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Early processes in photochemistry of 2,3-bis(2,5-dimethyl-
thiophen-3-yl)cyclopent-2-enone were explored using the
ultrafast pump-probe spectroscopy. The photocyclization
occurs from the antiparallel conformation of an open form
on a time scale of 7 ps, while the parallel conformation
exhibits an intersystem crossing within 130 ps. The mecha-
nism and timescales were revealed as typical of other
thiophene-containing diarylethenes.
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Organic photochromic compounds are of interest as active
components in various light-sensitive systems including optical
media possessing the nonlinear absorption as well as in optical
memory, molecular electronic devices and optical switchers.!~’
Diarylethenes (DAEs) are among the most promising organic
photochromes.! Photochromism of DAEs is caused by a light-
induced transitions between the colorless open-ring form and the
colored closed-ring one. Scheme 1 demonstrates 2,3-bis(2,5-
dimethylthiophen-3-yl)cyclopent-2-enone 1 as a typical diaryl-
ethene in its colorless (1A) and colored (1B) forms. Typically,
both transitions of DAESs represent photochemical ones with no
thermal backward reaction, ie., they exhibit the P-type
photochromism.® DAEs are of particular interest due to their
breadth of color, absence of thermal reversibility, good resistance
to thermal and photochemical fatigue and preservation of
photochromic properties in the solid state.'*-1°

The scarcity of DAEs originates from the difficulty of their
structural modification, which hampers the examination of
relationship between their chemical structure and spectral
properties.!!\1? 2 3-Diarylcyclopent-2-en-1-ones (DCPs) repre-
sent a DAE type that is free of the mentioned deficiency.!>-16
Thus, DCPs provide a useful opportunity for a chemical
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modification of the cyclopentenone ring, which allows one to
synthesize compounds appropriate for specific application areas.
For instance, fluorescent switchers based on DCPs were
reported.'*!” In another work,'® photochemical properties of a
typical DCP were improved using its adduct with a metal-organic
coordination polymer.

Despite the synthetic attractiveness of DCPs, the mechanistic
aspects of their photochemistry have not been sufficiently
explored compared to other DAEs.? The mechanism of photolysis
for a typical DCP, namely 2,3-bis(2,5-dimethylthiophen-3-yl)-
cyclopent-2-enone 1, has been revealed using stationary and
nanosecond laser flash photolysis in our previous work. ' Herein,
we report on the early events in its photochemistry investigated
by an ultrafast pump-probe spectroscopy with the time resolution
of ca. 100 fs. Although the ultrafast?® photocyclization of
particular DAEs was recently reported,?'~2> there is still a lack of
data on the early processes in the DCPs photochemistry.

Compound 1 was synthesized according to the known
procedure!? and characterized by elemental analysis, NMR and
UV-VIS spectroscopy.’ Its open form 1A does not absorb in the
visible spectral range. UV irradiation of 1A results in the formation
of racemic colored closed form 1B. Electronic absorption spectra
of forms 1A and 1B (Figure S1, Online Supplementary Materials)
coincide with those reported in our previous work.! Visible
irradiation of 1B results in a restoration of the open form. Quantum
yields of the forward and backward reactions upon excitation at
313 and 530 nm are 0.3 and 0.07, respectively.'?

* MeCN of spectrally pure grade (Cryochrom, Russia) was used for the
preparation of solutions. Details of the experimental setup**?’ and data
processing® are given in Online Supplementary Materials.
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Laser flash photolysis experiments'® have demonstrated that
the photocyclization upon the UV irradiation of form 1A (see
Scheme 1) is accompanied by intersystem crossing. The fragment
of spectrum of the triplet state 1A(T) is represented in Figure S1.
Photocyclization and intersystem crossing are parallel processes,
while the closed isomer 1B is formed only from the singlet
state.!” The formation of both species 1B and 1A(T) is much
faster than the resolution time of setup for laser flash photolysis
(ca. 5 ns).

The photostability of compound 1 is not high. Its UV spectrum
changed appear after several cycles of coloration—decolo-
ration.'®!? This photodegradation is not caused by the reactions
of singlet oxygen formed via quenching of species 1A(T) by
dissolved oxygen.!? Therefore, the reason of the photofatigue is
the monomolecular photochemical reaction,'® namely a formal
dyotropic rearrangement of the photoinduced isomer.?%-3

Experiments on the ultrafast kinetic spectroscopy were
performed using excitation at 320 nm. An impact of the closed
isomer formation during the photolysis was controlled by UV
spectra of the photolysed samples and was found to be negligible.
Figure 1(a) demonstrates intermediate absorption spectra
corresponding to different time delays between the pump and
probe pulses. Examples of kinetic curves obtained from these
spectra are shown in Figure 1(b).

