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Asymmetric diarylethenes with benzo[blthiophen-3-yl and 2-thienyl residues having variable oxidation
degrees (S and/or SO,) remained unexplored. These photochromes provide reversibly photoswitchable
absorbance and multicolor emission modulation. Here we report 18 photochromic 1,2-diarylperfluorocy-
clopentenes with oxidized and non-oxidized 2-methylbenzo[blthiophen-3-yl, as well as 5-aryl-3-methyl-
thiophen-2-yl groups. The structure—property relationships were studied for three groups of compounds:
non-oxidized, mono-oxidized (to SO; in the benzothiophene part), and fully-oxidized (to 2 x SO,). The
quantum chemistry calculations helped to interpret the substituents’ effects in each group and predict the
photophysical properties of yet unavailable photochromes. The photochromic systems with absorbance
modulation introduced in this work were designed for the use in diffraction-unlimited writing and reading
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Introduction

Photochromism 1is the ability of a compound to reversibly
switch between two molecular states upon irradiation with
light." In most cases, the two states represent isomeric struc-
tures, and new chemical bonds are formed and broken intra-
molecularly in the course of a photochromic reaction.
Ilumination with light of two distinct wavelengths is required
for interconversion (Scheme 1), and the colour change arises
from differences in the absorption spectra of the two states
(isomers).> Diarylethenes®® having benzo[b]thiophen-3-yl or
3-thienyl residues attached to the double bond of perfluorocy-
clopentene,® are promising candidates for practical appli-
cations. These photochromes feature high photo-reaction
efficiency,” strong fatigue resistance (large number of switch-
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with light, nanopattering and optical lithography.

ing cycles),”®? thermal stability of the states,'® and well separ-

ated absorption spectra of the isomers. Due to their unique
properties, diarylethenes became attractive molecular tools in
various research fields, from material to life science.'*™® In
particular, some diarylethenes present fluorescence emission
only in one isomer,"® enabling the most sensitive readout
method.

The photo-physical properties of photochromic compounds
are strongly influenced by the core structure. So far, a variety
of structural modifications have been reported, such as intro-
duction of aryl or other (functional) groups to C-6 of benzo[b]
thiophene®”®® or C-5 of thiophene,*?° the replacement of
these heteroarenes with other heterocycles (e.g., nitrogen-*"3>
or oxygen-containing ones®**%), variation of the alkyl group(s)
at the “central” reactive carbon atoms (C-2 and C-2'),*® and the
replacement of perfluorocyclopentene by non-fluorinated 5- or
6-membered rings with double bonds.®***” The syntheses of

state A Fo reversible switching Fo state B

75

Scheme 1 Under irradiation with light, photochromic 1,2-diarylperfl-
uorocyclopentenes undergo reversible transitions between two stable
states.
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diarylethenes and their applications in material and life
sciences have been studied and reviewed over the last
decades.** ™

Oxidation of a thiophene/benzo[b]Jthiophene residue to 1,1-
dioxide,**™* or change from a “normal type” 3-(benzo)thienyl
to an “inverse-type” 2-(benzo)thenyl substitution pattern®*™*°
are known to drastically alter the conjugation path, optical
spectra and the switching parameters of diarylethenes. For
example, 1,2-bis(2-alkyl-1-benzothiophene-1,1-dioxide-3-yl)per-
fluorocyclopentenes®”*® exhibit high fluorescent quantum
yields (up to 0.9) in their closed-form (CF).** This property
makes them useful in many photonic applications: optical
memories,*>®®  bioimaging,”  and  super-resolution
microscopy.”>*® On the other hand, the 2-thienyl substituted
“inverse type” diarylethenes undergo ring-closure reactions
under irradiation in the short wavelength region, and some of
them are known to be fluorescent in their open forms (OFs).>*
While these chemical modifications are key to customize the
photophysical properties, the studies of sulfone (SO,) and
“inverse type” diarylethenes were focused on highly symmetric
structures.

Recently, asymmetric “sulfide-sulfone””” and “half-inversed
sulfone” diarylethenes®®®” with unique photo-physical pro-
perties were reported (Fig. 1, upper part). The former showed
ratiometric fluorescence switching (both isomers were fluo-
rescent) and endured more than 2 x 10* switching cycles.>
The latter switched the emission of an adjacent perylene dye
on and off via photo-induced electron transfer (PET).”®°’
However, in the previous reports, asymmetric oxidation and
“inversed” linkage of the thiophene or benzo[b]thiophene
units (via C-2) were assessed separately, and not combined in
one structure. In this work, we used an asymmetric diary-
lethene, which was applied as a successful modulator in a PET
system,”® as a lead (Fig. 1, DAE-PDI). We varied the substitu-
ents (electron donors and acceptors) in both parts (left and
right) of the molecule and changed the oxidation state of
S-atoms to produce highly asymmetric structures.

