunction, the 

electron correlation in DFT is introduced in terms of exchange-correlation functional EXC, 

replacing exact exchange EHFX in HF theory without increase in computational expense. 

Some empirical parameter fitting is typically involved in the design of the exchange-

correlation functional in this formalism; it is largely system-independent. Although exact 

exchange is non-local and orbital-dependent, in DFT the functional EXC is expressed in 

terms of the total electron density and its gradients (respectively local and semi-local 

approximation). Unlike exact exchange, EXC includes repulsion of electron from its own 

density and does not vanish for one-electron system. This property is known as self-
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interaction error, and it has both negative and positive effects. As negative result, in DFT 

bonds are too weak, while electrons are over-delocalized and do not interact with 

Coulomb asymptotic ~1/r at large separations. On a positive site, self interaction is 

mimicking non-local part of electron correlation and should be retained to some degree 

when improvements to EXC are made.  

Practically useful step in balancing self-interaction error was made by Becke,12 

who suggested to include a fraction of HF exchange energy a in EXC functional: 

CDFXHFXXC EEaaEE +−+= )1(    (eq. 10) 

where a is empirical parameter, EDFX and EC are exchange and correlation functionals 

including local and semi-local terms.  

Theoretical description of the light absorption by conjugated photochromic 

compounds is an important component in photochemical and photophysical studies of 

these molecules, essential for both experimental design and interpretation. The original 

(B3LYP)12 as well as more recent hybrid functionals often achieve chemical accuracy in 

predictions of properties.13,14,15 Moderate computational costs brings hopes for TD-DFT 

to be a good candidate for universal black-box approach of spectroscopic accuracy. 

However, extensive testing revealed various drawbacks in the commonly used TD-DFT 

implementations, and necessitated further improvements (see recent review16 for more 

details).  
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2.3 Functionals and Basis sets 

 

For the current research project, all the calculations have been performed using 

GAUSSIAN 2003 package.17 We predict the maxima on the experimental absorption 

spectra (λmax) for both closed- and open-ring isomers, include the solvent effects, and 

compare them with the benchmark set of experimental data. In order to make the accurate 

predictions of the spectral properties we ensure that the molecular geometry is in 

agreement with the experimental X-ray crystal structures, available for some of DA 

derivatives. We validate different DFT methods to predict the ground state geometry for 

the open and closed isomers as well as for some by-products. The optimized structures 

were further used to predict the excitation spectrum of each molecule with TD-DFT 

formalism. Out of several excited states predicted by TD-DFT only the one with the 

maximal oscillator strength (which was not the lowest excited state) was used for 

comparison with the experimental spectra. The polarizable continuum model used in this 

study was non-equilibrium solvation self-consistent reaction field theory as implemented 

in GAUSSIAN 2003 (keyword SCRF=IEFPCM)18 with default empirical parameters, 

including atomic and solvent radii, fast ε∞ and slow ε0 dielectric constants. Solvents used 

for this work were selected according to the particular solvent used to record the 

benchmark experimental data: benzene (Bz), dichloromethane (DCM), acetonitrile 

(ACN) and heptane (Hep) in place of hexane.19 
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Photochromic effect involves the photochemical pericyclic reactions proceeding 

on the excited state potential surfaces, and thermal cycloreversion reactions following the 

ground state potential energy surface. Thus, both the relative energies and the transition 

states of the conformers need to be described equally well. Only a few exchange-

correlation functionals were designed to give accurate energies for both transition state 

and equilibrium geometries. They accomplished this by combining the increased fraction 

of Hartree-Fock exchange with dependence on kinetic energy density. Among them are 

Boese-Martin functional for kinetics (BMK)20 and Minnesota functional 2005 with 

double exact exchange (M05-2X), developed by Zhao and Truhlar.21 While organic 

reaction barriers were excluded from the training set used in parameterization of BMK, 

the M05-2X functional was designed with organic reactions in mind, and was shown to 

perform better than other functionals for a wide range of organic reactions and molecular 

properties.22, 23 For these reasons we used M05 and M05-2X functionals for the detailed 

study.  

Several different functionals have been tested namely B3LYP,24 BLYP,25 

BHandHLYP,26 PBE0,27 TPSS,28 BMK,20 M05,29 and M05-2x30 to predict the thermal 

stability, and fatigue resistance.31 Calculations were performed at semi-empirical AM1,32-

35 HF and DFT methods.36, 37 Hybrid exchange-correlation functionals including various 

fraction of Hartree-Fock exchange were used (20% for B3LYP,38-40 42% for BMK,20 and 

56% for M05-2X21) in combination with MIDI! and 6-31G* basis sets. In order to follow 

UKS solution, the broken symmetry guess was generated and followed using keyword 

Guess(Mix,NoExtra). The stability of the Kohn-Sham orbitals was tested before and after 
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geometry optimization using the keyword Stable=Opt. If cases where instability was 

found, the geometry optimization was repeated with the stable set of orbitals used as 

initial guess. The transition state search for the cycloreversion barrier was performed by 

using Opt=TS keyword while the transition state search for the fatigue resistance profile 

was performed by employing the Synchronous Transit-Guided Quasi-Newton (STQN) 

method41, 42 as implemented in the GAUSSIAN 2003 package. This method 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. This method will converge efficiently 

to the actual transition structure using an empirical estimate of the Hessian and suitable 

starting structures for the reactants and intermediates. 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. 

The potential energy profile of diarylethene set of compounds was predicted with 

non-standard TD-ΔSCF formalism. In ΔSCF approach, the lowest excited state is 

approximated with single Slater determinant with two singly occupied orbitals HOMO1 

and LUMO1. In order for ΔSCF to converge to the excited state, it must have different 

symmetry from the ground state. In TD-ΔSCF one applies TD-DFT formalism to this 

ΔSCF as the reference state and obtains both ground and double-excited states as single 

excitations (Scheme 1).
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Scheme 1: Comparison of the conventional TD-DFT (top) and TD-ΔSCF formalism (bottom) for locating the pericyclic minimum.
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All the calculations were performed at UM05-2X method and ΔSCF reference 

was obtained using ‘Guess=Alter’ keyword, which allowed us to singly occupy both 

HOMO and LUMO. We restricted the active space to two orbitals and thus obtained a 

lower energy 1A state and a higher energy 2A state, the latter was optimized to the 

pericyclic minimum.  
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2.4 Molecular Dynamics 

 

Molecular Dynamics (MD) is a computer simulation technique where the time 

evolution of a set of interacting atoms is followed by integrating their equations of 

motion. 43, 44 In MD simulations we follow the laws of classical mechanics, and most 

notably Newton's law for each atom i in a system constituted by N atoms:  

    iii amF =      (eq. 11) 

Here, mi is the atom mass, ai is its acceleration, and Fi the force acting upon it, 

due to the interactions with other atoms. MD is a statistical mechanics technique and 

during a typical MD simulation, the initial set of positions and velocities is given and 

succeeding time evolution is obtained. When visualizing such a simulation, one would 

see the atoms moving around and bumping into each other, oscillating etc. representing 

more or less the actual macroscopic experimental set up. This is done by calculating a 

6N-dimentional space comprised of 3N positions and 3N momenta. Basically, we obtain 

a set of configurations distributed according to some statistical distribution function, or 

statistical ensemble. The inclusion of collisions and friction forces between the solute and 

its environment, along with the potential forces is done by using Langevin or Brownian 

dynamics45. Equation 11 then becomes a stochastic differential equation with the forces 

on its right side expressed by equation 12:  

)(),....,( 21 tRVmrrrUrF iiiiNii +−−∇= γ       Ni ,.....,2,1=    (eq. 12)  
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where Vi and γi are the velocity and the friction coefficient of atom i, respectively; 

U is the potential energy of the system (-∇riU being the potential force acting on atom i); 

and Ri(t) is the vector of random forces arising from the collision of atom i with the 

molecules of the environment (solvent) that are not considered explicitly. Ri(t) has zero 

mean (equation 13), and the Ri is taken at different times are δ-correlated (equation 14): 

   ( ) 0=tRi      (eq. 13)  

  ( ) ( ) ( )ttTkmtRtR Biiii ′−=′• δγ2     (eq. 14) 

Here T is the absolute temperature of the system, kB is the Boltzmann constant, 

and δ(x) is the Dirac δ-function. According to statistical physics, physical quantities are 

represented by averages over configurations distributed according to a certain statistical 

ensemble. A trajectory obtained by MD simulation provides such a set of configurations. 

Therefore, a measurement of a physical quantity by simulation is simply obtained as an 

arithmetic average of the various instantaneous values assumed by that quantity during 

the MD run.  MD allows studying the dynamics of large macromolecules, including 

biological systems such as proteins, nucleic acids (DNA, RNA), membranes, etc.46 

The relative free energy of solvation of a bound state and an unbound state of 

solvated molecular systems or comparison of free energy of two different solvated 

conformations of the same molecule can be calculated using equation 15. 

   [A]aq + [B]aq → [AB]aq 
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  )( 0
,

0
,

0
,

0
, solvBsolvAsolvcomplexABsolvb GGGG Δ+Δ−Δ=Δ  (eq. 15) 

However, in case of MD simulations of such solvated systems, the solvent-solvent 

interactions provide major energy contributions, which would yield large fluctuations in 

total energy, and the calculation will be computationally expensive. The molecular 

mechanics combined with Poisson–Boltzmann and surface area calculations (MMPBSA) 

is an effective method to calculate free energy of binding by dividing up the calculation 

as follows.  

