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Abstract: A new asymmetrical photochromic diarylethene with a 2h§&roxyphenyl)benzothiazole
unit has been synthesized. It underwent reversifldization and cycloreversion reactions upon
alternating irradiation with lower energy UV (29Tn25 uW/cnt) and visible light, while it could
induce intramolecular proton transfer reaction upceadiation with higher energy UV light (254 nm,
92 uWi/cn?) with distinct color change. The absorption maximof the closed-ring isomer was
redshifted from 539 nm to 660 nm and the color gednfrom purple to cyan when the diarylethene
was stimulated with base. Furthermore, additioacid enhanced its fluorescence intensity by 5.8 fol
and the emission peak was blueshifted from 596mB¥0 nm with a concomitant color change from
light orange to bright green, while base couldcegfitly quench its fluorescence intensity. Finatlhe
diarylethene was highly selective towards?Owith significant absorption and fluorescence chesng
which makes the ‘naked-eye’ detection of Opossible.

Keywords: Diarylethene; Photochromism; Fluorescence switdhifi-switch; Copper{J) recognition.



1. Introduction

Photochromism is reversible transformations betwéega isomers with different characteristics
induced by alternating illumination with UV and me light. During the past few decades, many
photochromic materials have attracted numeroustaites because of their potential applications in
photonic devices and optical memory mediamong various types of photochromic compounds,
diarylethenes are most promising candidates fooadpttronic applications owing to their excellent
thermal stability, remarkable fatigue resistandghér conversion rate, and rapid responBased on
these properties, many functional diarylethene mdés, which possess multi-responsive, fluorescence
probing, ion recognition, and chemosensing alslitive been designed and constructed in the past
few years’®

It is a hot topic in current chemical research @@signing and synthesizing multiple responsive
switching molecules, and integrating switchable uridb a function molecule is an effective method t
construct a multiple responsive switching molecwpse properties can be efficiently tuned by the
switchable unit. Diaryelthene is an ideal moledoaleswitchable unit because it could be transformed
distinctly from one form to the other through photadiation. Generally, conventional switches of
diarylethenes include photochromic switcAdlsiorescence switchésand pH switche$.So far, many
multi-switching molecules based on diarylethendetkes have been developed. For example, &an
al. constructed a donor-photochromic bridge-accefiipP-A) system based on electron-donating
triphenylamine/diethylphenylamine and electron-atiogg dicyanovinyl group at each end of
dithienylethene. Its fluorescence was sharply eobdrthrough the nucleophilic reactions between
dicyanovinyl group and CN’ In a previous work, we designed and synthesizetliki-addressable

molecular switch, in which a 2-benzothiazyl grougsvappended to diarylethene core via a salicylidene



Schiff base. Its fluorescence emission wavelength iatensity sensitively responded to both pH and
cation stimuli. On the basis of these propertws, logic circuits with four inputs and one outpugne
constructed on a single molec8iadditionally, cation sensors based on photochrodigrylethenes
also have achieved much progress, and some fumfities such as crown etherhodamine'?
pyridine!* quinoline, and imidazole derivatiVéhave been successfully incorporated into diargleth
systems as ion recognition units.

Copper ion is an essential trace element, andajtsphn important role in the human body and plant
tissues during life processsHowever, copper ion could cause neurodegenerdtseases, such as
Alzheimer's and Wilson's diseases at high concéioma’*In addition, it is also a widespread metal
pollutant in nature. Sometimes copper ion exhibigh toxicity even at submicromolar concentration
for certain microorganisnSDue to the dual properties of copper ion, muchnéitte has been paid to
the development of chemosensors of ‘Cliln past several decades, many works focused dgrileg
highly selective fluorescence sensors fof ‘Gased on diarylethetfe”. However, colorimetric sensors
for convenient detection of Guare rarely reportetf 2-(2-Hydroxyphenyl)benzothiazole (HBT) group
is a fascinating functional group because the plagm@nd the nitrogen atoms in the benzothiazolyl
could be used as proton donors /accepfofherefore, it could be used as reactive siteséin/base

or metal ion stimuli. According to the unique pltgsihemical properties of HBT group, we believe
that introducing a HBT unit into a diarylethene Isken will form a multi-responsive molecule. Inghi
work, we designed and synthesized a new asymmietd@ylethene with HBT unit. Its
photochromism and fluorescence properties wereiestuslystemically. The photochromic process of

diarylethenel is shown in Scheme 1.