In general, the absorption and emission properties of diary-
lethenes depend on (1) oxidation state of benzo[b]thiophene or
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Fig. 1 Upper part: previously reported asymmetric diarylethenes with a
sulfone fragment. Lower part: asymmetric structures Ox°, Ox* and Ox?
of the present work; X and Y denote functional groups.
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thiophene core, (2) the presence of donor and/or acceptor
groups in the “active” positions of the conjugated system, and
(3) the presence and nature of an aryl group at C-6 of benzo[b]
thiophene. To get insights into the trends of structure-spectra
relationships, we designed and prepared 18 photochromic 1,2-
diarylperfluorocyclopentenes with 2-methyl-benzo[b]thiophen-
3-yl and 5-aryl-3-methylthiophen-2-yl parts (Fig. 1, lower part).
We categorized them into three groups: non-oxidized (Ox’
X-Y), mono-sulfones (Ox'-X-Y with oxidized benzo[b]thiohene
units), and bis-sulfones (Ox>-X-Y). In each group, the substitu-
ent X at the para-position of the phenyl group is either hydro-
gen, or electron-acceptor (CN), or electron-donor (MeO). In the
right part of the molecule, the benzo[b]thiophene unit is
either non-oxidized or oxidized, and the substituent Y = H or
phenyl (Ph).

Results and discussion
Synthesis

The synthesis routes to the designed 18 compounds and inter-
mediates A(Y), C(Y) with variation points Y and Br, respect-
ively, are shown in Scheme 2. The starting materials, A(H) and
A(Ph) were prepared in 3-4 steps from commercially available
materials (see ESIt). The residue Y may be hydrogen or any
(het)aryl group compatible with the reagents and conditions in
Scheme 2. The freshly prepared A(H) and A(Ph) were reacted
with 2-lithio-3-methyl-5-(trimethylsilyl)thiophen to give inter-
mediates B(H) and B(Ph), respectively. Treating with bromine
in DCM transformed the trimethylsilyl (TMS) group in B(Y) to
bromides C(Y). The six non-oxidized diarylethenes Ox’-X-Y
(see Fig. 1 and Scheme 2) were obtained by a Suzuki-Miyaura
reaction of bromides C(H) and C(Ph) with boronic acids (or
esters of boronic acids; see ESIt): p-methoxyphenyl, phenyl,
and p-cyanophenyl. The oxidation of sulfur atoms in both thio-
phene and benzothiophene fragments to sulfone residues was

C(Y) two steps

Y =H, 30%

Y =Ph, 33%
Ox2-MeO-H (29%)
Ox2-H-H (28%)
Ox2-CN-H (27%)
Ox2-MeO-Ph (57%)
Ox2-H-Ph (38%)
Ox2-CN-Ph (28%)

0x°-MeO-H (73%)
(iii) Ox®-H-H (71%) (iv)
Ox°-CN-H (79%)
0Ox°-MeO-Ph (70%)
Ox°-H-Ph (80%)
Ox®-CN-Ph (58%)

E—

c(Y):
Y=HorPh
Ox'-MeO-H (79%)
Ox'-H-H (79%)
Ox'-CN-H (58%)
Ox'-MeO-Ph (64%)
Ox'-H-Ph (80%)
Ox'-CN-Ph (61%)

D(Y) two steps
Y =H, 62%
Y = Ph, 51%

Scheme 2 Synthesis of the diarylethenes: (i) THF, =70 °C; (i) DCM, Br,,
0 °C to r.t.; (iii) boronic esters, Pd(PPhs);, THF/Na,COs aq. reflux,
1.5-3.0 h; (iv) mCPBA, DCM, r.t,, 1-3d; (v) H,O,, AcOH, reflux, 30 min.
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carried out by treating with excess of m-chloroperoxybenzoic
acid (mCPBA), yielding fully oxidized compounds (Ox*-X-Y). On
the other hand, oxidization of compounds C(Y) with aqueous
H,0, in acetic acid (30 min under reflux) gave sulfones D(Y),
in which only benzothiophene units were selectively oxidized.
The position of the oxidation site was determined by the com-
parison of the "H NMR spectra (characteristic proton shift in
the aromatic region), as shown in Fig. S3a and S5a.t Finally, a
Suzuki-Miyaura coupling reaction of D(Y) with corresponding
boronic acids gave asymmetrically oxidized diarylethene series
(Ox"-X-Y). The detailed synthetic procedures and NMR spectra
(Fig. S1-5237) of all new compounds are given in ESL¥

