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Abstract. Diarylethenes with thiophene substituents belong to photoswitchable compounds (photoswitches
or photochromes). Upon UV irradiation, their colorless open-ring isomers (DAE-0) convert to the colored
closed-ring isomers (DAE-c), while the back reaction is induced only by visible light irradiation. A multiple
photoswitching of diarylethenes usually results in irreversible photorearrangement of DAE-c to the so-called
annulated isomers DAE-a, that are stable thermally and photochemically. In the present communication,
structures of a series of diarylethenes as well as their isomers were optimized on the B3LYP/6-31G(d) level
of theory. It was disclosed for the first time, that DAE-a destabilized relatively DAE-c by 1.71-14.00 kcal/mol.
These results are important for design of photocontrollable molecules and materials, operated in the one-
way (permanent manner).
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AHHOmMauyus. [uapunameHbl ¢ mMUOGeHO8bIMU 3aMecmumerisiMu OmMHOCAMCS K ¢bomorepekodaeMbim
coeOuHeHUsIM (ghomoniepeknodamensam unu ¢gomoxpomam). lpu obnydyeHuu Y®-ceemom ux ucxodHasi
¢opma ([JA3-0) npespauwjaemcs 8 homouHOyyuposaHHsbIl uzomep (LAI-c), npu smom obpamHasi peakuusi
UHOyyupyemcsi obriydeHuem sudumbiM ceemom. MHoxecmeeHHoe chomoriepekrodeHue 0bbIYHO npusodum
K Heobpamumoti pomonepeepynnuposke [JAI-c 8 aHHenupoeaHHble usomepsi [JAI-a, komopbie ycmolyu-
8bl homoxumMu4yecku U mepmudecku. B daHHol pabome Hamu Oblriu OnmMUMU3UpPO8aHbl cmpykmypbl psda
OuapuriameHos8, a makxe ux u3omMepos Ha yposHe meopuu B3LYP/6-31G(d). Bnepebie obHapyxeHo, 4mo
HA3-a decmabunusuposaHbi omHocumesbHo [A3-c Ha 1,71-14,00 kkan/monb. dmu pe3yrnbmamabl 8aXXHbI
0ns pa3pabomku MOsIEKy1 U Mamepuarsos, Komopbklie criocobHbI HEObpamuMo MEHsIMb c80U ceolicmea nood
delicmsuem ceema.

Knroyesnie cnoga: chomoxpomusm, duapuiiameH, QuomporHas nepeepynnuposka, aHHeupo8aHHbIl Uu30-
mep, DFT-pacyemsi
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@uHaHcupoeaHue. ViccriedosaHue 8binonHeHo rpu noddepxke MuHucmepcmea Hayku U 8biclue20 obpa3osa-
Husi Poccutickol ®edepauyuu 8 pamkax Hay4yHo-obpasosamernibHo20 ueHmpa «batikany (FZZS-2021-0006).

Ana yumupoeaHus: Kyame K. 3., JlbBoB A. I'. JHepreTnyeckuin npocpunb cdopmansHon 1,2-gUOTPONMHON
neperpynnupoBku auapunateHos // N3Bectua By3oB. lNpuknagHas xumus u 6uoTtexHonorna. 2022. T. 12.
N 1. C. 153-159. https://doi.org/10.21285/2227-2925-2022-12-1-153-159.

INTRODUCTION

Photochromism is a phenomenon of a reversible
change of the structure of a compound under the
action of light [1]. In organic chemistry, a vast num-
ber of various classes of photochromic compounds
was developed during last decades. Photochromic
diarylethenes, comprising two (hetero)aromatic moi-
eties attached to the central double bond, were in-
troduced by M. Irie in 1988 [2]. When irradiated with
ultraviolet light (UV), the open form of diarylethenes
DAE-o isomerizes into the colored closed-ring iso-
mer DAE-c (Fig. 1); the reverse reaction proceeds
under the action of visible light (VIS). Several thou-
sand coloring / bleaching cycles could be carried out
for the certain diarylethenes [3]. The closed-ring
isomer DAE-c is thermally stable and usually con-
verts to DAE-o photochemically. These features
make diarylethenes promising components of new
generation of advanced materials and technologies,
including molecular electronics, stimuli-responsive
catalytic systems, and probes for bioconjugation and
fluorescence microscopy [4].

The main side reaction of the photochromic pro-
cess is a formal 1,2-dyotropic rearrangement of
DAE-c into the “annulated” isomer DAE-a [5]. The
latter is formed during prolonged UV irradiation,
while the quantum yield of the process strongly de-
pends on the DAE structure [6, 7]. A possible mech-
anism of the rearrangement consists in the initial
elongation of one C-S bond leading via a biradical
intermediate to a bicyclohexene (BCH) structure,
which undergoes a thermal isomerization to the an-

concerted reaction

nulated isomer (Fig. 2) [8]. The conversion of the
central cyclohexadiene core to a methylcyclopen-
tene diradical (MCPD) structure and its isomeriza-
tion to the BCH intermediate also has been consid-
ered. Alternatively, a concerted reaction pathway via
the exchange of the positions of a carbon and sulfur
atom along the central C-C bond would directly lead
to the annulated isomer.