The smooth curve [see Figure 1(a)] represents the shape of
spectrum of the closed form 1B, and its maximal value is
matched to the spectrum of residual in the intermediate
absorption spectrum (curve 7). One can see that the spectrum of
the residual corresponds to the long-wavelength wing of
spectrum for form 1B. In the region of 440-520 nm, the residual
absorption exceeds the absorption for form 1B, which could be
explained by the absorption of species 1A(T), whose decay time
is an infinity on the time scale of ultrafast experiment. Therefore,
we conclude that the residual absorption observed in the ultrafast
experiment is the sum of 1B and 1A(T) absorptions.

The kinetic curves [see Figure 1(b)] were globally fitted
using a triexponential function with a residual absorption
[equation (1)], since the biexponential fit resulted in a much
less satisfactory description. The spectra of amplitudes A;(1)
are shown in Figure S2. The characteristic lifetimes extracted
from the global fit were 7, = 0.7+0.3, 7, = 7.2+1.7 and
73 = 13050 ps.
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The further analysis of data depends on the model of

photochemical processes. We have assumed that the photo-
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Figure 1 Experimental results for the ultrafast pump-probe spectroscopy
(excitation at A = 320 nm) of form 1A (7.3x10™* M, 1 mm cell) in MeCN:
(a) intermediate absorption spectra, curves /—7 correspond to the delays
between pump and probe pulses equal to —1.1, 0.3, 1.3, 4.8, 23, 130 and
390 ps, respectively; and the smooth curve is the spectrum of form 1B and
(b) kinetic curves at different wavelengths, obtained from the spectra shown
in part (a). Solid lines represent the best fit approximations according to
equation (1).

chemical properties of DCPs are similar to those of other DAEs.
There are two conformations, namely parallel and antiparallel
denoted as P and AP, respectively of the open form of DAEs,
which easily transform into each other in solution.'3! For the
open form 1A, these conformations are shown below. The
photocyclization can proceed only from the antiparallel
conformation. !
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To describe the results of ultrafast pump-probe experiments,
we have proposed that the closed form 1B is formed only
from the singlet excited state ('AP*) of form 1A, while the
intersystem crossing is effective only for the singlet excited
state 'P*. The similar scheme was earlier assumed for
thiophene-substitued DAEs*?33 and further used for a
typical DAE, 1,2-bis(2-methyl-3-benzothienyl)perfluorocyclo-
pentene.”> The corresponding sequences of reactions are
represented in Scheme 2. For clarity, we will further use letters
A, B, C, D and E for the designation of five species involved in
the process, namely A = 'AP*; B = Pre; C = 1B; D = 'P*;
E = 1A(T); the nature of species B = Pre (precursor) inserted
similarly to the work of Ern et al.’® will be explained below.
Constants ki, k,, and k5 are the effective rate constants for the
transitions between the species. Note that k; and k5 include the
rate constants of internal conversion into the corresponding
ground states.

h k ko
AP —» IAP* —L» Pre —> 1B (a)
hv ks
P — s 1px S A(T) (b)
Scheme 2

To calculate the species associated difference spectra (SADS)
of the individual components, one needs to know the ratio of
absorptions of triplet state (E) and closed form (C) generated
during the laser irradiation at 320 nm, f(4) [equation (2); note
that f(1) is the ratio of absorptions, but not the ratio of molar
absorption coefficients]:

S:() &lDl,
- SC(A)_ eclAly’

fA)

@

where eg, €, [A]y, and [D],, are the molar absorption coefficients
and initial concentrations of the corresponding species. We have
proposed that the f{A) ratio for form 1A is the same for both the
cases of ultrafast laser irradiation at 320 nm and 5 ns laser
irradiation at 355 nm (both wavelengths fall into the same
absorption band, see Figure S1). This assumption allowed us to
extract the function f(1) from the results of laser flash photolysis
experiments according to our previous work.!” Knowing the
function f(1), we calculated the SADS according to equations
(3)—(7) (note that the formulae for SADS are different from
those applied for the commonly occurring case of subsequent
formation of intermediates#).¥ Figure 2 shows the calculated
values of SADS.