Photophysical properties of Ox’-X-Y and Ox'-X-Y series

The photoisomerization experiments, measurements of the
spectra and photophysical parameters were performed in the
home-built optical setup described previously.>® The photo-
cyclization (®o_c) and photo-cycloreversion (@¢_) quantum
yields of both series Ox’-X-Y and Ox'-X-Y were determined by
using 365 nm and 470 nm light, respectively. The relative fluo-
rescence quantum yields (&) were determined with quinine
sulfate (@ = 0.55 in 0.5 M aq. H,SO,), as the reference
material. The main photophysical properties of 12 non-oxi-
dized and mono-oxidized diarylethenes are given in Table 1.

In the present study, the photochromic reactions of all
asymmetric diarylethenes occurred by irradiation below
560 nm; the “normal” diarylethenes undergo ring-opening
reactions at longer wavelengths. For the non-oxidized Ox’-X-Y
and mono-sulfone Ox'-X-Y series, the OFs showed intense
absorption bands in the UV region (320 nm to 420 nm), while
the CFs’ absorption bands appear between 400 nm and
560 nm. Both the cyclization and cycloreversion quantum
yields @ and @_,¢ are high (0.12-0.35). Interestingly, com-
pounds from the Ox’-X-Y and Ox"-X-Y series emit only in their
OFs, so that their photochromic reactions are accompanied by
the reversible “turn-off” type of the fluorescence switch. In
other words, upon irradiation with UV light (365 nm), their
emission vanishes along with the formation of the CFs. Thus,
conversions in the photostationary state (PSS) were calculated
from the fluorescence modulation (apss (365 nm) = IFpgs/IF,,
where IF is the fluorescence intensity at the PSS or before the
irradiation, where the entire compound is in the OF). Then,

View Article Online
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the absorption spectrum of the CF (Abscr (1)) was calculated
from the absorption spectra measured of the OF (Absgr (1))
and at the PSS (Abspss (4)), according to the following
expression Abscr (1) = (Abspss (1) — (1 — apss) X Absor (4))/apss.
The irradiation of CFs with visible light triggers the ring-
opening reactions, with full recovery of the initial fluorescence
intensity.

In order to reveal the influence of the substituent X (X =
CN, H, or MeO), the absorption spectra in the series Ox’-X-Y
were compared, while Y was fixed as H (Fig. 2a-c). The group X
influences the position of the absorption maximum (spsimax)
in the OFs, but not in the CFs. For example, compounds Ox’-
CN-H, Ox*-H-H, Ox-MeO-H in their OFs (in 1.4-dioxane)
exhibited clear bathochromic shift of the spsdmax values from

(a) OX*-CN-H (d) OX’-CN-Ph

o
w

o

N
o
N
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0.1
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(b) OXH-H | 03 (e) OX*H-Ph
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800 400 500 600 g 0 400 500 600
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(c) Ox’-MeO-H () Ox*-MeO-Ph

o
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o
N
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Fig. 2 Absorption spectra of compounds (a) Ox°-CN-H, (b) Ox°-H-H,

(c) Ox°-MeO-H, (d) Ox°-CN-Ph, (e) Ox°-H-Ph, and (f) Ox°-MeO-Ph

measured in 1,4-dioxane. Black, red and blue (dashed) lines represent

the OF, the PSS by 365 nm excitation, and the calculated (from emission

modulation) CF spectra.

