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Abstract. Photochromic compounds exhibit reversible transition between 
closed and open isomeric forms upon irradiation accompanied by change in 
their color. The two isomeric forms differ not only in absorption spectra, but 
also in various physical and chemical properties and find applications as optical 
switching and data storage materials. In this contribution we apply Density 
Functional Theory (DFT) and Time-Dependent DFT (TD-DFT) to predict the 
equilibrium geometry and absorption spectra of a benchmark set of diarylethene 
based photochromic compounds in open and closed forms (before and after 
photocyclization). Comparison of the calculated Bond Length Alternation 
parameters with those available from the X-ray data indicates M05-2x 
functional to be the best method for geometry optimization when basis set 
includes polarization functions. We found M05 functional accurately predicts 
the maximum absorption wavelength when solvent is taken into account. We 
recommend combined theory level TD-M05/6-31G*/PCM//M05-2x/6-
31G*/PCM for prediction of geometrical and spectral parameters of diary-
lethene derivatives. 

Keywords: photochromism, density functional theory, electronic spectra, bond 
length alternation, molecular structure. 

1   Introduction 

Photochromism is light-induced reversible molecular transition between two isomers, 
closed and open, with different absorption spectra.  Apart from the color, the two 
isomers also differ in various physical and chemical properties such as refractive indi-
ces, dielectric constants, oxidation-reduction potentials and geometrical structures. 
The instant property changes upon photoirradiation can be used in various optoelec-
tronic devices such as optical memory, optical switching, displays and nonlinear op-
tics. Irie and Lehn [1-9] were among the first authors to investigate diarylethenes as a 
potential candidate for photochromic applications (Fig.1).  

In the case of photochromic diarylethenes, the open form has twisted π-system and is 
colorless while the closed form with nearly planar π-system is conjugated and colored. 
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Thus, the ground state geometry is essential to predict their characteristic properties. An 
important geometrical parameter in the conjugated systems is the bond-length alterna-
tion (BLA), defined as the difference between the single and double bond lengths. For 
linear chain oligomers it has been known that the band gap, nonlinear optical (NLO) 
properties, excited states, etc. are BLA-dependent [10-15]. 

X XX X
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hν'

Open form Closed form
 

Fig. 1. Photochromic diarylethene compounds (X=S,O,Se) 

The theoretical predictions of BLA for several series of conjugated oligomers has 
been conducted by Jacquemin and co-workers [16-23] in the past decade. They per-
formed ab initio calculations on mainly acyclic conjugated systems and concluded 
that (1) MP2 values are in good agreement with higher-order electron-correlated 
wavefunction approaches that include triple excitations; (2) basis set effects are rela-
tively limited, and polarized double-ζ basis is sufficient, at least for DFT calculations; 
(3) all conventional GGA and meta-GGA provide similar BLA, that are much too 
small and too rapidly decreasing with the chain lengthens; (4) hybrid functionals cor-
rect this trends but to a small extend so that quantitative agreement with MP2 values 
is still far away; (5) the conformation differences do not alter these three latter conclu-
sions; (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 in-
vestigated in that respect. 

In the present contribution we report BLA using different DFT methods to  
predict the ground state geometry for the open and closed isomers as well as for some 
by-products. The methods are validated by comparison with the experimental X-ray 
crystal structures available for some of diarylethene derivatives. Our goal is to estab-
lish the computational protocol to investigate structure-property relationships for the 
diarylethene derivatives aimed to guide the design of new photochromics. 

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 deriva-
tives. Recently Jacquemin and co-workers evaluated the λmax for large set of perfluoro 
derivatives of diarylethenes solvent conditions using Time-Dependent  
Density Functional (TD-DFT) formalism [24]. However their data is limited for 
closed isomers only. In the present paper, we have employed TD-DFT formalism to 
predict the absorption spectra of a benchmark set of photochromic compounds for 
both open and closed isomeric forms.   
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2   Computational Details 

The calculations have been performed using GAUSSIAN03 package. Different levels 
of theory were used to find the best method for geometry optimization, followed by 
absorption spectra predictions. Complete optimizations have been performed on a 
benchmark set of diarylethene photochromic compounds (Fig.2,a-d) to perform bond 
length alternation (BLA) analysis and compared to the experimentally determined X-
ray geometries of a set of structures in order to validate a suitable method as well as 
basis set for accurate geometry prediction.  
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Comp X Y R1 R2 R3 R4 
DCN-1 S N-CH3 CH3 CH3 CH=CH-CH=CH 

DCN-2 N-CH3 N-CH3 CH3 CH3 CH=CH-CH=CH 
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 b. 
 

Comp X Y Z R1 R2 R3 R4 
MA-1 S S O CH3 CH3 CH3 CH3 
MA-1-A S S O CH=CH-CH=CH CH=CH-CH=CH 
MA-2 S N-CH3 O CH3 CH3 CH=CH-CH=CH 
MA-2-A S N-CH3 O CH3 CH3 CH=CH-CH=CH 
MA-2-B S N-CH3 O CH3 CN CH=CH-CH=CH 
MA-3 N-CH3 N-CH3 O CH=CH-CH=CH CH=CH-CH=CH 
MA-hit S S O H CH3 H CH3 
Mi S S NH CH3 CH3 CH3 CH3 

Fig. 2(a,b). Benchmark set of open and closed-ring isomers studied in this work (DCN-
Dicyano  derivatives, MA-Maleicanhydride derivatives and Mi- Maleimide derivatives) 
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c. 