¥ Their derivation, calculation procedure and graph f(1) are shown in
Online Supplementary Materials (Figures S2 and S3).
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Figure 2 Experimental SADS for the ultrafast pump-probe spectroscopy
(excitation at A = 320 nm) of form 1A (7.3x 10 M, 1 mm cell) in MeCN
derived via processing of kinetic curves shown in Figure 1(b) by global fit
approximation according to equation (1), and calculation of SADS
according to equations (3)—(7).

S\ = A+ A+ A, :m 3)
Sp(R) = Ay(h) k‘,;kz + A +1m o)
Se@) = AM)%N) )
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Now let us discuss the reaction pathway (Scheme 2). The
transition from the excited AP form to the closed form 1B was
described by a two-step model [Scheme 2(a)]. According to this
model, the excited ' AP* isomer (see SADS S, in Figure 2) after
excitation of AP to the S, state exhibits fast electronic-
conformational relaxation on a time scale of 0.7 ps to the
precursor (Pre) state (SADS Sg). The transition from ! AP* to Pre
consists of moving via the reaction coordinate that is the carbon—
carbon distance between the methyl group-bearing carbon atoms
of two thienyl moieties (see Scheme 1). The precursor transits to
the closed form 1B (SADS S¢) with the characteristic time of
7.2 ps. For a typical DAEs, this transition proceeds via conical
intersection between S state of the open form and S state of the
closed form.* Thus, the reaction is essentially downhill and
barrierless.?>32 In this description, the precursor is the excited
state of the closed form, where the mentioned C—C distance is
less than in the ground AP form. The tentative representation of
transition from ! AP* to Precursor is shown in Scheme S1 (Online
Supplementary Materials). It should be noted that the transition
according to Scheme 2(a) is accompanied by vibrational cooling
and solvent relaxation. Therefore, our biexponential model is the
rough approximation of the real ultrafast process.

The excited S, state of the P isomer of form 1A (SADS Sp)
exhibits intersystem crossing to species 1A(T) (SADS Sg) with the
characteristic lifetime of 130 ps. The possible ultrafast relaxation
processes for 'P* were not resolved in this work. The lifetime of
species 1A(T) in air-saturated MeCN is ca. 0.5 ms.!?

In conclusion, the mechanism of early photochemical
processes for a thiophene-containing DCP was revealed as being
similar to that for other thiophene-containing diarylethenes.

This work was supported by the Russian Foundation for Basic
Research (grant no. 18-03-00161).

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2020.01.020.

References

1

2

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26
27

28

29

30

31

32

33

34
35

M. Irie, T. Fukaminato, K. Matsuda and S. Kobatake, Chem. Rev., 2014,
114, 12174.

Molecular Switches, 2" edn., eds. B. L. Feringa and W. R. Browne,
Wiley-VCH, 2011.

M. V. Alfimov, O. A. Fedorova and S. P. Gromov, J. Photochem.
Photobiol., A, 2003, 158, 183.

M. M. Lerch, M. J. Hansen, G. M. van Dam, W. Szymanski and
B. L. Feringa, Angew. Chem., Int. Ed., 2016, 55, 10978.

M. Kathan and S. Hecht, Chem. Soc. Rev., 2017, 46, 5536.

A. N. Arkhipova, P. A. Panchenko, Yu. V. Fedorov and O. A. Fedorova,
Mendeleev Commun., 2017, 27, 53.

A. R. Tuktarov, R. B. Salikhov, A. A. Khuzin, I. N. Safargalin,
I. N. Mullagaliev, O. V. Venidiktova, T. M. Valova, V. A. Barachevsky
and U. M. Dzhemilev, Mendeleev Commun., 2019, 29, 160.

H. Bouas-Laurent and H. Diirr, Pure Appl. Chem., 2001, 73, 639.

J. Zhang and H. Tian, Adv. Opt. Mater., 2018, 6, 1701278.

A. G. Lvov, M. M. Khusniyarov and V. Z. Shirinian, J. Photochem.
Photobiol., C, 2018, 36, 1.

M. M. Krayushkin and M. A. Kalik, in Advances in Heterocyclic
Chemistry, ed. A. Katritzky, Academic Press, Oxford, 2011, vol. 103,
pp. 1-59.

A. G. Lvov, Y. Yokoyama and V. Z. Shirinian, Chem. Rec., 2019,
DOI: 10.1002/tcr.201900015.

V. Z. Shirinian, A. A. Shimkin, D. V. Lonshakov, A. G. Lvov and
M. M. Krayushkin, J. Photochem. Photobiol., A, 2012, 233, 1.