Table 1 Photophysical properties of the series Ox®-X-Y and Ox!-X-Y measured in 1,4-dioxane

Compounds Po_c Do’ @ 365 nm) AbsAmax/TIM (SOF X 10_3) ¢ AbsAmax/TIM (€CF X 10_3) ¢ FiAmax/M (‘DF)f

Ox’-H-H/Ox’-H-Ph 0.18/0.22  0.35/0.33  0.61/0.6 349(15.6)/347(13.5) 480(8.4)/489(10.5) 442 (0.02)/449(0.01)
Ox'-H-H/Ox"-H-Ph 0.18/0.14  0.31/0.29  0.77/0.5 363(14.4)/350(16.6) 450(11.2)/463(15.3) 490(0.04)/488(0.05)
0x’-MeO-H/Ox*-MeO-Ph  0.17/0.17  0.33/0.36  0.75/0.53 366(17.4)/366(17.2) 480(8.0)/490(11.3) 472(0.04)/472(0.03)
Ox'-MeO-H/Ox'-MeO-Ph  0.12/0.13  0.26/0.36  0.39/0.30 384(15.4)/379(13.2) 452(10.9)/462(12.9) 543(0.09)/534(0.07)
0x’-CN-H/Ox"-CN-Ph 0.15/0.19  0.34/0.41  0.58/0.54 346(20.8)/343(20.6) 478(8.7)/489(12.1) 450(0.02)/467(0.01)
Ox"-CN-H/Ox"-CN-Ph 0.20/0.18  0.31/0.30  0.82/0.68 357(18.8)/350(23.1) 446(11.8)/460(16.7) 467(0.04)/469(0.05)

“ Photo-cyclization quantum yields measured at 365 nm. ? Photo-cycloreversion quantum yields measured at 470 nm. ° Photo-conversion degree

(@, = [CFJ/([CF] + [OF])) at the photostationary state by using 365 nm light. ¢ Absorption maxima of OFs (molar absorptivity; M

em™).

¢ Absorption maxima of CFs; nm (molar absorptivity; M~' cm™)./Emission maxima; nm (relative fluorescence quantum yields) of OFs; standard:

quinine sulfate in 0.5M H,SO, (@5 = 0.55).>°

This journal is © the Partner Organisations 2022
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346 nm to 349 nm and 366 nm, respectively; while the spsdmax
value of the CFs remained almost unchanged (479 nm + 1 nm,
Table 1). The similar trend is observed in the series Ox’-X-Ph
and Ox"-X-Y (Y = H, Ph). For detailed comparison, the absorp-
tion spectra of compounds Ox’-X-Ph are shown in Fig. 2d-f;
see also Table 1. The influence of the substituents X and Y on
the apsAmax values were further assessed by using quantum
chemical calculations and compared with the features
observed for the double oxidized analogs Ox*>-X-Y in the follow-
ing sections. In what concerns emission intensity, all &g
values of Ox"-X-Y in their OFs (measured in 1.4-dioxane) are
approximately 2-4 times higher than these of Ox’X-Y
(Table 1). The nature of the Y substituent attached to ben-
zothiophene (or benzothiophene sulfone) has almost no influ-
ence on fluorescence, but the residue X influences the &g
values and the position of emission maxima (pdmax; S€€
Table 1).

To explore the substituent effects in the Ox'-X-Y series, we
considered three compounds Ox'-X-H (X = CN, H, and MeO).
Their photo-switching and emission in solvents of various
polarity (cyclohexane, ethyl acetate, and acetonitrile) were
studied. The fluorescence spectra and the photophysical data
are given in Fig. 3a-c and Table 2, respectively. We found that
both Ox'-CN-H and Ox'-H-H switch reversibly between fluo-
rescent and non-fluorescent states, regardless of the solvent
polarity (Fig. 3a and b). These two compounds showed similar
emission efficiencies and photoreaction quantum yields
(Po—c and P¢_o) in all solvents we used. On the other hand,
the fluorescent properties of Ox'-MeO-H strongly depends on
the solvent polarity. Compared to Ox'-CN-H and Ox'-H-H, the
@p value and the photoswitching quantum yields of Ox'-
MeO-H were found to be 5 times lower in acetonitrile

200, 150
(a) Ox"-CN-H

(c) Ox'-MeO-H

Emission
Emission

910 450 500 550 ”’7 650 700 750 9100 450 500 550 600 650 700 750
A (nm) A (nm)

100 520
(b)OX'HH| o8

50 >

Emission

2, - > 460.
9100 450 500 55;‘0( 6[)]0 650 700 750 0'%0 01 02 03 04 05 06 07 08
nm X