( )0
,

0
,

0
,

0
,

0
, receptorsolvligandsolvcomplexsolvvacuumbindsolvb GGGGG Δ+ΔΔ+Δ=Δ  (eq. 16) 

The free energy of solvation is calculated by first solving the linearized Poisson 

Boltzmann equation for each of the three states (ligand, receptor and the complex). This 

will provide the electrostatic contribution to the solvation free energy. The hydrophobic 

contributions are then added: 

  00
1,

0
80,

0
chydrophobiticelectrostaticelectrostasolv GGGG Δ+−=Δ == εε   (eq. 17) 

The ΔGbind,vacuum is obtained by calculating the average interaction energy between 

the receptor and the ligand and calculating the entropy change upon binding. 47 For the 

current work, we carried put MD simulations to model ligand-DNA intercalation process. 

For this project, 8 different polycationic anthracene pharmacophore conjugated with 

polyamine chains (ant-PA) and 1 neutral anthracene (ant) were constructed and optimized 

at B3LYP/6-31G* level of theory using GAUSSIAN 2003 package48. The 12-mer 

5΄(GCGCGCGCGCGC)23΄ Z-DNA was built using w3DNA, a web-based interface to 
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the 3DNA software package 49, 50. The ant-PA-DNA intercalated complexes were 

constructed using Sirius visualization program.51 The four terminal base pairs on each 

DNA end were chosen as CG base pairs (G-7-C-8 and G-17-C-18) in the minor grove 

between which the ligand (ant or ant-PA) was intercalated. 
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CHAPTER 3 RESULTS AND DISCUSSION 

3.1 Bond Length Alternation and Absorption Maxima  

 

3.1.1 Data Set 

 

A benchmark set of 28 diarylethene derivative photochromic compounds was 

used to predict equilibrium geometry. They can be broadly classified into three data sets 

based on the bridging functional group (Figure 3.1): a) Dicyano derivatives (DCN), b) 

Maleicanhydride derivatives (MA) and c) Perfluorocyclopentene derivative (PFC)  
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b) Maleicanhydride derivatives  
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c) Perfluorocyclopentene derivatives  
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Figure 3.1: Benchmark set of open and closed-ring isomers studied in this work: Dicyano (DCN), Maleicanhydride 
(MA), Maleimide (Mi) derivatives and Perfluorocyclopentene derivatives (PFC) 



54 
 

3.1.2 Results 

 

Table 3.1 reports the results obtained with different TD-DFT exchange-

correlation functionals (BMK, B3LYP, M05-2X and M05) and basis sets (MIDI! and 6-

31G*) for prediction of the absorption spectra at the experimental X-ray geometry of 1,2-

bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene (PFC-2). For fair comparison 

with experimental absorption spectrum, recorded in hexane we use PCM implicit 

solvation model. 

Table 3.1: Wavelength of the maxima on the absorption spectra (λmax, nm) and the deviation (Δλ, nm) for  
bis(2,5-dimethyl-3-thienyl)perfluorocyclopentene (PFC-2) calculated at  different theory levels with and 
without solvent (heptane) compared to the experimental data (in hexane). 

PFC-2 Closed  Open A Open B 
 λmax Δλ λmax Δλ λmax Δλ 
Experiment 575  280  280  
TD-BMK/6-31G*//EXP 540 35 267 13 263 17 
TD-BMK/6-31G*/PCM//EXP 555 20 271 9 266 14 
TD-B3LYP/MIDI!//EXP 575 0 274 6 278 2 
TD-B3LYP/MIDI!/PCM//EXP 590 -15 284 -4 280 0 
TD-B3LYP/6-31G*//EXP 586 -11 291 -11 286 -6 
TD-B3LYP/6-31G*/PCM//EXP 603 -28 294 -14 289 -9 
TD-M05-2X/6-31G*/PCM//EXP 549 16 265 15 260 20 
TD-M05/6-31G*/PCM//EXP 607 -32 289 -9 284 -4 

 
 

It is evident from the results above that in order to accurately predict the λmax, 

implicit solvent is essential. Although B3LYP/MIDI! performs slightly better for the 

closed-ring isomers, the M05/6-31G* was selected as it reproduced λmax for both open 

and closed isomers consistently. Table 3.2 contains the predictions obtained using other 

theoretical methods: AM1, HF and DFT with different exchange-correlated functionals 
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(B3LYP, BHandHLYP, PBE1PBE, BMK, M05, and M05-2x) and two basis sets (MIDI! 

and 6-31G*) for both BLA and spectral maxima of bis(2,5-dimethyl-3-

thienyl)perfluorocyclopentene (PFC-2). In addition to the detailed study of PFC-2, we 

also investigated a representative of a different class of diarylethenes, 1,2-bis(2,5-

dimethyl-3-thienyl)maleicanhydride (MA-hit). This is the only maleic anhydride 

derivative with available X-ray data (open isomer only).1 TD-BMK/6-

31G*/PCM//BMK/6-31G*/PCM predictions which were in agreement with experiment in 

case of PFC-2, were not so accurate in case of MA-hit. The only method with good 

agreement for BLA as well as absorption spectra prediction for PFC-2 and MA-hit was 

TD-M05/6-31G*/PCM//M05-2X/6-31G*/PCM. 
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Table 3.2: Bond length alternation (BLA, Å) and wavelength of the maxima on the absorption spectra 
(λmax, nm) for bis(2,5-dimethyl-3-thienyl)perfluorocyclopentene (PFC-2) and 1,2-bis(2,5-dimethyl-3-
thienyl)maleicanhydride (MA-hit) calculated at different theory level and compared to the experimental 
data (solvent for PFC-2 – heptane and for Ma-hit – benzene). See Figure 1.4 for definition of BLA1 and 
BLA2. 

PFC-2 Closed  Open  
 BLA1 BLA2 λmax Δλ BLA1 BLA2 λmax Δλ 
Experiment  0.085 0.055 575  -0.112 0.050 276  
TD-B3LYP/MIDI!//AM1 0.103 0.085 605 -30 -0.093 0.052 269 7 

TD-B3LYP/ MIDI!//HF/STO-3G 0.147 0.141 514 61 -0.173 0.116 274 2 
TD-B3LYP/MIDI!//B3LYP/ MIDI! 0.089 0.056 588 -13 -0.096 0.067 290 -14 

TD-B3LYP/MIDI!/PCM//B3LYP/MIDI! 0.089 0.056 605 -30 -0.096 0.067 296 -20 

TD-B3LYP/MIDI!/PCM//PBE0/MIDI! 0.089 0.056 605 -30 -0.092 0.061 296 -20 

TD-B3LYP/MIDI!/PCM//B1B95/MIDI! 0.092 0.059 599 -24 -0.095 0.060 298 -22 

TD-B3LYP/MIDI!//BMK/MIDI! 0.110 0.080 564 11 -0.117 0.082 289 -13 

TD-B3LYP/MIDI!/PCM//BHandHLYP/MIDI! 0.107 0.075 572 3 -0.106 0.073 289 -13 
TD-B3LYP/MIDI!//HF/MIDI! 0.134 0.102 525 50 -0.129 0.058 272 4 

TD-B3LYP/6-31G*//BMK/6-31+G* 0.098 0.072 573 2 -0.116 0.072 276 0 

TD-B3LYP/6-31G*//BMK/6-311G* 0.100 0.076 558 17 -0.121 0.074 272 4 

TD-B3LYP/6-31G*//B3LYP/6-31G* 0.082 0.057 602 -27 -0.111 0.065 283 -7 

TD-B3LYP/MIDI!/PCM//BMK/6-31G* 0.098 0.074 590 -15 -0.116 0.074 298 -22 

TD-B3LYP/6-31G*/PCM//BMK/6-31G* 0.100 0.074 590 -15 -0.117 0.073 299 -23 

TD-B3LYP/6-31G*/PCM//BMK/6-31G*/PCM 0.083 0.057 620 -45 -0.110 0.066 298 -22 

TD-BMK/6-31G*/PCM//BMK/6-31G*/PCM 0.083 0.057 566 9 -0.110 0.066 274 2 

TD-B3LYP/6-31G*/PCM//B3LYP/6-31G*/PCM 0.085 0.058 615 -40 -0.100 0.079 302 -26 

TD-B3LYP/6-31G*/PCM//M05-2X/6-31G*/PCM 0.100 0.076 581 -6 -0.114 0.068 292 -16 

TD-M05-2X/6-31G*/PCM//M05-2X/6-31G*/PCM 0.100 0.076 521 54 -0.114 0.068 262 14 

TD-M05/6-31G*/PCM//M05-2X/6-31G*/PCM 0.100 0.076 585 -10 -0.114 0.068 287 -11 

 
MA-hit Closed  Open  
 BLA1 BLA2 λmax Δλ BLA1 BLA2 λmax Δλ 

Experiment   510  -0.109 0.082 403  

TD-BMK/6-31G*/PCM//BMK/6-31G*/PCM 0.092 0.078 477 33 -0.101 0.087 383 20 

TD-B3LYP/6-31G*/PCM//BMK/6-31G* 0.092 0.080 519 -9 -0.113 0.087 446 -43 

TD-B3LYP/6-31G*/PCM//M05-2X/6-31G*/PCM 0.091 0.077 519 -9 -0.102 0.071 447 -44 

TD-M05/6-31G*/PCM//M05-2X/6-31G*/PCM 0.091 0.077 520 -10 -0.102 0.071 423 -20 

 

From the results presented in the Tables 3.1 and 3.2 it follows, that each of the 

methods that predicts the BLA accurately, does not appear accurate in the spectral 

predictions. This is most likely to be a consequence of the implied adiabatic 
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approximation to TD-DFT. In rigorous theory, frequency-dependent exchange-

correlation kernels are required.2-4 In practice, however, one may simplify this frequency 

dependence to a step-function and use one exchange-correlation functional to describe 

the ground state, while using another frequency-independent functional to describe all the 

low-lying excited states. After a number of functionals were considered, the ones with 

higher (42-56%) fraction of HF exchange (BMK and M05-2X) were found to better 

predict the ground state geometry. On the other hand, the functionals with the lower 

(~20%) fraction of HF exchange, predicted the excitation energies accurately, when 

combined with linear response adiabatic TD-DFT. Finally, we selected the combination 

of TD-M05/6-31G*/PCM//MO52x/6-31G*/PCM to be the best in prediction of BLA as 

well as λmax values for both open and closed conformers for different DA derivatives with 

consistent accuracy. 