DAE-o DAE-c DAE-a

Fig. 1. Photoswitching of diarylethenes

Puc. 1. doTonepekntoveHe AnapunaTeHoB

Dyotropic rearrangement of phenanthroline-
based diarylethene ligand was proposed for irre-
versible change of transition metal properties within
complex, in particular, in the case of paramagnetic
iron (1) complex [9]. Dynamic three-component sys-
tem, based on the interconversion between DAE-o,
DAE-c and DAE-a was proposed to control of 2D
multicomponent molecular ordering on surfaces
[10, 11]. The irreversible photorearrangement can
be using for development of read-only-memory de-
vices [12]. The asymmetric annulated isomer was
presented as an efficient probe for disclosing struc-
tures effects on CD (circular dichroism) spectra [13].

Fig. 2. Proposed mechanism of DAE-a formation

Puc. 2. MNpennoxeHHbln MexaHnam obpasoBaHust DAE-a
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For practical applications, it is important to know
the relative stability of open-ring, closed-ring and
annulated isomers of diarylethenes. The photogen-
erated isomers DAE-c usually are slightly destabi-
lized regarding the open-ring isomer DAE-o [14], but
the high thermal barrier of the thermal cyclorever-
sion prevents the dark back reaction. At the same
time, little is known on the relative stability of the

annulated isomer regarding the closed-ring isomer.
In this work, we have calculated a relative stability of
isomers for 10 as well as previously reported dia-
rylethenes, 20 [2], 30 [15], 40 [16], 50 [17], 60 [18],
70 [19], 8o [5], 90 [5] by using the B3LYP/6-31G(d)
method (Fig. 3). This approach provides quick ac-
cess to optimized structures of photochromic dia-
rylethenes [20, 21].
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Fig. 3. Relative isomer stability for 10, as well as diarylethenes, 20, 30, 40, 50, 60, 70, 80, 90
by the B3LYP/6 method -31G(d)

Puc. 3. OTHocuTenbHasa cTtabunbHOCTb M30MepoB 10, a Takke aAvapunaTeHos 20, 30, 40, 50, 60, 70, 80, 90
no metogy B3LYP/6 -31G(d)

RESULTS AND DISCUSSION

Density functional theory (DFT) -calculations
were performed at the B3LYP/6-31G(d) level of the-
ory [22, 23] using the Gaussian 09 program pack-
agel. Minimum structures were obtained from
ground state optimizations. Calculations of vibra-
tional frequencies were performed to prove that
each optimized structure corresponds to a true min-
imum on the potential energy surface. All energies
were calculated without zero-point correction.

Fig. 4 presents optimized geometries of dia-
rylethene 1o and its isomers. The open-ring isomer
comprises a flexible structure featured by free rota-
tion of thiophene rings around C-C bond [24]. It
leads to the existence of parallel and antiparallell
conformers [25], which usually are in the equilibrium.
Only antiparallel conformers are photoactive accord-
ing to Woodward—-Hoffmann rule [26]. According to
performed calculations, antiparallel confomers are
more stable for diarylethenes 10-90.

Fig. 4. Optimized structures for DAE 20 and its photoisomers

Puc. 4. OnTuMM3npoBaHHbIE CTPYKTYpbl AUapUnaTeHa 20 1 ero hoTon3oMepoB

1Frisch M. J., Trucks G. W., Schlegel H. B., Scuseria G. E., Robb M. A., Cheeseman J. R., et al. Gaussian 09W, Revi-

sion 7.0. Wallingford CT: Gaussian Inc., 2009.
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The relative energies for diarylethenes 1-9 are
presented at the Table. According to this data, closed-
ring isomers are destabilized in comparison with open-
ring isomers by 6.28-12.46 kcal/mol. The energy of

the annulated isomers is higher than that of E(DAE-c)

Calculated energy differences between diarylethene isomers

PacueTHada pasHuua aHeprni Mexay nsomepamm guapunaTeHa

by 1.71-14.00 kcal/mol. The lowest (in absolute val-
ues) differences were found for diarylethene 20. Thus,
the relative stability can be ranged as follows:
E(DAE-a) > > E(DAE-c) > E(DAE-0).

AEoc, kcal/mol AEao, kcal/mol AEca, kcal/mol
Ne Structure
E(DAE-c)-E(DAE-0) E(DAE-a)-E(DAE-0) E(DAE-a)-E(DAE-c)
M
10 | \ e/ \ 8.46 14.86 6.40
Me SMe S° Me
Me Me
20 Me 6.28 7.99 1.71
Y 7
Me SMe S~ Me
30 9.92 18.51 8.59
Me
RYa
Me SMe S Me
40 10.81 20.15 9.34
Me
I 7
Ph SMe S~ "Ph
(0]
50 10.95 22.53 11.58
Me
RYa
Me SMe S° Me
F. F
F
F F
60 11.80 23.57 11.77
Me
[ 7
Me SMe S "Me
F. F
F
F F
70 Me Me 11.20 23.72 12.52
Me
YA
Me SMe S Me
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End of table
F. F
F
80 12.46 25.55 13.09
Me
BRYa
Ph SMe S Ph
F. F
F
F F
90 Me Me 12.04 26.04 14.00
Me
BRYa
Ph SMe S Ph

CONCLUSIONS

In  conclusion, the performed calculations
disclosed the relative destabilization of annulated
isomers in comparison with closed-ring isomers.

These results should be taken into account during
future applications of DAE-a as a new class of
photostable dyes.
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