Fig. 3 Emission spectra of (a) Ox*-CN-H, (b) Ox'-H-H and (c) Ox'-
MeO-H in the OFs (solid lines) and in the photostationary state (a®®° ™™;
dashed lines), in cyclohexane (blue lines), dioxane (purple lines), ethyl
acetate (red lines) and acetonitrile (black lines). (d) CIE 1931 color space
with emission colors of three compounds, in squares for Ox'-CN-H (i.e.,
1, 3, 4, and 7 represent color of Ox*-CN-H in cyclohexane (cHex),
dioxane (Diox), ethyl acetate (EtAc), and acetonitrile (MeCN), respect-
ively), circles for Ox*-H-H (2, 5, 8, and 9 represent colors in cHex, Diox,
EtAc, and MeCN, respectively) and triangles for Ox'-MeO-H (6, 10, 11,
and 12 represent colors in cHex, Diox, EtAc, and MeCN, respectively).
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Table 2 Photo-switching and fluorescent properties of Ox!-X-Y in
various solvents

Solvent “  ®g_¢ b (Pc-0) (365 nm) ¢ FiAmax/nm(EffE) ¢
Ox'-CN-H cHex 0.13 (0.27) 0.73 438 (1.15)
Diox 0.20 (0.31) 0.82 467 (1.00)
EtAc 0.12 (0.23) 0.82 476 (0.78)
MeCN 0.12(0.20) 0.81 500 (0.81)
Ox'-H-H cHex 0.14 (0.28) 0.80 454 (0.84)
Diox 0.18 (0.31) 0.77 490 (1.00)
EtAc 0.12 (0.23) 0.78 502 (0.96)
MeCN 0.11 (0.22) 0.76 537 (1.13)
Ox-MeO-H cHex 0.14 (0.25) 0.56 495 (0.49)
Diox 0.12 (0.26) 0.39 543 (1.00)
EtAc 0.08 (0.20) 0.40 572 (0.88)
MeCN 0.02 (0.24) 0.09 616 (0.13)

“cHex, Diox, EtAc, and MeCN are cyclohexane, 1,4-dioxane, ethyl
acetate, and acetonitrile respectively. ” Photo-cyclization and photo-
cycloreversion quantum yields measured by using 365 nm and 470 nm
light sources, respectively. “The photo-conversion degrees at the
photo-stationary state (PSS) by using 365 nm light were calculated
from the degrees of the fluorescence quench of OFs. ¢ The emission
maxima (relative emission efficiencies referenced to the value
measured in 1,4-dioxane; the absolute values are in Table 1).

(Table 2). It was also found that the emission intensity of Ox'-
MeO-H depends on the solvent polarity much stronger than
these of Ox'-CN-H and Ox"-H-H (Fig. 3c). The solvatochromism
of Ox'-MeO-H is a result of the strong intramolecular charge-
transfer (CT) in the excited state of the OF, induced by the con-
jugation between the methoxy (donor) and the benzothio-
phene sulfone (acceptor) groups. To quantitatively illustrate
the solvatochromic fluorescence of compounds Ox"-X-H, their
emission maxima are plotted in the CIE 1931 color space
diagram as shown in the Fig. 3d.

Photophysical properties of Ox*-X-Y

Unlike compounds in the series Ox’-X-Y and Ox'-X-Y, the fully
oxidized Ox*>-X-Y analogs were non-fluorescent both in their
OFs and CFs and exhibited either low photoreaction quantum
yields (®o_c and &¢_o) or irreversible photoreactions. We
found that only Ox>MeO-H and Ox*-MeO-Ph can undergo
reversible photochromic transformations. The unique feature
is that these two compounds exhibited “inversed” photochro-
mism: the absorption bands of the OFs were found at longer
wavelengths than these of the CFs. The photochromism of
0x*>-MeO-H, Ox*>-MeO-Ph and their photophysical parameters
are given in Fig. 4 and Table 3, respectively. The absorption
bands of the open and closed forms overlapped, and in order
to achieve the highest possible photo-conversion degree, the
irradiation wavelengths had to be carefully selected. We found
that 455 nm and 365 nm light sources are optimal for photo-
cyclization and cycloreversion reactions, respectively. In the
case of Ox’-MeO-H, irradiation with 455 nm light of the solu-
tion in 1,4-dioxane led to the decrease of the absorption band
of the OF (spsdmax = 406 nm), while the new absorption band
peaking at 355 nm emerged. Then the solution of Ox*>-MeO-H
was analyzed by means of HPLC and HRMS, and we confirmed
that the new absorption band (spsAmax = 355 nm) is due to the

This journal is © the Partner Organisations 2022
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Fig. 4 The absorption spectra of (a) Ox>-MeO-H and (b) Ox?-MeO-Ph,
where black, red, green lines and blue-dashed line correspond to the
OFs, PSS under irradiation with 365 nm light, PSS under irradiation with
455 nm light, and calculated CFs, respectively.