Furthermore, BLA and the maxima on the absorption spectra were predicted on a 

set of DAs, whose X-ray structure had been elucidated, using implicit solvent model for 

both closed and open isomers (Table 3.3) at TD-M05/6-31G*/PCM//M05-2X/6-

31G*/PCM. The results from this study also concluded that TD-M05/6-31G* method 

predicts both BLA and λmax values for both open and closed conformers in best 

agreement with the experimental parameters for various diarylethene derivatives with 

consistent accuracy. 
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Table 3.3: Bond length alternation (BLA, Å) and wavelength of the maxima on the absorption spectra (λmax, nm) for 
a subset of diarylethenes calculated at TD-M05/6-31G*/PCM//M05-2X/6-31G*/PCM theory level and compared to 
experimental data.  

 Closed isomer Open isomer 
 BLA1 BLA2 λmax BLA1 BLA

2 
λmax 

PFC-1-d 
Experimenta 0.095 0.091 505 -0.112 0.089 303 
Theory 0.106 0.087 505 -0.113 0.080 316 
PFC-1-e 
Experimentb   529 -0.132 0.095  
Theory 0.113 0.093 526 -0.117 0.089 279 
PFC-2 
Experimentc 0.085 0.055 575 -0.112 0.050 276 
Theory 0.100 0.076 585 -0.114 0.068 287 
PFC-2-et 
Experimentd 0.089 0.059 600 -0.115 0.068 286 
Theory 0.101 0.075 611 -0.116 0.067 284 
PFC-B 
Experimente 0.113 0.055 469 -0.120 0.053 274 
Theory 0.119 0.045 476 -0.102 0.057 251 
PFC-5 
Experimentf   632 -0.133 0.062 320 
Theory 0.101 0.071 611 -0.116 0.060 332 
MA-hit 
Experimentg   510 -0.109 0.082 403 
Theory 0.091 0.077 520 -0.102 0.071 423 
RMSD 0.011 0.014 11 0.011 0.009 15 

                a)Ref.5, b) Ref. 6, c) Ref. 7, d) Ref. 8, e) Ref. 9, f) Ref. 10, g) Ref. 1 
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Table 3.4: Maximum absorption wavelengths (λmax, nm) measured experimentally and predicted at two 
theory levels: TD-B3LYP/6-31G*/PCM (T1) and TD-M05/6-31G*/PCM (T2), both use geometry 
optimized at M05-2X/6-31G*/PCM level for open and closed isomers of diarylethenes in solution. 
Deviations of the theoretical values from the experimental ones (Δλmax, nm) are also reported. 

Molecule Solvent  

Closed Open 
λ Δλ λ Δλ 

Exp T1 T2 T1 T2 Exp T1 T2 T1 T2 
DCN-1a Bz 547 552 531 -5 16 412 457 433 -45 -21 
DCN-2a Bz 574 556 533 18 41 390 480 377 -90 13 
MA-1b Bz 560 525 531 35 29 335 397 380 -62 -45 
MA-1-Ac Bz 544 538 531 6 13 417 504 475 -87 -58 
MA-2a Bz 595 563 545 32 50 450 507 481 -57 -31 
MA-2-Ad Bz 680 683 644 -3 36 - 498 493 - - 
MA-2-Bd Bz 628 624 598 4 30 - 504 481 - - 
MA-3e Bz 620 595 565 25 55 470 540 508 -70 -38 
Mif Bz 512 496 500 16 12 370 391 374 -21 -4 
MA-hitg Bz 510 519 520 -9 -10 403 446 423 -43 -20 
PFC-1h Hep 432 428 436 4 -4 316 342 332 -26 -16 
PFC-1-ai Hep 425 421 425 4 0 336 357 345 -21 -9 
PFC-1-bi Hep 469 462 466 7 3 312 311 322 1 -10 
PFC-1-cj Hep 534 522 528 12 6 234 288 280 -54 -46 
PFC-1-di Hep 505 499 505 6 0 303 326 316 -23 -13 
PFC-1-ek Hep 529 517 505 12 24 - 285 266 - - 
PFC-2l Hep 575 590 585 -15 -10 280 298 287 -18 -7 
PFC-2-aj Hep 562 576 575 -14 -13 262 294 280 -32 -18 
PFC-2-bj Hep 597 602 593 -5 4 305 324 308 -19 -3 
PFC-2-etm Hep 600 613 611 -13 -11 286 303 288 -17 -2 
PFC-3n ACN 605 610 604 -5 1 312 315 304 -3 8 
PFC-4n ACN 612 619 610 -7 2 320 321 312 -1 8 
PFC-5o DCM 632 629 611 3 21 320 356 332 -36 -12 
PFC-6p ACN 565 552 534 13 31 340 368 356 -28 -16 
PFC-6-Ad Hep 665 653 625 12 40 - 375 355 - - 
PFC-7p ACN 612 596 585 16 27 290 334 327 -44 -37 
PFC-8q Hep 517 523 521 -6 -4 258 269 261 -11 -3 
PFC-9r Bz 828 787 792 41 36 354 379 358 -25 -4 
PFC-Bs Hep 469 491 476 -22 -7 274 258 251 16 23 
RMSD  16 24    42 24 

       a)Ref.11, b)Ref.12, c)Ref-13, d)Ref.14, e)Ref.15, f)Ref.16, g)Ref.1, h)Ref.17, i)Ref.18, 
      j)Ref.19, k)Ref.6, l)Ref.7, m)Ref.8, n)Ref.20, o)Ref.10, p)Ref.21, q)Ref.22, r)Ref.23, s)Ref.9. 
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For the rest of the molecules in the benchmark set single crystal X-ray diffraction 

data were not available. We report their maximum absorption wavelengths at two theory 

levels: TD-M05/6-31G*/PCM and TD-B3LYP/6-31G*/PCM (with geometry optimized 

at M05-2X/6-31G*/PCM level) and compare our predictions with the experimental λmax 

values in Table 3.4. From the Table 3.4 one can see that the average deviations in the 

maximum wavelengths obtained with M05 functional is 24 nm for both open and closed 

forms, and maximum signed errors are 55 nm (closed) and -58 nm (open), while for 

B3LYP the average deviations are 42 nm (open) and 16 nm (closed), maximum signed 

errors are 41 nm (closed) and -90 nm (open). The overall average predicted with B3LYP 

functional is only slightly higher than that for M05 functional. However, B3LYP error is 

more than twice larger for the open than for the closed isomer. Apparently, B3LYP 

overestimates the degree of electronic conjugation across the twisted torsional angles in 

the open form. Thus, we elected to use M05 functional that produces acceptable λ values 

for both the isomers and gives consistent agreement with experiment for all subclasses of 

diarylethenes considered in this work: maleic anhydrides, perfluorocyclopentenes, and 

dicyanodiarylethenes. 
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3.1.3 Conclusions 

 

Several exchange-correlation functionals in combination with TD-DFT formalism 

were evaluated for predictions of the absorption spectra for both closed and open isomers 

of diarylethene photochromic compounds. Bond length alternation descriptors were 

employed to select suitable exchange-correlation functional to predict the equilibrium 

geometry in these compounds. We found that a) the most accurate equilibrium geometry 

based on BLA parameters is calculated at M05-2x/6-31G*/PCM level; b) the spectral 

data is best reproduced at TD-M05/6-31G*/PCM level with the root mean square 

deviation from the observed values in the range of 25 nm; c) use of polarization functions 

in the basis set is important to obtain the best geometry; d) solvent effects as described by 

polarizable continuum model (PCM) are important for the accurate predictions of the 

spectral data with TD-DFT. We recommend TD-M05/6-31G*/PCM//M05-2X/6-

31G*/PCM theory level for prediction of geometrical and spectral parameters (BLA and 

λmax values) for both closed and open isomers of diarylethene derivatives.  

We have shown that accurate molecular structure and solvent environment are 

important for predictions of the optical properties in this class of molecules. We intend to 

use the established protocol in computational design of the new photochromic materials. 

However, in order to describe other properties and function of the photochromic 

compounds, one has to go beyond the equilibrium geometry and stationary properties.  
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3.2 Thermal Stability 

 

3.2.1 Data Set 

 

For the prediction of energy barrier for thermal cycloreversion process in 

diarylethenes, we selected benchmark set of 7 diarylethene perfluorocyclopentenes (Figure 

3.2) for which thermal cycloreversion kinetics data is available from the literature.8, 11, 23, 24   
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Figure 3.2: Benchmark set of molecules with documented thermal stability. 
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3.2.2  Activation Energy Determination  

Experiments have suggested that thermal stability of the DAs depends on the 

specific aryl substituents. Their aromatic stabilization energies allow conrotatory 

cycloreversion and hence make the closed ring isomer thermally unstable. The half-lives 

for the thermal opening process at elevated temperatures were reported in the literature.8, 

14, 23, 24 The electrocyclic cycloreversion is a unimolecular reaction, therefore, for a given 

half-life (t1/2) the rate constant can be calculated as:  

   
2/1

693.0
t

k −
=      (eq. 18) 

Using the eq.(18) and from the data published by Irie et al.7 for molecule 6 (PFC-

2) (t1/2=3.3hr at T=423K and Ea=139kJ/mol), we calculated the rate constant to be k=-

0.21hr-1. In order to estimate the activation barrier for these systems we used Arrhenius 

equation: 

   
RT
E

Ak a−
= exp     (eq. 19) 

Where k is the rate constant, A is the pre-exponential factor, Ea is the activation 

energy, R is the universal gas constant and T is the temperature. For molecule 6 (PFC-2), 

the activation barrier was available at two different temperatures and we calculated the 

pre-exponential factor A to be -2.968·1016. Since the cycloreversion process is a 

unimolecular process, we assumed the value of A to be similar for all the molecules in 
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Figure 3.2, and used this value for the pre-exponential factor to calculate the 

experimental activation energy for other molecules, whose t1/2 was reported,8, 11, 23, 24 and 

used the activation barrier values to benchmark the theoretical predictions (Table 3.5). 