Scheme 1. Photochromism of diaryletherd®.

2. Experimental

2.1. General methods

All solvents were purified by distillation beforeeudH NMR and**C NMR spectra were recorded on a
Bruker AV400 (400 MHz) spectrometer with DMSf9-as the solvent and tetramethylsilane as an
internal standard. Infrared spectra (IR) were réedron a Bruker Vertex-70 spectrometer. Melting
point was measured on a WRS-1B melting point appsr&bsorption spectra were measured using an
Agilent 8453 UV/VIS spectrophotometer. Photoirréidia was carried out using an SHG-200 UV lamp,
a CX-21 ultraviolet fluorescence analysis cabined, @ BMH-250 visible lamp. The light intensity was
25 pWicn? for UV (297 nm) light, 92uW/cn? for UV (254 nm) light and 13.5 mW/dnfor visible
light, respectively. Fluorescence spectra were aredsusing a Hitachi F-4600 spectrophotometer, and
the breadths of excitation and emission slit wextn Iselected 5 nm. Fluorescence quantumn yield was
measured with an Absolute PL Quantumn Yield Spewter QY C11347-11. Expect for ¥fn K",

and B&" (their counterions were chloride ions), other tigtas were obtained by the dissolution of
their respective metal nitrates (0.10 mmol) initlést water (10.00mL). Stock solution of NaOH (0.1
mol L) were prepared in deionized water.

2.2 Synthesisof 10

The synthetic route for diarylethed® is shown in Scheme 2. First, the diarylethenecgalidehyde

derivative2 was prepared by the reported metftid. a 100 mL flask, diarylethen2 (0.49 g, 1.00



mmol) and thiol aniline ) (0.13 g, 1.00 mmol) were dissolved in anhydrotisamol (50.0 mL)
containing 0.02 equiv acetic acid. The mixture wtised at 350 K under reflux for 24 h. Then, the
reaction was allowed to slowly cool to the room pemature. Then the crude product was purified by
recrystallization. The yellow soil powder was fikd off and washed with EtOH. Pure diaryleth&@e
(0.27 g) was obtained in 45% yield after vacuunirdryM.p. 198-199C; IR (KBr, v, cm"): 541, 644,
687, 760, 808, 847, 896, 956, 1067, 1128, 1198312236, 1505, 1598, 30624 NMR (400 MHz,
DMSO-dg, ppm):d 2.09 (s, 3H, —-Ch), 2.14 (s, 3H, —CB), 2.36 (s, 3H, -Ch), 7.15 (d, 1H, phenyl-H,
J=8.0Hz), 7.45 (d, 2H, phenyl-H= 8.0 Hz), 7.47 (s, 1H, thiophene-H ), 7.56 (t, pHenyl-H J =

8.0 Hz), 7.72 (d, 1H, phenylsH = 8.0 Hz), 8.11 (d, 1H, phenylsH = 8.0 Hz), 8.15 (d, 1H,
phenyl-H J = 8.0 Hz), 8.44 (s, 1H, phenyl-H), 11.78 (s, 1i@H).*C NMR (100 MHz, DMSOd,
TMS): 6 =10.2, 11.7, 14.0, 103.9, 117.8, 119.3, 121.7,3,224.2, 124.3, 124.9, 125.1, 126.4, 129.4,
134.9, 140.6, 141.6, 151.4, 156.2, 158.1, 163.9).227HRMS-ESI (2): [M+H]" Calcd. For

(CagH18F6N20,S,), 593.0792, found: 593.0709.

Scheme 2. Synthetic route to diarylethed®.