Table 3 The key photophysical data of Ox?-MeO-H and Ox?-MeO-Ph

Poc” DPco b Q(455 nm) ¢ oY'(365 nm) ¢
0x>-MeO-H 9.7%x107 1.3x1072 0.98 0.81
0x>-MeO-Ph 1.1x 1072 6.4 x 1072 0.39 0.91

“Photo-cyclization quantum yields measured with 455 nm light.
b photo-cycloreversion quantum yields measured with 365 nm light.
“The photo-conversion degrees at the photostationary states (PSS) by
using 455 nm light (a, = [CF]/([CF] + [OF])) was measured by HPLC.
9The photo-conversion degrees at the photostationary states (PSS) by
using 365 nm light (o', = [OF]/([CF] + [OF])) was measured by HPLC.

formation of the CF of Ox>-MeO-H (Fig. 4a). Moreover, HPLC
analysis revealed that the photo-conversion by 455 nm light is
almost quantitative (2ssnm) > 0.98), due to the well-separated
absorption bands between OF and CF of Ox>-MeO-H (i.e. CF
has almost no absorption at 455 nm). As a control, when
405 nm light was employed, the conversion became incom-
plete (a*®> ™™ = 0.74). Further irradiation with 365 nm light
regenerated the OF (Fig. 4a), and the reverse photo-conversion
degree (@'(365nm) = 1 — Q365nm) = [OFJ/([CF] + [OF])) was deter-
mined to be 0.81 by HPLC analysis. The enhancement in the
absorbance at 355 nm achieved between the two photo-station-
ary states is x2.2. The photophysical properties of Ox>-MeO-Ph
were also studied under the same irradiation condition. In
comparison to Ox>-MeO-H, a lower photo-conversion degree to
the CF was observed (a*®> ™ = 0.39). This is a result of a
smaller shift in the absorption maxima between the OF and
the CF, i.e. due to considerable absorption of the CF at 455 nm
(Fig. 4b). The phenyl substituent (Y) attached to benzothio-
phene sulfone induced the bathochromic shift of the CF’s
absorption band, resulting in a larger overlap with the absorp-
tion band of the OF. From the measurements of the whole
Ox>-X-Y series, we found that introduction of an electron
donating (e.g., methoxy) group (as X) and the absence of aryl
groups at C-6 of the oxidized benzothiophene part, are key
factors in the design of the “inverse type” photochromic diary-
lethenes. The factors reduce the undesired overlap of the
absorption bands of the OF and CF.

This journal is © the Partner Organisations 2022
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To gain a better understanding of the structure-property
relationships of the new asymmetric photochromes, we per-
formed the density functional theory (DFT) calculations by
using Gaussian 09 program package.®® The geometries of com-
pounds were optimized using B3LYP exchange-correlation
hybrid functional together with the 6-31++G(d,p) basis set in
vacuum of both OFs (anti-parallel conformer) and CFs (anti-paral-
lel conformer). We have calculated energies and obtained the iso-
density surface plots of the frontier molecular orbitals (FMO). In
the series of CFs of Ox’-X-Y, both HOMO and LUMO are localized
on the whole molecule excluding substituent X and the neigh-
bouring phenyl ring (Fig. 5a). This results in closely similar
energy values of the HOMO-LUMO gaps for the whole series. In
the case where Y = phenyl, the localization of FMO’s is extended
on this phenyl ring (attached to the benzothiophene), but does
not involve the phenyl substituent attached to the thiophene ring
(Fig. 5a). Usually, the lowest energy transition from the ground
state is between HOMO and LUMO. This nicely explains, why sub-
stituent X does not affect the absorption maxima of the CF and
why switching from Y = H to Y = Ph results in a bathochromic
shift. In the OFs of Ox”X-Y series, HOMO is localized on all mole-
cular n-system, including the phenyl substituent; it also applies, if
Y = Ph (Fig. 5b). Yet, the LUMO localization partially excludes the
benzothiophene residue and the substituent Y, which explains
the observation that the absorption maxima of OFs are mainly
affected by substituent X but not Y. Similar regularities are also
valid for the Ox"-X-Y series of compounds (Fig. S247).