Table 3.5: Experimental activation barriers for thermal cycloreversion process from closed to open isomers 
(1-7) using the Arrhenius equation. 

Molecule 
t

1/2 

 
(min) 

K  

(min
-1

) 
Ea  

(kJ/Mol) 

Ea  

(kCal/Mol) 

1a 573 -0.07 112.3 26.8 

2a 3.3 -12.60 98.0 23.4 

3a 16300 -0.003 121.5 29.0 

4a 186 -0.224 109.2 26.1 

5b ---- -0.023 115.5 27.6 

6c 198 -0.210 139.0 33.2 

7d ---- ----- 120.0 28.7 

aRef23; b Ref11;c Ref7;d Ref8  
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3.2.3  Results  

 

The transition state (TS) in thermally forbidden cycloreversion reactions is 

expected to have a strong diradical character. The Kohn-Sham or Molecular Orbital 

description of singlet diradical uses unrestricted formalism where different orbitals are 

assigned to the electrons of opposite spin (a pair of SOMO, singly occupied molecular 

orbital). The single determinant with a pair of SOMO is not an eigenvector of the spin 

operator. Instead, it is an equal mix of singlet and triplet spin states, characterized by the 

average value of S2 operator to be close to 1 for most DFT functionals studied. However, 

UAM1 and UHF determinants remained unrestricted along the reaction path from the 

open to the closed form, while UKS solution was found to collapse to the restricted 

determinant soon after the system moved away from the TS. This discontinuity on the 

potential surface presented the main technical difficulty and required to generate new 

unrestricted guess on each optimization step with Guess(Always,Mix) keyword. In order 

to avoid this difficulty we initially combined UHF or UAM1 geometry with single point 

energy evaluation at DFT level of theory. However, UHF geometry was found to be 

unsatisfactory at equilibrium (diradical-like), and was not considered further.  
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Table 3.6: Activation barriers for thermal cycloreversion process from closed to open isomers (in 
kcal/mol).  

 Molecules   
 1 2 3 4 5 6a 7b MAD RMSD 
Experiment 26.8 23.4 29.0 26.1 27.6 33.2 28.7   
UAM1 29.5 29.8 29.9 30.1 24.3 27.1 24.8 6.4 4.8 
UB3LYP/MIDI!//UAM1 24.6 22.4 28.6 28.9 38.2 30.0 27.8 10.6 5.9 
RM05-2X/MIDI!//UAM1 29.8 26.6 36.2 33.6 45.8 43.1 52.7 24.0 15.6 
UM05-2X/MIDI!//UAM1 27.5 26.2 32.1 30.6 39.6 33.1 32.3 12.0 6.9 
UHF/MIDI! 27.9 29.5 30.2 30.2 28.2 30.0 27.7 6.1 3.9 
B3LYP/MIDI!//UHF/MIDI! 29.2 26.3 33.9 31.7 38.7 37.3 33.6 11.1 7.1 
UB3LYP/MIDI!//UHF/MIDI! 27.1 25.2 31.4 30.1 33.4 33.3 30.0 5.8 3.7 
BMK/MIDI!//UHF/MIDI! 35.2 31.8 40.5 38.0 45.4 44.8 42.1 17.8 13.6 
UBMK/MIDI!//UHF/MIDI! 35.2 31.8 40.4 37.8 39.8 44.5 42.1 13.4 11.8 
UB3LYP/6-31G* 28.8 21.8 36.1 29.4 32.6 33.3 29.9 7.0 3.6 
UB3LYP/6-31G*(ZPE corr) 26.8 19.8 35.1 27.6 29.3 30.6 27.5 6.0 3.0 
UBMK/6-31G* 34.7 28.3 37.5 34.6 38.4 40.6 38.0 10.8 8.3 
UBMK/6-31G*(ZPE corr) 32.6 26.0 34.5 33.0 34.8 38.4 34.9 7.2 5.8 
UM05-2X/6-31G* 31.4 25.1 34.5 31.5 39.3 38.2 35.8 11.7 6.5 
UM05-2X/6-31G*(ZPE corr) 29.3 22.8 32.1 29.4 35.6 35.3 32.9 8.0 4.0 
RB3LYP/6-31G*/UB3LYP/6-31G* 31.3 24.1 34.2 30.4 38.9 37.4 34.2 11.3 5.9 
RB3LYP/6-31G*/UB3LYP/6-
31G*(ZPE corr) 

29.8 22.6 33.2 29.0 35.8 35.2 32.1 8.2 4.1 

RM05-2X/6-31G*/UM05-2X/6-31G* 35.1 28.7 37.7 33.8 45.6 42.9 40.3 18.0 10.6 
RM05-2X/6-31G*/UM052-X/6-
31G*(ZPE corr) 

33.6 27.1 36.0 32.2 42.5 40.5 37.9 14.9 8.5 
aRef7;bRef8, MAD: Mean Average Deviation, RMSD: Root Mean Square Deviation   

 

As one can see from the Table 3.6 the unrestricted KS methods (UB3LYP, 

UBMK or UM05-2X) give lower energy for the transition state than the restricted ones 

(RB3LYP or RM05-2X), and are closer to the experimental values in all cases. Zero point 

energy (ZPE) correction improves the agreement with experiment. After ZPE correction, 

UB3LYP and UM05-2X methods were found to give the best agreement with 

experimental activation barriers. The root mean square deviations are 3, 4, and 6 kcal/mol 

for UB3LYP, UM05-2X, and UBMK respectively. The poor performance of BMK 
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method is surprising in view of the fact that it was specifically designed to describe 

chemical kinetics. This may be due to the fact that organic molecules were excluded from 

the training set used in BMK parameterization.25 In the contrast, the M05-2X functional 

was designed with organic reactions in mind.26 It was shown to perform considerably 

better than other functionals for a wide range of organic reactions and molecular 

properties.27, 28 The systematic plot of the comparison of the calculated activation energy 

barrier for thermal cycloreversion process in two of the benchmark molecules 6 and 7 

with their corresponding experimental barrier (Figure 3.3) suggested that UM05-2X 

functional overestimates over the experimental barrier by ~2-4 kCal/mol. On the other 

hand, UB3LYP method underestimates the barrier.  

 

 



68 
 

‐5

0

5

10

15

20

25

30

35

40

1.300 1.800 2.300 2.800 3.300

Δ
E 
in
 k
Ca
l/
m
ol

C‐‐C in Å

Experimental versus Calculated Energy 
Barrier 

6: Exp

6:UM05‐2x

6:UB3LYP

7:Exp

7:UM05‐2x

7:UB3LYP

 
 

Figure 3.3: Plot of comparison of Experimental activation barrier for thermal cycloreversion with the calculated UM05-2X and UB3LYP data 
for molecules 6 and 7. 
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3.2.4  Conclusions 

The kinetics of cycloreversion was studied for the benchmark set of seven 

diarylethene derivatives using Density Functional Theory methods. The activation energies 

were calculated from the published experimental data, based on the assumption of equal pre-

exponential factors in the Arrhenius equation. The geometries of the closed and open 

isomers, as well as transition states between them were optimized with B3LYP, BMK, and 

M05-2X methods using MIDI! and 6-31G* basis sets. The predicted activation energies 

were compared with experimental ones. The use of unrestricted formalism and zero-point 

energy correction were important in achieving better agreement with experiment. Our 

results suggest that B3LYP and M05-2X functionals predict the activation barrier for the 

cycloreversion reaction within 3-4 kcal/mol from experimental value, while BMK 

overestimates it by 6 kcal/mol on average. 
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3.3 Fatigue Resistance 

3.3.1  Data Set 

 

In this chapter we investigate the mechanism for byproduct formation in the 

ground state of PFC-2, using unrestricted DFT formalism. We also investigate the 

activation barriers for the byproduct formation in two other photochromic compounds, 

PFC-2-A and PFC-1-D, where experimental data are available (Figure 3.4). Our study is 

based on the assumption that photosystem may arrive to the ground state potential energy 

surface through the conical intersection as MCPD diradical, described by Celani et al.29 
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Figure 3.4: Isomeric forms of PFC-2, PFC-2-A and PFC-1-D 
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3.3.2 Nature of the Excited States in Isomers of 1,2-bis(2-methyl-5-phenyl-3-

thienyl)perfluorocyclopentene. 

 

The absorption spectra for the three different isomers (closed, open and 

byproduct) of PFC-2 (Figure 3.5) were predicted using the TD-M05/6-31G*/PCM//M05-

2X/6-31G*/PCM level of theory using heptane as implicit solvent. One can see that the 

predicted spectra are in good agreement with the experiment for all three isomers, 

considering that vibronic structure was not taken into account and the spectra were 

broadened with Gaussian line shapes of 0.1 eV empirical widths.  
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Figure 3.5: (a-c) Isomers of 1 and (d-f) their absorption spectra: experimental (faint lines) and predicted at 
TD-M05/6-31G*/PCM// M05-2X/6-31G*/PCM level of theory (bold lines). Experimental/theoretical λmax 
(nm) for the isomers are 575/585 (closed), 276/287 (open) and 547/546 (byproduct). 