3. Reaults and discussion

3.1 Photochromism of 1
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Fig. 1. Absorption spectral changesloby photoirradiation in acetonitrile (2.0 x 1énol L) at room
temperature.
The absorption spectra changesLafi acetonitrile solution (2.0 x T0omol L™) under irradiation with
UV and visible light at appropriate wavelength at®wn in Fig. 1. The open-ring isomer bivas
colorless in solution with an intense absorptiomcbat 295 nm & 4.60 x 10 L mol™ cm?
corresponding to the—n* transitions. Upon irradiation with UV light\(= 297 nm, 25uW/cn?), a
new absorption band at 539 nep 2.24 x 18L mol*cm ) was observed, indicating the formation of
the closed-ring isomelC with color change from colorless to light purpléhelphotostationary state
(PSS) was achieved afté® was irradiated for 30 min, and the conversion estimated to ca. 40%
by *H NMR analysis. The original absorption spectruraldaecover completely upon irradiation with
visible light (. > 500 nm). The result indicated that the closed-isogner (C) could be reversed back
to the open-ring isomefQ). The coloration—decoloration cycleslo€ould be repeated more than 100
times with negligible degradation (Fig. S1, Supmpgrtinformation (SI)). The cyclization and
cycloreversion quantum vyields ofl were determined in acetonitrile by using
1,2-bis(2-methyl-5-phenyl-3-thienyl)perfluorocyckptene as a referente,and the values were

measured as 0.02 and 0.59, respectively. Compareket precursor compouri® the cyclization



qguantum vyield ofl (®; oc = 0.02) was much lower than that &f(®,, oc = 0.10), while the
cycloreversion quantum yield af(®; c.o = 0.59) was much higher than thatof®, c.o = 0.08). The
results shown that the benzothiazolyl group at téreninal phenol could remarkably inhibit the
photocyclization ofLlO, but notably increase the ring-opening reactioa@f Additionally, it is worth
noting that the light purple solution & could be changed to red upon further irradiatiotin \wigh
energy UV light § = 254 nm, 92.W/cnr). Upon illumination with 254 nm light, the absdgst band

of 1C at 539 nm hypochromatically shifted to 483 nm agganied with the molar absorption
coefficient sharply increased from(1C, 2.24 x16L mol™cm ™) to &' (1C’, 1.24 x 10L mol™*cm %
(Fig. 2A). It was possible that the closed-ringnigw of 1C underwent intramolecular proton transfer
from the phenol to the benzothiazolyl group, indgcihe structure dofC to change from the enol form
to ketone form (Scheme %) After photoirradiation with 254 nm light for 20 mithe PSS ofC’ was
arrived. Subsequently, the absorption banti@fat 483 nm gradually decreased when it was irradliate
with appropriate visible lightA(> 500 nm). Unfortunately, the red color solution1af’ could not be
bleached entirely after irradiation with visiblghi for 2 hrs (Fig. 2B). The results indicated ttia
ketone form closed-ring isomer @€’ was stable and less photoactive to visible [fim. order to
determine the structure of ketone forbC(), the 2-(2-hydroxyphenyl)benzothiazole (HBT) group was
synthesized. Fig. S2 shows the absorption spettieaige of HBT group induced by 254 nm UV light.
The results demonstrated that the original peakR7&t nm and 349 nm gradually decreased when
irradiation with 254 nm light. It is worth notindndt the process is irreversible. In addition, tHe
NMR change of HBT group illuminated by 254 nm Ught was also obtained. As shown in Fig. S3, a
new signal peak appeared at 5.22 ppm (N-H), whiteititegral area of the signal peak at 12.80 ppm

(O-H) was become lower than before photoirradiatibhe results demonstrated that the hydroxy



proton (O-H) of HBT group was transfer to the behmxzolyl group (N-H) during this process.
Moreover, the MS-ESI date shown tHa#D and 1C’ with the same molecular weight (Fig. S4, Sl),

which further verified only photo-induced intramolgar proton transfer reaction was take place gurin

the process afO changed tdC’.
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Fig. 2. Absorption spectral changesX by photoirradiation in acetonitrile (2.0 x 1@nol L™%): (A)
absorption spectral changefs1C upon irradiation with 254 nm light; (B) absorptispectral changes

of 1C’ upon alternating irradiation with visible light a284 nm light.

Scheme 3. Structural and color changes among different foofii with different UV light in
acetonitrile (2.0 x 1®mol L™?).