The localization of FMOs in the series Ox>-X-Y indicates a
strong charge transfer character of the excited state and was
not sufficient to explain the demonstrated “inversed photo-
chromism” of Ox*>-MeO-H(Ph) compounds (Fig. S24-S287). In
order to get better understanding of the nature of the absorp-
tion bands, we included 1,4-dioxane as solvent with IEFPCM
solvation model and calculated the vertical excitation energies
based on TD-DFT with CAM-B3LYP/6-31++G(d,p) hybrid
exchange-correlation functional. The latter includes the long-
range corrections and performs well with charge transfer tran-
sitions. The significant similarity between experimental and
theoretical absorption spectra were observed (Fig. 5c¢ and d).
For the CF of Ox*>-MeO-H, the lowest energy transition Sy — S;
is not a usual HOMO-LUMO transition (which becomes for-
bidden, due to a significantly small orbital overlap), but it is a
HOMO-1 — LUMO transition instead. This results in a higher
energy difference, and therefore, the absorption band of the
CF is observed at the unusually short wavelengths (Fig. 5c). In
the OF of Ox>-MeO-H, the S, — S, excitation arises from a mix
of HOMO — LUMO and HOMO-3 — LUMO events. For the CF
of Ox*>-MeO-Ph, the S, — S; transition involves similar type of
mixed orbitals (Fig. 5d). The lowest energy band of the CF of
Ox*-MeO-Ph again excluded the HOMO orbital and relied on a
mixed (HOMO-1 + HOMO-4) to LUMO transition. We hypoth-
esize that the exclusion of HOMO in the series of Ox*>-MeO-Y
(OFs) is due to a spatially very small overlap of FMO’s at the
sulfone oxygen atoms (Fig. S24-S287), which forbids a HOMO
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Fig. 5 The DFT calculated ground state isodensity surface plots of the FMOs in (a) CFs and (b) OFs of OX°-X-Y series. TD-DFT simulated vertical
excitation energies including 1,4-dioxane as solvent with [IEFPCM model and fitted absorption spectra on excitation bands and representation of
molecular orbitals responsible for the lowest energy transitions for (c) Ox?-MeO-H and (d) Ox2-MeO-Ph in OFs and CFs.

— LUMO transition and results in inversed absorption bands culations introduced in this paper will serve for the design and
of CFs and OFs. The calculations reasonably predicted the optimization of “inversed” diarylethene photoswhitches with
positions and trends in the experimentally observed lowest well-separated bands of the OF and CF.

energy absorption bands, including rapprochement of the CF
and OF of Ox’-MeO-Ph; thus giving a better insight into the
nature and control of “inverse photochromism” (Fig. 5 and As easily processable substances, organic photoswitchable
S25-528+t). The experimental data and quantum chemical cal- dyes are of high interest for new optical recording systems. In

Absorbance modulation
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the far-field photolithography, the optical resolution is limited
by diffraction to a half of the wavelength of the irradiation
source.®® The reversible optical switching between two stable
molecular states was recognized as a new physical concept
enabling to “break the diffraction barrier” and applicable in
lens-based optical imaging, as well as writing at the nano-
scale.®” Improving the optical resolution in recording media
through the use of photochromic layers was mainly developed
by Rajesh Menon under the name “Absorbance Modulation
Optical Lithography (AMOL)”.** The photochromic dyes are
appealing as main materials for writing at the nanoscale,
because they feature transitions between two stable ground
states (Scheme 1). Thus, light of low intensities may be
applied.®® It preserves the photochromic layer from degra-
dation, and the performance (contrast ratio and optical resolu-
tion) of the recording system is improved. Unfortunately, none
of the photochromic diarylethenes reported so far possesses
the absorption modulation properties required for the lens-
based writing at the nanoscale: strong change of absorption at
the certain wavelength, high degree of conversion in a photo-
stationary state, photostability (high number of switching
cycles), and the controllable switching kinetics. The symmetric
diarylethene based on the two 5,5-dimethyl-2,2"-bithiophene
units attached via positions 4 to the double bond (C-1 and C-2)
of the perfluorocyclopentane bridge has been reported as
benchmark material for AMOL.®? It requires the use of 325 nm
light for performing the ring-closure reaction. The ring-
opening step (irradiation at 633 nm) is very slow, with
quantum efficiency ca. 107°-107%, and this reduces the
number of achievable switching cycles. Surprisingly, other dia-
rylethenes have not yet been applied in AMOL.%*®* Therefore,
one of our goals was to offer a general synthetic route to photo-
chromic diarylethenes capable of efficient and rapid absor-
bance modulation with focusable light.