 



73 
 

The detailed description of the electronic excitations in the open and closed forms 

is presented on Table 3.7, and the KS orbitals involved in these excitations are plotted on 

Figures 3.6, 3.7 and 3.8.  

Table 3.7: Closed ring, open ring and byproduct isomers of 1: state, energy of the state (E), calculated 
wavelength (λ), oscillator strength (f), description of the electronic transition and amplitude (amp) of the 
transition. 

closed 
State E (eV) λ(nm) f Description amp 
1 2.12 585 0.4614 HOMO→LUMO 0.645 
2 3.26 380 0.0245 HOMO-1→LUMO 0.629 
3 3.54 350 0.2237 HOMO→LUMO+1 0.579 
4 3.96 313 0.6662 HOMO-2→LUMO 0.676 
5 4.02 308 0.0172 HOMO→LUMO+2 0.567 
open 
State E (eV) λ(nm) f Description amp 
1 3.73 333 0.0998 HOMO→LUMO 0.671 
2 3.98 311 0.0146 HOMO-1→LUMO 0.678 
3 4.33 287 1.3662 HOMO→LUMO+2 0.568 
4 4.39 282 0.0382 HOMO→LUMO+1 0.604 
5 4.54 273 0.2323 HOMO-2→LUMO 0.658 
byproduct 
State E (eV) λ(nm) f Description amp 
1 2.18 568 0.2768 HOMO→LUMO 0.653 
2 3.38 367 0.0511 HOMO-1→LUMO 0.654 
3 3.85 322 0.3263 HOMO→LUMO+1 0.615 
4 4.12 301 0.4428 HOMO-3→LUMO 0.679 
5 4.17 297 0.1753 HOMO-2→LUMO 0.661 

 

The λmax is the transition with the large oscillator strength. In case of the closed 

isomer there are two bright states, and the lower energy one was found to be of the 

HOMO→LUMO nature. This state is the one comparable to the reported experimental 

value (Figure 3.6). In case of the open isomer the brightest state is of 

HOMO→LUMO+2 nature and hence the λmax is 287 nm. The byproduct also has two 
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bright states, out of which the lower energy one was of the HOMO→LUMO nature 

(Figure 3.8). From the analysis of the KS orbitals for the open isomer in Figure 3.7, one 

can see that the HOMO has antibonding character with respect to the new C—C bond, 

and LUMO has a bonding character. Therefore, the photocyclization will take place upon 

the excitation from HOMO to LUMO. However, the optical transition proceeds to the 

state with large oscillator strength, which corresponds to the brightest optical band. 

Apparently, some vibrational relaxation from the higher-lying photoabsorbing state to the 

lowest photoreactive state has to occur before the photocyclic transformation. 
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Figure 3.6: Essential Kohn-Sham orbital plots for the closed isomer of PFC-2. 
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Figure 3.7: Essential Kohn-Sham orbital plots for the open isomer of PFC-2. 
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Figure 3.8: Essential Kohn-Sham orbital plots for the byproduct isomer of PFC-2. 
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3.3.3  Mechanism of Byproduct Formation 

 

Celani et al.29 investigated the prototypical electrocyclic photoreaction from 

cyclohexadiene (CHD) to all-cis 1,3,5-hexatriene (cZc-HXT). They found that after the 

excitation to the Franck-Condon region on the excited state potential surface, the system 

descends 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. They suggested three possible routes for electron 

recoupling process from the CIX region: one to the closed form, another one to the open 

form and the third one to the ground-state methylcyclopentene diradical (MCPD) 

intermediate. They stated that this intermediate is unstable and may undergo radical 

pairing to form bicyclohexane (BCH) or the 1,2-hydrogen shift to form 

methylenecyclopentene. Later Irie et al.30 investigated this reaction experimentally, and 

established that the byproduct formation takes place from the closed isomer. They 

suggested two different schemes to describe the formation of byproduct in PFC-1-D. One 

of them starts with homolytic cleavage of the C—S bond, and proceeds to the BCH 

intermediate. Another one goes through electrocyclic CIX and also proceeds to BCH 

intermediate, described by Celani et al. 

We explored the ground state potential energy surface in three diarylethene 

derivatives: PFC-2, PFC-2-A and PFC-1-D (Figure 3.4), which had their fatigue resistant 

properties reported experimentally.24, 30 In our calculations we could identify two 
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different intermediates to the byproduct formation, similar to the ones, described by 

Celani et al: one is MCPD and another one BCH intermediate, both depicted on Scheme 

2. Unlike Celani’s work, which described MCPD as unstable, in our calculations it is 

found to be an energy minimum. One can envision four distinctly different transition 

states connecting the closed form, MCPD, BCH, and the byproduct (Scheme 2). 

However, the extensive search on the ground state potential energy surface using state-of-

the-art STQN algorithms did not locate transition states TS4 and TS5. We characterized, 

however, two other transition states: one leading to BCH from the closed form, and 

another one connecting BCH to the final byproduct.  
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Scheme 2. Proposed mechanistic routes for the thermal and photochemical byproduct formation in 
dithienylethene derivatives 

 

Based on our findings, we constructed an energy diagram for PFC-2 depicted in 

Scheme 3. TS1 corresponds to the transition state between the open and closed forms 
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(C1—C6 bond breaking), TS2 is the transition state between the closed form and BCH 

(corresponds to the concurrent C1—C5 bond formation and C1—S8 bond breaking), and 

TS3 is the transition state from BCH to the byproduct (corresponds to the formation of 

C6—S8 bond and breaking of C5—C6 bond). 
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Scheme 3. Energy profile for thermal cycloreversion and the byproduct formation in PFC-2 
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3.3.4 Results 

 

The Table 3.8 reports the values of the energy barriers for thermal cycloreversion 

and the byproduct formation processes evaluated at UM05-2X/6-31G* theory levels for 

the compounds PFC-2, PFC-2-A and PFC-1-D. The UB3LYP/6-31G* values are also 

given for comparison. 

 

Table 3.8: Energy barriers for thermal cycloreversion and thermal byproduct formation processes 
evaluated at UB3LYP/6-31G* and UM05-2X/6-31G* theory levels for 1, 2 and 3 in kcal/mol. 

Transition State  TS1 TS2 TS3 TS-1 TS-2 TS-3 
  PFC-2 
EXP 33.2      
UM05-2X/6-31G* 38.2 53.4 17.3 46.7 16.5 42.7 
UM05-2X/6-31G*(ZPE corr) 35.3 51.2 16.2 44.4 15.1 40.5 
UB3LYP/6-31G* 33.3 45.9  45.7 12.2  
UB3LYP/6-31G*(ZPE corr) 30.6 43.9  44.2 11.2  
  PFC-2-A 
UM05-2X/6-31G* 39.6 52.5 22.1 48.9 18.5 46.5 
UM05-2X/6-31G*(ZPE corr) 36.9 49.9 21.2 47.4 17.3 44.3 
UB3LYP/6-31G* 36.0 46.7 20.0 49.7 15.2 39.9 
UB3LYP/6-31G*(ZPE corr) 33.3 44.1 19.1 48.6 14.1 37.9 
  PFC-1-D 
UM05-2X/6-31G* 42.3 55.8 16.7 49.3 18.3 43.1 
UM05-2X/6-31G*(ZPE corr) 39.3 53.3 16.0 47.1 17.1 40.7 
UB3LYP/6-31G* 37.1 47.7 11.3 48.9 14.5 32.4 
UB3LYP/6-31G*(ZPE corr) 34.1 45.1 10.4 47.1 13.1 30.3 

 
 

 The TS2 barrier for both PFC-2 and PFC-1-D (51.2 and 53.3 kcal/mol) is slightly 

higher than that of PFC-2-A (49.9 kcal/mol). However, the compound PFC-2-A was 

resistant to fatigue in experimental study.24, 30 This suggests that BCH intermediate is 
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inaccessible by thermal mechanism from the closed form, and BCH is probably reached 

photochemically from the excited state. In the contrast, the transition state TS3 

corresponds to a much lower barrier of 16.2 and 16.0 kcal/mol for compounds PFC-2 and 

PFC-1-D respectively. The same barrier is much higher at a value of 21.2 kcal/mol for 

PFC-2-A. This clearly correlates with fatigue resistance properties of these compounds, 

suggesting transformation from BCH to be the rate limiting process. The only difference 

in molecular structures of PFC-2 and PFC-2-A are hydrogen atom versus. methyl group 

at the 4 and 4´ position of th ethiophene ring. Apparently, steric repulsion between this 

methyl group and fluorine atoms of the perfluorocyclopentene group disturbs the 

planarity, reduces the conjugation and destabilizes the transition state. 