3.2 Multi-photochromism of 1 with stimulation of base/acid

Diarylethenel also exhibited multi-responsive characteristicemlit was stimulated with base/acid



and light. In acetonitrile, the deprotonaté@-H"* was obtained after the addition of NaOH solution
(8.0 uL, C = 0.10 mol LY. The absorption maximum dfO at 295 nm gradually decreased, when
NaOH solution was added (0 to 20.0 equiv). Meamayhilvo new absorption bands appeared at 345
and 427 nm with color change from colorless tooyelThe results demonstrated that the deprotonated
10-H* was formedFig. 3A)??*Neutralization with hydrochloric acid (HCI, 51, C = 0.10 mol L)
recovered the absorption spectrum 1. In acetonitrile, diarylethendO-H* also underwent
photoisomerization upon alternating UV and visiligdt. Upon irradiation with 297 nm UV light, the
original absorption bands aD-H" at 295 nm, 345 nm, and 427 nm decreased. Simolishe a new
visible absorption band centered at 660 an6(90 x 16L mol™*cm™) increased due to the formation
of a closed-ring isometC-H" accompanied with color change from yellow to cy&iy. 3B). The
colored solution could be bleached completely upoadiation with visible light ¥ > 500 nm),
suggesting the closed-ring isoni&-H" returned to the open-ring isomED-H*. The quantum yields

of cyclization and cycloreversion aD-H* were determined to 0.03 and 0.26, respectively. Zoead

to 10, the cyclization quantum vyield ofO-H* showed negligible change, but the cycloreversion
quantum yield notably decreased. After 50 repeat@ies, no remarkable decomposition1¥-H*

was detected by UV/Vis spectral analysis, indigati®-H™ has good fatigue resistance.
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Fig. 3. Absorption spectral and color change4 by NaOH/HCI and light stimuli in acetonitrile (2x0
10° mol L™ at room temperature: (A) absorption spectral gearoflO upon addition of NaOH/HCI,

(B) absorption spectral change®-H" by photoirradiation.
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Fig. 4. Absorption spectral and color changed®fin acetonitrite (2.0 x I®mol L) with the
stimulation of NaOH and HCI.

Moreover, the colored isomer dfC also could be transformed to deprotonafé@tH™ via the
stimulation of base. During the addition of NaOHt¢020.0 equiv) to the solution containia@, the
light purple color of solution changed to cyan doethe formation of deprotonatedfC-H*, whose
absorption maximum was remarkably redshifted fr@&& Bm to 660 nm (Fig. 4). The results were well
consistent with the absorption spectrumi®tH"in PSS upon irradiation with 297 nm light. Compared
to 1C, the absorption maximum diC-H* was bathochromically shifted by 121 nm. The caod
absorption spectrum ofC-H* could be converted back ttC by neutralization with HCI (12.5
equiv.).The structure and color changes betweetraleand deprotonated states induced by base/acid

and light are described in Scheme 4.

11



Scheme 4. Structural changes betwe#®, 10-H", 1C, and1C-H".

3.2 Fluorescence propertiesof 1

Like most diarylethenes have been repoftedjarylethenel exhibited notable fluorescence in
acetonitrile (2.0 x 1® mol L™). Its fluorescence spectrum was measured at reatperature, and the
result is shown in Fig. 5A. The emission peal©fwas observed at 596 nm when excited at 380 nm.
The fluorescence quantum yield I was determined to be 0.003. Upon irradiation 287 nm UV
light, the emission intensity at 596 nm decreasediuplly along with the photoisomerization due to
the production of the weakly fluorescent closedtrisomerlC. After exposure to UV lighti(= 297
nm) for 30 min, the emission intensity I was quenched to ca. 88%. The residual fluorescertte
PSS may be attributed to the incomplete cyclizatr@action and the existence of parallel
conformatior?®Back irradiation with visible light of appropriateavelength X > 500 nm) regenerated
the open-ring isometO and recovered the original emission spectrumhdugl be noted that the
fluorescence 0lO could be modulated by acid/base stimulation. Bij.shows the emission spectral
changes oiO by alternating addition of acid and base in adéin(C = 2.0x 10° mol L™"). Addition

of acid (HCI, 9.6uL, C = 0.10 mol %) to 10 produced the protonated diarylethet@+H*?" The

emission peak hypochromatically shifted from 53@) nm to 570 {O+H") nm, and its fluorescence