The aberration corrected lenses with large numerical aper-
tures (1.35-1.45) are available only for wavelengths greater
than 360 nm. In line with this, compact and affordable diode
lasers emitting at 375 nm provide one of the shortest wave-
lengths available for optical switching and lens-based writing
at the nanoscale. As an example, in Fig. 6 we present the
absorption modulation of compound Ox’-MeO-H dissolved in
1,4-dioxane. Table 1 contains the data on photophysical pro-
perties. The absorption modulation at 375 nm is about 2.5
fold. In other organic solvents (ethyl acetate, acetonitrile and
cyclohexane), similar properties were observed. These organic
solvents are compatible with polymer matrixes in which the
photochromic compounds are applied for nanolithography.

For compound in Fig. 6, the degree of conversion in the
photostationary state (transition to the closed-ring isomer in
Scheme 1) is relatively high (75% under irradiation with
365 nm light), but the cyclization is not complete. However,
incomplete conversion does not preclude secure writing based
just on discerning between exposed and non-exposed areas. In
AMOL, a thin film of photochromic material is placed on top
of a conventional photoresist and illuminated simultaneously
by a focused light of wavelength 1, and another irradiation
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Fig. 6 Absorption modulation of compound Ox°-MeO-H in 1,4-
dioxane solution; for structure, see Fig. 1; for photophysical properties,
see Table 1.

pattern of wavelength A, featuring the local minimum or
minima (e.g., a doughnut-shaped beam).®*®® The 4, beam
transforms the photochromic material to a more transparent
(at 4,) state, and the underlying photoresist may be exposed.
However, the A, irradiation reverses the transformation in all
areas, except the local minimum (minima), so that the photo-
resist remains exposed only in these subdiffractionally
“squeezed” areas. As a result, higher photolithographic resolu-
tion and information density may be achieved. This is
expected to be the case for compound Ox’-MeO-H (Fig. 6), as
well as diarylethenes Ox’-CN-H and Ox’-CN-Ph (Table 1), if we
apply 375 nm and 488 nm lasers as 4; and /, irradiation
sources, respectively. The main advantages over the bench-
mark compound®® are that the use of 325 nm light is avoided,
and the cycloreversion quantum yield increased over several
orders of magnitude. We consider the structure-spectra
relationships found in the series of asymmetric diarylethenes
with variable oxidation patterns as guidelines for the design of
absorbance modulators applicable for writing and reading on
nanoscale with visible light.

Conclusions

In this work, the structure-properties relationships of highly
asymmetric photochromic diaryethenes were studied. Eighteen
new compounds were designed, and their syntheses per-
formed. The three groups - non-oxidized Ox’-X-Y, mono-oxi-
dized Ox"-X-Y, and fully-oxidized Ox*>-X-Y — were compared, in
which the substituents X = CN, H, or MeO and Y = H or Ph. It
was found that the OFs of Ox’-X-Y and Ox"-X-Y are weakly fluo-
rescent. Among them, compound Ox'-MeO-H with an electron
donating methoxy group showed the highest value of @ and
the strongest solvatochromism (in respect of emission color),
due to the CT effect in the excited state. Interestingly, the fully
oxidized diarylethene reported by Fukaminato et al>® also
showed reverse-type photochromism. However, this phenom-
enon is rare. In the present study, only Ox>>MeO-H and Ox’-
MeO-Ph having methoxy groups underwent the reverse-type
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photochromic reaction. Our study revealed that the absorption
bands of OF and CF of Ox-MeO-H are fully separated,
enabling the full conversion to CF by irradiation of 455 nm.
We explained the observed substituents’ effect and the nature
of inverse photochromism by using DFT calculations. We
found that the large hypsochromic shifts observed in CFs of
Ox*-MeO-H and Ox*-MeO-Ph are ascribed to the “forbidden”
and hybrid HOMO-LUMO transitions.

We believe that the findings reported here will contribute to
the development of photochromic compounds applicable as
highly efficient molecular switches in material and life
sciences. We plan to design and test the photoswitching per-
formance of absorbance modulators in organic solvents and
polymer matrices.
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