Comp X Y R1 R2 R3 R4 
PFC-1-C S S CH3 H CH3 H 
PFC-1-D S S H CH3 H CH3 
PFC-1-E S S CH3 CH3 CH3 CH3 
PFC-2 S S H Ph H Ph 
PFC-2-A S S CH3 Ph CH3 Ph 
PFC-2-B S S CH3 Ph-N-C2H5 CH3 Ph-N-C2H5 
PFC-3 S S H Th H Th 
PFC-4 S S H Th-CH3 H Th-CH3 
PFC-6 S N-CH3 CH=CH-CH=CH CH=CH-CH=CH 
PFC-6-A S N-CH3 CH3 CN CH=CH-CH=CH 
PFC-8 S S CH=CH-CH=CH CH=CH-CH=CH 
PFC-B O O CH3 H CH3 H 
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Fig. 2(c,d). (PFC- Perfluorocyclopentene derivatives) 

The optimized structures were further used to predict the excitation spectrum of 
each molecule with Time-Dependent DFT (TD-DFT) formalism. TD-DFT is a quan-
tum mechanical method used to investigate the excited state proprieties of many-body 
systems. It is important to note that out of several excited states only the one with the 
maximal oscillator strength was used for comparison with experiment. Often that was 
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not the lowest excitation reported by TD-DFT. Several different functionals have been 
tested to select the best method which can be used to determine the accurate absorp-
tion spectra for both isomeric forms of the different derivatives of diarylethenes. Sol-
vent effects were included implicitly by means of non-equilibrium polarizable 
continuum model (PCM), which uses empirical dielectric constants (both slow orien-
tational and fast electronic components) as well as atomic radii as model parameters. 
PCM typically provides a good approximation of solvent effects as long as specific 
interaction with the solvent (such as hydrogen bonds) can be neglected. 

The solvents used for the current work were chosen to reproduce the experimental 
results as close as possible. Heptane (Hep) was used for the compounds whose ex-
perimental data was available in hexane while Benzene (Bz), Dicholomethane (DCM) 
and Acetonitrile (ACN) was used for those compounds whose experimental data was 
available in the same solvent.  

3   Results and Discussions 

We conduced the geometry optimization at DFT theory level with various exchange-
correlation potentials, including B3LYP, BLYP, BHandHLYP, PBE0, TPSS, BMK, 
 

Table 1. Bond length alternation (BLA, Å) and wavelength of the maxima on the absorption 
spectra (λmax, nm) for a set of diarylethenes calculated at TD-M05/6-31G*/PCM//M052x/6-
31G*/PCM theory level and compared to the experimental data. See Fig.2a for definition of 
BLA1 and BLA2. 

 Closed isomer Open isomer 
 BLA1 BLA2 λmax BLA1 BLA2 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-closed 
Experimentg   510 -0.109 0.082 403 
Theory 0.091 0.077 520 -0.102 0.071 423 
RMSD 0.006 0.007 4 0.004 0.003 6 

        Ref - a-[25], b-[26], c-[27], d-[28],e-[29], f-[30], g-[31] 



216 P.D. Patel and A.E. Masunov 

Table 2. Maximum absorption wavelengths (λmax, nm) measured experimentally and pre-
dicted at two theory levels: TD-M05/6-31G*/PCM (T1) andTD-B3LYP/6-31G*/PCM (T2), 
both use geometry optimized at M052x/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. 

Closed Open 
λ Δλ λ Δλ 

Molecule Solvent  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     3 4       7 4 

   Ref: a-[9], b-[8], c-[32], d-[7], e-[33], f-[34], g-[31], h-[35], i-[36], j-[37], k-[26], l-[27],  
m-[28], n-[38], o-[30], p-[39], q-[40], r-[6], s-[29]. 

M05, and M05-2x. The results of these calculations (which will be published else-
where) suggest that the M05-2x functional that includes 52% fraction of the Hartree-
Fock exchange, gives the best agreement with the experimental BLA values. We also 
compared the maxima on the absorption spectra, evaluated using TD-DFT formalism 
with the same selection of exchange-correlation potentials using implicit solvent 
model for both closed and open isomers. We found that M05 method agrees with the 
experimental λmax values the best. Polarizable continuum model and double-ζ basis set 
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with polarization functions were important to obtain the accurate equilibrium geome-
try as well as absorption spectra. The comparison of the calculated and experimental 
BLA parameters and absorption wavelengths for the benchmark subset of diary-
lethene photochromic compounds is reported in Table 1.  

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 M052x/6-31G*/PCM level) and compare our predictions with the ex-
perimental λmax values in Table 2. Looking at the RMSD values reported in the last 
row of that table one can see that B3LYP functional predicts the wavelengths three 
times closer to experimental values for the closed ring isomers with extended conju-
gation lengths, than for the open ring isomers. Other functionals, such as BMK, ex-
hibit an opposite trends. The M05 functional seems to be the best compromise, with 
the average errors of 4-7 nm. 

4   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 DFT methods to predict equilibrium geometry in these com-
pounds. We found that a) the most accurate equilibrium geometry based on BLA pa-
rameter is best calculated at M05-2x/6-31G*/PCM level; b) TD-DFT spectral data is best 
reproduced at M05/6-31G*/PCM level with the average deviation form the observed 
values in the range of 3-7 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 theory level TD-M05/6-31G*/PCM//M052x/6-31G*/PCM for 
prediction of geometrical and spectral parameters (BLA and the λmax values) for both 
closed and open isomers of diarylethene derivatives. This opens a possibility to establish 
structure-property relationship for diarylethene photochromics to assist in rational design 
of improved materials for photoswitching and data storage applications. 
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