 



85 
 

 

3.3.5 Conclusions 

 

The orbital structure of five lowest excited states in open and closed forms of 

PFC-2 was analyzed and the vibrational relaxation from the higher-lying photoabsorbing 

state to the lowest photoreactive state was found to be necessary for the photocyclic 

transformation to occur. The mechanism of the byproduct formation for the compounds 

PFC-2, PFC-2-A and PFC-1-D was investigated to predict the photofatigue of these 

molecules. We found the activation energy leading to byproduct from bicyclohexyl 

intermediate to be 5 kcal/mol higher for the methylated derivative PFC-2-A, and used this 

fact to explain its higher fatigue resistance. This protocol may become a part of the 

rational design strategy for the new photochromic materials used in photoswitching and 

optical data storage applications. 
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3.4 Quantum Yield 

3.4.1 Data Set 

 

For the prediction of Quantum Yield, the data set included 14 compounds for 

which the quantum yield was experimentally measured (Figure 3.9).  
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Figure 3.9: Data set of diarylethenes for prediction of quantum yield. 
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3.4.2 Theoretical Methods for Quantum Yield Prediction 

Photochemical transformations are among the most complicated processes in 

chemistry. Their description involves both electronic transitions and nuclear motions, as 

well as coupling between the two. The photophysical processes often can be accurately 

described within Born-Oppenheimer adiabatic approximation, where stationary electronic 

and nuclear wavefunctions can be separated, and transition probabilities are determined 

by the product of respective matrix elements (Frank-Condon formalism). In contrast, in 

most photochemical processes, the nuclear wavefunction is time-dependent (non-

stationary) and wavepacket dynamics is often needed for the accurate description. In 

addition, the ground and excited state potential energy surfaces may approach each other 

so that the resonance transition frequencies for electronic and nuclear motion become 

comparable, Born-Oppenheimer approximation fails and non-adiabatic dynamics 

becomes necessary. Clearly, solution for this quantum problem is feasible for only very 

small systems, and certain approximation must be made including separation of few 

nuclear degrees of freedom to be treated quantum-mechanically, while the rest is treated 

classically.31 

Next level of approximation involves “surface hopping”, where classical motion 

of the nuclei is combined with quantum transitions between potential energy surfaces 

according to well-defined probabilities.32 The classical trajectories can be replaced (at the 

next level of approximation) with single reaction pathway, or line of steepest descent. 

Then transition state theory can be used to determine the rate of elementary steps related 
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to the heights of the potential barriers. When applied to the excited electronic states, the 

conical intersection plays the role of the transition states between two potential surfaces. 

Unfortunately, the search for conical intersections is a tedious task in itself, and for this 

reason we made further simplifications.  

In this section, we test three levels of approximations according to these 

hypotheses (Scheme 4):  

a) The ground state is the mixture of all formations, only one of which is reactive. 

Then QY is determined by the fraction of reactive conformation, determined by 

the Boltzmann distribution. 33 

b) The excited state relaxes fast to the pericyclic minimum on potential energy 

surface, then leaks slowly to the slope on the ground state surface, QY is 

determined by the relative position of the pericyclic minimum and transition state 

on the excited and ground state potential energy surface respectively.  

c) There may be a barrier on the excited state pathway from Frank-Condon region to 

the pericyclic minimum. QY is large when this barrier is absent. In the following 

section we test these hypotheses.  
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Scheme 4: Potential energy surface for cycloreversion reaction; (a), (b) and (c) mark the features of the potential energy surface 
relevant to the three hypotheses in the text. 
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3.4.3 Hypothesis a): QY is Determined by the Ground State Conformation 

 

We investigated the population distribution of different conformers using 

canonical Boltzmann statistics at the ground state geometries. In this case, we considered 

the three different conformers of the open isomer of Diarylethenes: antiparallel 1 (ap1), 

antiparallel 2 (ap2) both of which have C2 symmetry and parallel (par) conformer which 

has C1 symmetry (Figure 3.10).  
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Figure 3.10: Conformers in the ground state of diarylethenes, out of the three open forms only antiparallel 
1 can undergo reversible photochromism. 



91 
 

In crystal, the most stable conformer appears exclusively. Out of the three open 

conformers, only the ap1 form exists in crystal. However, under solvent conditions all the 

three conformers of the isomer can co-exist. The cyclization under solvent conditions 

depends on the relative availability of this reactive conformer, which is determined by 

finding the Boltzmann Distribution of the open conformers under equilibrium conditions. 

The Boltzmann distribution function for the open conformers was calculated as: 

   
papap

apBD
++

=
21

1     (eq. 20) 
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 Where ΔGap2 and ΔGp are the Gibbs free energy differences of antiparallel 2 and 

parallel conformers relative to the antiparallel 1 conformer respectively. R is the universal 

gas constant, and T is the room temperature. Table 3.9 shows the calculated 

photocyclization QY for the ground state geometries of the possible conformers from 

Figure 3.10 in solution. Complete optimizations and frequency calculations were 

performed without symmetry constraint for the open conformers. 
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 Table 3.9: Ground state relative free energies (in kcal/mol) at RM05-2X/6-31G* level for antiparallel2 
 (ΔGap) and parallel (ΔGp) conformers in solution, calculated photocyclization quantum yield and 
 experimental quantum yield. 

   ΔGap  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
−

RT
Gapexp

ΔGp  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
−

RT
Gpexp

BD QY Exp. QY  Dev 
DCN-1 1.30 0.111 0.35 0.56 1.49 0.60 0.06(a)  0.54 
MA-1 0.09 0.852 -0.91 4.63 0.18 0.15 0.27(b)  -0.12 
MA-1-A 0.30 0.607 -1.44 11.31 0.08 0.08 0.13(c)  -0.05 
MA-2 -25.69 >>> -25.09 >>> 0.00 0.00 0.06(a)  -0.06 
PFC-1 6.44 0.000 1.67 0.06 16.62 0.94 0.54(d)  0.40 
PFC-1-A 3.99 0.001 0.08 0.88 1.14 0.53 0.40(e)  0.13 
PFC-1-B 1.66 0.061 1.74 0.05 8.81 0.90 0.28(e)  0.62 
PFC-1-C 1.68 0.059 -0.41 2.00 0.49 0.33 0.21(f)  0.12 
PFC-2 5.12 0.000 -0.49 2.27 0.44 0.31 0.59(g)  -0.28 
PFC-2-A -3.66 >>> -7.51 >>>> 0.00 0.00 0.46(f)  -0.46 
PFC-2-B -0.65 3.003 -2.30 48.58 0.02 0.02 0.37(f)  -0.35 
PFC-2-et -36.15 >>> -41.36 >>> 0.00 0.00 0.52(h)  -0.52 
PFC-8 0.01 0.979 -1.08 6.15 0.14 0.12 0.35(i)  -0.23 

RMSD 0.10 
(a) Ref11 ; (b) Ref34; (c) Ref13; (d) Ref17; (e) Ref35; (f) Ref19; (g) Ref7; (h) Ref8; (i) Ref22;  

 

 It is evident from the data above that in some cases (in bold), the deviation from 

the calculated QY is in good agreement with the experimental photocyclization QY. In 

cases where the deviation is unreasonable, it can be explained by the evaluation of 

Number of Imaginary frequencies (NImag=0 for minima, NImag=1 for transition state) 

given in Table 3.10. In such cases the final optimized geometry of the ap2 form or the 

par conformer is not a ground state.  
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 Table 3.10: Optimized symmetry, reactive carbon-carbon bond distance (RC—C, in Å) and Number of  
 Imaginary frequencies (NImag) for ap1, ap2 and par conformers. 

ap1 ap2 par 
Mol. Symm RC—C NImag Symm RC—C NImag Symm RC—C NImag 
DCN-1 C1 3.41 0 C1 5.48 1 C1 4.07 1 
MA-1 C2 3.56 0 C2 5.63 0 C1 4.28 1 
MA-1-A C2 3.55 0 C2 5.62 2 C1 4.31 0 
MA-2 C1 3.14 0 C1 5.72 1 C1 4.27 1 
PFC-1 C1 3.52 0 C2 5.30 2 C1 4.22 0 
PFC-1-A C2 3.52 1 C2 5.32 1 C1 4.23 0 
PFC-1-B C1 3.51 0 C1 5.23 1 C1 4.12 0 
PFC-1-C C1 3.62 0 C2 5.25 1 C1 4.04 0 
PFC-2 C2 3.49 1 C2 5.67 1 C1 4.33 0 
PFC-2-A C2 3.56 1 C2 5.22 1 C1 4.03 0 
PFC-2-B C2 3.57 2 C2 5.22 2 C1 4.02 1 
PFC-2-et C2 4.19 1 C1 5.67 0 C1 4.32 0 
PFC-8 C2 3.86 0 C2 3.86 0 C1 4.05 0 

  

 Table 3.10 illustrates the reactive bond distances (RC—C) for all the conformers. 

In the case of ap1 conformers, which is the reactive open isomer, the RC—C is shorter than 

4.0 Å (except for PFC-2-et), while for both ap2 and par form this distance is longer ~5.0 

(except for PFC-8) and ~4.0 Å respectively. Experimentally it is known that the 

cyclization reaction is difficult when the RC—C is longer than 4.0 Å. From the above data 

it is also clear that in some cases the ground state ap1 conformer not necessarily has C2 

symmetry (except DCN-1, MA-2, PFC-1B: non-symmetric molecules); in such cases the 

higher symmetry geometry would be a transition state. Thus, hypothesis a) provides a 

good quantitative prediction only in certain cases. 
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3.4.4  Hypothesis b): Cycloreversion Quantum Yield 

 

 We employed TD-ΔSCF formalism to study the detailed potential energy surface 

(PES) analysis of the excited state profile and the locations of the pericyclic minimum to 

reproduce the experimental QY for cycloreversion reactions. For the cycloreversion 

reactions of photochromic compounds, the energy profile should depict the 

photoexcitation of the closed isomer to 1B excited state from where it should relax to one 

of the vibrational levels on the 2A state. After crossing a small barrier the system moves 

to the pericyclic minimum at the 2A state, it converts into the ground state 1A and form 

the open isomer (Scheme 4).  