D. V. Lonshakov, V. Z. Shirinian, A. G. Lvov, B. V. Nabatov and
M. M. Krayushkin, Dyes Pigm., 2013, 97, 311.

V. Z. Shirinian, A. G. Lvov, M. M. Krayushkin, E. D. Lubuzh and
B. V. Nabatov, J. Org. Chem., 2014, 79, 3440.

A. G. Lvov, N. A. Milevsky, A. M. Yanina, V. V. Kachala and
V. Z. Shirinian, Org. Lett., 2017, 19, 4395.

S. K. Lazareva, E. M. Glebov, D. A. Nevostruev, D. V. Lonshakov,
A. G. Lvov, V. Z. Shirinian, V. A. Zinovyev and A. B. Smolentsev,
Mendeleev Commun., 2019, 29, 285.

V. V. Semionova, V. V. Korolev, E. M. Glebov, V. Z. Shirinyan and
S. A. Sapchenko, J. Struct. Chem., 2016, 57, 1216 (Zh. Strukt. Khim.,
2016, 57, 1279).

V. V. Semionova, E. M. Glebov, A. B. Smolentsev, V. V. Korolev,
V. P. Grivin, V. F. Plyusnin, and V. Z. Shirinian, Kinet. Catal., 2015, 56,
316 (Kinet. Katal., 2015, 56, 318).

T. Kumpulainen, B. Lang, A. Rosspeintner and E. Vauthey, Chem. Rev.,
2017, 117, 10826.

H. Miyasaka, T. Nobuto, A. Itaya, N. Tamai and M. Irie, Chem. Phys.
Lett., 1997, 269, 281.

S. Shim, I. Eom, T. Joo, E. Kim and K. S. Kim, J. Phys. Chem. A, 2007,
111, 8910.

Y. Ishibashi, M. Mukaida, M. Falkenstrom, H. Miyasaka, S. Kobatake
and M. Irie, Phys. Chem. Chem. Phys., 2009, 11, 2640.

Y. Ishibashi, M. Fujiwara, T. Umesato, H. Saito, S. Kobatake, M. Irie
and H. Miyasaka, J. Phys. Chem. C, 2011, 115, 4265.

Y. Ishibashi, T. Umesato, S. Kobatake, M. Irie and H. Miyasaka, J. Phys.
Chem. C, 2012, 116, 4362.

S. V. Chekalin, Phys.-Usp., 2006, 49, 634 (Usp. Fiz. Nauk, 2006, 176, 657).
E. M. Glebov, I. P. Pozdnyakov, V. P. Chernetsov, V. P. Grivin,
A. B. Venediktov, A. A. Melnikov, S. V. Chekalin and V. F. Plyusnin,
Russ. Chem. Bull., Int. Ed., 2017, 66, 418 (Izv. Akad. Nauk, Ser. Khim.,
2017, 418).

N. Tkachenko, PyG Tools for Spectroscopy Data Analysis. User’s
Guide, 2009, http://butler.cc.tut.fi/~tkatchen/prog/users_guide.pdf.

M. Irie, T. Lifka, K. Uchida, S. Kobatake and Y. Shindo, Chem.
Commun., 1999, 747.

M. Herder, B. M. Schmidt, L. Grubert, M. Pitzel, J. Schwarz and
S. Hecht, J. Am. Chem. Soc., 2015, 137, 2738.

K. Shibata, K. Muto, S. Kobatake and M. Irie, J. Phys. Chem. A, 2002,
106, 209.

J.Ern, A. T. Bens, H.-D. Martin, S. Mukamel, S. Tretiak, K. Tsyganenko,
K. Kuldova, H. P. Trommsdorff and C. Kryschi, J. Phys. Chem. A, 2001,
105, 1741.

J. Ern, A. T. Bens, H.-D. Martin, K. Kuldova, H. P. Trommsdorff and
C. Kryschi, J. Phys. Chem. A, 2002, 106, 1654.

A. S. Rury and R. J. Sension, Chem. Phys., 2013, 422, 220.

H. Jean-Ruel, R. R. Cooney, M. Gao, C. Lu, M. A. Kochman,
C. A. Morrison and R. J. D. Miller, J. Phys. Chem. A, 2011, 115, 13158.

Received: 28th June 2019; Com. 19/5969

— 63 -