Table 3.11 gives the relative energies for the ground state (1A), singly excited 

state (1B) and the doubly excited state (2A) for 11 of the molecules in the dataset (DCN-

1, MA-2, PFC-1-B: non-symmetric molecules). All the geometry optimizations were 

done using symmetry constrained to C2. Table 3.12 gives the RC—C distances for all the 

optimized structures in all three states.  
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Table 3.11: Relative energies (in kcal/mol) for the optimized ground state (1A), singly excited state (1B) 
and the doubly excited state (2A) for closed (c), open (o), transition state (TS) and pericyclic minimum 
(pm) on the PES for the data set of diarylethenes. All calculations were done at UM05-2X/6-31G* level 

1A State 2A State 1B State 
c o TS c o pm c o pm 

  ΔE ΔE ΔE ΔE ΔE ΔE ΔE ΔE ΔE 
MA-1 6.09 0.00 50.92 79.07 185.23 77.47 54.32 75.76 57.27 
MA-1-A 0.86 0.00 50.47 74.75 178.19 74.72 56.73 73.18 56.71 
PFC-1 21.11 0.00 62.66 86.01 196.80 86.01 71.61 87.50 71.60 
PFC-1-A 17.99 0.00 60.77 83.98 191.01 83.97 69.67 84.51 69.66 
PFC-1-C 8.41 0.00 51.03 84.19 245.62 78.45 56.02 118.08 60.29 
PFC-1-D 8.32 0.00 50.28 87.98 210.14 79.76 56.11 93.31 61.75 
PFC-2 9.47 0.00 89.38 207.94 47.95 92.99 
PFC-2-A 5.20 0.00 47.95 89.59 109.14 76.43 46.96 89.14 54.73 
PFC-2-B 4.52 0.00 87.64 206.56 43.22 87.56 87.64 
PFC-2-et 10.57 0.00 87.46 208.64 46.64 93.61 
PFC-8 3.78 0.00 50.74 76.02 220.40 76.03 58.95 98.61 58.97 

 

Table 3.12: Reactive C—C distance (RC—C, in Å) for the optimized ground state (1A), singly excited state 
(1B) and the doubly excited state (2A) for closed (c), open (o), transition state (TS) and pericyclic 
minimum (pm) on the PES for the data set of diarylethenes. All calculations were done at UM05-2X/6-
31G* level. 

1A State 2A State 1B State 
c o TS c o pm c o pm 

MA-1 1.530 3.561 2.057 1.776 3.561 2.046 1.827 3.561 2.046 
MA-1-A 1.534 3.551 2.073 2.028 3.592 2.091 2.088 3.551 2.091 
PFC-1 1.542 3.525 2.019 2.085 3.515 2.086 2.085 3.525 2.086 
PFC-1-A 1.544 3.433 2.043 2.106 3.518 2.105 2.106 3.433 2.105 
PFC-1-C 1.528 3.775 2.002 1.797 3.771 2.053 1.824 3.775 2.053 
PFC-1-D 1.534 3.495 2.012 1.798 3.496 2.066 1.798 3.495 2.066 
PFC-2 1.535 3.494   1.628 3.494   1.628 3.494   
PFC-2-A 1.530 3.560 1.993 1.667 3.560 2.012 1.592 3.560 2.012 
PFC-2-B 1.528 3.565   1.752 3.565   1.567 3.565 1.823  
PFC-2-et 1.543 3.503   1.632 3.503   1.632 3.503   
PFC-8 1.532 3.859 2.004 2.095 3.859 2.048 2.095 3.859 2.048 

 

 

 



96 
 

 Nakamura et al.35 proposed two different PES for normal-type (N) and inverse-

type (I) frame molecule. From the data set (Figure 3.9) except for PFC-1 and PFC-1-A 

all are (N)-type frame PMs. They suggested that the large QY for the (I)-type molecule 

can be attributed to the absence of the barrier on the 2A surface from closed to open 

isomer, while in case of (N)-type molecule, they observed a short barrier. Figure 3.11, 

shows the PES for (a) (I)-type – PFC-1-A molecule and (b) (N)-type – PFC-1-C. On 

comparison of the two PESs, one can see that in case of PFC-1-A the closed isomer in the 

excited 2A state (2Ac) optimizes completely to the pericyclic minimum (Figure 3.11 (a)), 

which means that there is no barrier between the closed isomer and the pericyclic 

minimum (2Apm) on the 2A PES. Hence, PFC-1-A will undergo cycloreversion with ease 

and this is evident from higher experimental cycloreversion QY for PFC-1-A, which is an 

(I)-type molecule. In the case of PFC-1-C, the closed isomer on the 2A state optimizes 

closer to the pericyclic minimum but does not overlap it. This suggests that there may be 

a short barrier on going from the 2Ac state to the 2Apm and hence the quantum yield of 

PFC-1-C is lower. 
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Figure 3.11: Potential Energy Surface depicting the ground 1A state and excited 2A state for (a) (I)-type – 
PFC-1-A molecule and (b) (N)-type – PFC-1-C 
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3.4.5  Hypothesis c) Empirical Correlations  

 

The increase in the quantum yield of certain molecules can be correlated with 

other calculated properties, such as the energy difference (ΔE) between the 2A state 

closed isomer (2Ac) and the pericyclic minimum (2Apm) and the internuclear distance 

RC—C in the optimized 2Ac (Table 3.12).  

Table 3.13: Optimized distance RC—C (Å) in the 2A state, Energy Difference ΔE (kcal/mol) between 2A 
state closed isomer and the pericyclic minimum and the experimental quantum yield φc→o for the 
cycloreversion reaction. 

Mol. ΔE (2Ac -2Apm) RC—C (2Ac) RC—C (2Apm) φc→o 
MA-1   1.60 1.776 2.046 0.07(a) 
MA-1-A   0.03 2.028 2.091 0.21(b) 
PFC-1   0.00 2.085 2.086 0.37(c) 
PFC-1-A   0.00 2.106 2.105 0.58(d) 
PFC-1-C   5.74 1.797 2.053 0.13(e) 
PFC-1-D   8.22 1.798 2.066 0.12(e) 
PFC-2  1.628  0.013(f) 
PFC-2-A 13.16 1.667 2.012 0.015(e) 
PFC-2-B  1.752 1.823 0.0025(e) 
PFC-2-et  1.632  0.0081(g) 
PFC-8  -0.01 2.095 2.048 0.35(h) 
(a) Ref34; (b) Ref13; (c) Ref17; (d) Ref36; (e) Ref19; (f)Ref7; (g) Ref8; (h) Ref22;  

 

 A higher quantum yield is associated with a lower ΔE of the model systems. Both 

PFC-1 and PFC-1-A are (I)-type molecules and have a high quantum yield and the ΔE is 

0.00 kcal/mol in their case (since closed isomer in 2A state fully optimizes to the 

pericyclic minimum). In contrast the low quantum yield of 0.015 for PFC-2-A is 
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associated with higher ΔE of 13.16 kcal/mol (Figure 3.11). The high quantum yields can 

also be associated to the longer, internuclear distance RC—C of the respective 2A state 

closed isomers of MA-1-A, PFC-1, PFC-1-A and PFC-8 and they show a linear 

correlation (Figure 3.12). 

 

 

Figure 3.12: Correlation of the experimental quantum yield with the optimized RC—C in the 2A state 
closed isomer. 
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3.4.6 Conclusions  

 

The TD-DFT study to predict the quantum yield for a set of 14 diarylethene 

derivatives is presented. Photocyclization quantum yield was evaluated based on the 

Boltzmann distribution of the equilibrium ground state reactive and non-reactive 

conformations and the result was in a quantitative agreement with the experimental QY. 

Correlation of experimental cycloreversion quantum yield with various properties of the 

excited state isomers on the potential energy surface was made. We concluded that the 

relative position of the pericyclic minimum on the 2A excited state surface with that of 

the transition state on the ground state can be used to explain the high or low QY for (I)-

type and (N)-type molecules. The linear correlation of the reactive C—C distance and the 

QY indicates that greater the internuclear distance, higher is the quantum yield and vice-

versa. We also conclude that low energy difference between the 2A state closed isomer 

and the pericyclic minimum is associated with the higher QY.  
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3.5 Design of Template Nanostructure Materials 

3.5.1  Data Set 

 

DNA presents a highly ordered polymer capable of forming oriented thin films. 37 

It is also known to form intercalation complexes with many planar molecules. These 

properties can be used to design nanostructured photochromic materials. In order to 

verify the protocol to model the DNA based nanostructured photochromic diarylethenes, 

we performed MD simulations of DNA intercalation for benchmark series polyamine-

anthracene conjugates. Unlike diarylethenes they were extensively studied by Wang et 

al.38 (Figure 3.13) using fluorescence, circular dichroism and normal absorption 

spectroscopy in an attempt to correlate the effect of the polyamine chain length on the 

biological activity.  

N
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3 NH+
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Figure 3.13: Anthracyclin drugs with different polyamine chains. 
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3.5.2  Modeling Approach 

 

In case of ligand-DNA intercalating systems, the following properties have been 

identified as important for the successful modeling of ligand-DNA interaction: (i) 

degrees of freedom of the drug ligand and as a rule, the more intercalating sidechains are 

linked within a single ligand structure, the stronger the expected binding affinity; (ii) role 

of base pair sequence, where different specific base pair sequence for different drugs (GC 

base pair most common); (iii) counter ion effects, since the presence of small counter ion 

affect ligand binding, since the counter ions can screen and shield the negative backbone 

surface allowing non-electrolytes as well as positively charged ligand to interact more 

strongly with the DNA target; (iv) role of solvent.  
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3.5.3  Simulation Approach 

 

All MD simulations have been carried out using the AMBER 1039 suite of 

programs with the parmff99SB force field 40 for the DNA and general amber force field 

(gaff) 41for the ligand. A consensus protocol was adopted for simulation in which the 

solute molecule is an ant-PA-DNA system was first ionized with sodium ions to 

neutralize the overall charge of the system. The ionized complex was then simulated in a 

truncated octahedral box having solvent shell extending for at least 8 Å around it. The 

neutral ion-oligomer complex is solvated with a layer of TIP3P water molecules. 42 

Simulations are performed with periodic boundary conditions in which the central cell 

box contains 8000 water molecules. Considering the DNA, ant-PA conjugates, 

counterions, and solvent water, the total system consists of around 20,000 atoms.  

The MD simulations consist of an initial minimization under constant pressure. 

The equilibration was done by first by slow heating to 310 K at constant volume over a 

period of 250-ps using restraints on the ant-PA-DNA and ions. These restraints are 

slowly relaxed from 4 to 1 kcal/mol/Å2 during a series of three segments of 5000 steps of 

energy minimization using constant temperature. The final two unrestrained 

equilibrations were done at constant temperature (300 K) and constant pressure (1 bar). 

The simulations were then continued for a total of 5 ns at constant temperature, using the 

Berendsen algorithm. 43 Electrostatic interactions were treated using the particle mesh 
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Ewald (PME) algorithm 44 with a real space cutoff of 8 Å. SHAKE constraints 45were 

applied to all bonds involving hydrogen atoms. The trajectories were extended to 5 ns for 

each system and conformations of the system were saved every 2 ps for further analysis. 

 

 



105 
 

3.5.4 Results 

 

Table 3.14 lists the 8 different polycationic anthracene-PA (ant-PA) conjugates 

and 1 neutral anthracene constructed used for the drug-DNA interaction studies with the 

12-mer 5΄(GCGCGCGCGCGC)23΄ Z-DNA. Figure 3.14 shows the ant-PA-DNA 

intercalated complexes used for the starting conformation, in which the drug lies in 

parallel conformation w.r.t the base-pair hydrogen bonds.  

Table 3.14: Different ant-PA conjugates and ant-PA-DNA complexes constructed with corresponding 
overall charges. 

Structure Charge Structure # of Na+ions 
Ant 0 GC--Ant 22 
Ant-4 +2 GC-Ant-4 20 
Ant-34 +3 GC-Ant34 19 
Ant-43 +3 GC-Ant-43 19 
Ant-44 +3 GC-Ant-44 19 
Ant-343 +4 GC-Ant-343 18 
Ant-344 +4 GC-Ant-344 18 
Ant-444 +4 GC-Ant-444 18 
44-Ant-44 +6 GC-44-Ant-44 16 
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Figure 3.14: Constructed and minimized structures of the intercalated state of 12-mer 5΄(GCGCGCGCGCGC)23΄ Z-DNA with Ant-4 drug 
where the anthracene is intercalated in parallel conformation between GC base pairs (G-7-C-8 and G-17-C-18) and the polyamine chain in the 
inside of the minor groove.  The figures are made by VMD.46 ; (a) DNA is shown in a metallic pastel surface representation including licorice 
atom models and element-based color (White for Hydrogen, green for Carbon, red for Oxygen and blue for Nitrogen), whereas Ant-4 is 
represented via a licorice model with element-based color. b) DNA and base pairs are shown in a ribbon model and Ant-4 is represented via a 
licorice model with element-based color. 
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The aromatic ring is stacked into the DNA bases and the polyamine chain lies in 

the minor groove. The perpendicular and 45° angle twist conformation of anthracene 

drug w.r.t. the base-pair hydrogen bonds were also tried, which after equilibration 

became parallel. Hence for all other ant-PA –DNA complexes the parallel conformation 

was considered as the intercalated state and used for MD simulations.  

The final intercalated structures after the 5ns production run were then used for 

probability density analysis and Binding Free Energy calculations using the 

MMPBSA.py tool of Amber software. Figure 3.15 (a and b) shows the probability 

density plots for GC—Ant (orange) and GC—Ant4 (green) systems.  
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Figure 3.15: (a-d) Probability density plots for GC—Ant (orange) and GC—Ant4 (green). DNA and base pairs are shown in a ribbon model 
and the drugs Ant and Ant-4 are represented via a licorice model with element-based color. 
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From the probability density analysis for the above two systems, it can be clearly 

seen that there is no covalent bond formation between the anthracene moiety and the base 

pairs involved in intercalation. In the case of GC-Ant system there is a large Na+ ion 

density within the minor groove of the DNA dodecamer, which is believed to stabilize 

the Z-DNA form (Figure 3.15 (a)). When there is a polyamine vectored anthracene, this 

Na+ ion density is now replaced by the polyamine chain (Figure 3.15 (d)), which 

suggests the involvement of polyamines in stabilizing the Z-DNA form in cellular 

system. Similar overlapping of the Na+ ion density and the polyamine density was 

observed for all the ant-PA systems.  

The binding free energy (ΔGb,solv) for the intercalated systems is given in Table 

3.15. The dissociation constant (kd) was then evaluated using eq. 22 and compared to the 

experimental kd values.  

     RT
G

dk
Δ

= exp     (eq. 22) 

Table 3.15: Thermodynamic Gibb’s free energy of binding (ΔGb,solv in kcal/mol) for the intercalated ant-
PA-DNA systems and dissociation constant (kd in μm) at 300K. 

Structure ΔGb,solv kd Exp. kd 
GC-Ant-4 -45.01 2.64E-27 3.5 
GC-Ant34 -44.92 3.06E-33 3.5 
GC-Ant-43 -52.16 1.75E-38 1.1 
GC-Ant-44 -53.95 8.90E-40 3.3 
GC-Ant-343 -69.23 7.70E-51 4.0 
GC-Ant-344 -70.53 8.92E-52 4.0 
GC-Ant-444 -64.94 9.95E-48 4.0 
GC-44-Ant-44 -76.91 2.15E-56 4.0 
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From the Table 3.15 it is evident that although the free energy of binding are all 

negative, which is qualitatively correct for the stable complexes and suggests that 

intercalation of the polyamine based anthracyclin derivatives to the DNA is 

thermodynamically favorable process. The calculated dissociation constant values are 

also orders of magnitude higher than the experimental values. This indicates that 

MM/PBSA protocol is not well suited for the interactions between the charged species, 

and a different approach is needed.  
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3.5.5 Conclusions 

 

Molecular Dynamics simulations on a set of 8 polyamine based anthracyclin drug 

candidates intercalating with 12 mer 5΄(GCGCGCGCGCGC)23΄ Z-DNA were 

performed. Probability density analysis of the intercalated ant-PA-DNA versus Z-DNA 

demonstrated that the cationic polyamine chain replaces the Na+ ions inside the minor 

groove of DNA which is important for the stability of the Z-DNA form. It was also noted 

that the drug intercalates between the base pairs based on pure dispersive interactions and 

no bond is formed. The Free Energy of binding for all the structures suggested that 

intercalation is a thermodynamically favorable process. These energies were then used to 

evaluate the dissociation constant of the drugs which can be compared to the 

experimental values. These studies were performed to model DNA based nanocomposites 

of photochromic materials.  
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SUMMARY 

 

This Thesis describes the theoretical study aimed to predict various essential 

properties for the functional organic molecules that belong to diarylethene (DA) family of 

photochromic compounds. These photochromic materials can be used for optical data 

storage, photoswitching, and other photonic applications. We applied Density Functional 

Theory methods to predict 6 of the relevant properties: (i) molecular geometry; (ii) 

resonant wavelength; (iii) thermal stability; (iv) fatigue resistance; (v) quantum yield and 

(vi) nanoscale organization of the material.  

We started with a benchmark set of 28 diarylethenes and optimized these 

structures and calculated their vertical absorption spectra. Bond length alternation (BLA) 

parameters and maximum absorption wavelengths (λmax) were compared to the 

experimental data from X-ray diffraction studie and spectroscopy experiments. We 

validated TD-M05/6-31G*/PCM//M05-2X/6-31G*/PCM level of theory to give the best 

predictions for both parameters (RMSDare below 0.014 Å for the BLAs and 25 nm for 

λmax). We also found that the polarization functions in the basis set and use of polarizable 

continuum model to account for solvent effects are both important for good agreement.  

Next we considered thermal stability for a set of 7 photochromic compounds. 

From our studies we found out that both  UB3LYP and UM05-2X functionals predict the 

activation barrier for the cycloreversion reaction within 3-4 kcal/mol from experimental 

value. We also investigated the mechanism of by-product formation in photochromic 
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compounds, defined as the rate of undesirable photochemical side reactions. It has been 

established experimentally that the by-product is formed from the closed isomer; 

however, the mechanism was not known. We found that 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 methylcyclopentene 

diradical (MCPD) intermediate. At UM05-2X/6-31G* level, the calculated barrier 

between the closed form and the BCH intermediate is 51.2 kcal/mol and the barrier 

between the BCH intermediate and the by-product 16.2 kcal/mol.  

Next we investigated two theoretical approaches to predict the quantum yield 

(QY) for a set of 14 diarylethene derivatives at the validated M05-2X/6-31G* theory 

level. Photocyclization quantum yield was evaluated based on the Boltzmann distribution 

of the equilibrium ground state reactive and unreactive conformations and the result was 

in qualitative agreement with the experimental QY. Correlation of experimental 

cycloreversion quantum yield with various properties of the excited state isomers on the 

potential energy surface was made. We concluded that the relative position of the 

pericyclic minimum on the 2A excited state surface with that of the transition state on the 

ground state can be used to explain the high or low QY for (I)-type and (N)-type 

molecules. We confirmed that the internuclear distance (longer C—C bond) correlates 

with high quantum yield. We also concluded that low energy difference between the 2A 

state closed isomer and the pericyclic minimum is associated with the higher QY.  

Finally, we investigated the possibility of nanoscale organization of the 

photochromic material based on DNA template, as an alternative to the amorphous 
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polymer matrix. We performed molecular dynamics simulations on a series of ligand-

DNA systems in which the ligand was intercalated in the DNA. The free energy binding 

calculations indicate ligand-DNA intercalation complex to be stable. However, the 

dissociation constant values exceeded the experimental values by an order of magnitude.  

In summary, we conclude that Density Functional Theory methods could be 

successfully used as an important component of material design strategy in prediction of 

accurate molecular geometry, absorption spectra, thermal stability of isomers, fatigue 

resistance and quantum yield. The photophysical properties of nanocomposites are a 

subject to future studies.  
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