12



emission intensity was enhanced significantly by #ld with a concomitant change of color from
light orange to bright green. The absolute fluceescuantum yield of th#O+H" was determined to
be 0.01. The fluorescence spectrundi®f-H" could return to the initial stateD by neutralizing with
base (NaOH, 9.6L, C = 0.10 mol L%). Similar to10, the emission intensity dfO+H" also could be
modulated by illumination UV/Vis light (Fig. 5C).gdn irradiation with 297 nm light, the emission
intensity of 10+H" was quenched to ca. 53% when arrived at the P$®&p@red tolO, the
fluorescent modulation efficiency dlO+H™ was significantly improved, which may be attribiitio
the intermolecular charge transt®Eurthermore, base could also tune the fluorescpragerties ofL.
Upon addition of base (NaOH, 0 to 20.0 equiv.), éh@ssion intensity 01O was distinctlyquenched
to 74% due to the formation of deprotonated comgdi®-H* (Fig. 5D). The emission intensity &0
could be restored to the initial state via neutia§j with acid (HCI, 5.QuL, C = 0.10 mol L%). The
results indicated that an efficient multi-respossfluorescence switch could be constructed based on

diarylethenel using acid/base and light as stimuli.
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Fig. 5. Emission spectral changes and photaklof stimulation of acid/base and light in acetaleitr
(2.0x 10° mol L") excited at 380 nm: (A) emission intensity changfeBO; (B) emission intensity
changes o010 with the stimulation of HCI; (C) emission intensitijanges o1O+H" by
photoirradiation; (D) emission intensity changed4©fwith the stimulation of NaOH.
3.3 Photochromism and fluor escence response to Cu®*
Furthermore, diarylethenkshows high selectivity to Gliwith obvious absorption spectral and color
changes. Upon addition of €U0 to 10.0 equiv.), the absorption maximuni6f at 295 nm gradually
increased and a new visible absorption appeard@@®nm due to the formation @O-Cu?* complex
accompanied with distinct color change from coksldo light yellow (Fig. 6A). The subsequent
addition of excess of EDTA did not recover its or@ color and absorption spectrum, indicating that
the sensing process d® in response to Gliwas irreversible. Interestingly, the closed-riagrherlC
also showed obvious selectivity towards to?CiWhen CG" was added to the solution &€, the
absorption intensity at 539 nm decreased and rdaghsateau after 10.0 equiv of €wvas added.
Meanwhile, a new absorption band at 420 nm wascteteby UV/Vis absorption and the solution
color changed from purple to light yellow. The riésindicated that the closed-ring isoni€r could be
transformed intd O-CU?* complex, and the absorption spectrunlGtCL?* was well consistent with

14



the absorption oflO-Cl?*. The sensing process @€ in response to Gii could not recover the
original color after addition of excess of EDTA ¢Fi6B). In addition, the light yellow solution of
10-CU** could not turn purple when irradiated with 297 oiv light for more than 30 min, suggesting
that the 10-Cu** complex exhibited no photochromism. The reasonhmige attributed to the
high-affinity binding of diarylethené with Ct#*, which restricted the interconversion efficiencyrfi

the parallel to the anti-parallel conformatior@®-Cu**.° These results indicated that the ‘naked-eye

sensor for Ctf based on diaryletheriecould be constructed in acetonitrile.
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Fig. 6. Absorption spectral and color changed©f(A) and1C (B) upon addition of Cti (0-10.0
equiv.) in acetonitrile (2.8 10° mol LY.

It is noteworthy that the fluorescence propertied gould be modulated by metal ions. The binding
ability of 10 with different ions, such as metal ions’GWAI**, Fe*, cP*, Mn**, K*, C&*, Mg®", Cd™,
Ni%*, B&*, cd’, Ho", SP*, zn®*, P (Fig. 7), and anionsFCI, Br, I, NO5, NO,", SQ*, HSQ/,
SO*, CO%, HCOy, CH,COO, and SCN (Fig. S5, SI) were tested by fluorescence spemtmsin
acetonitrile. It is clearly seen thaD exhibits highly selective for Gli As shown in Fig. 7, the
emission intensity change @O (2.0 x 10° mol L) induced by the addition of different metal ions
(10.0 equiv.). It can be seen that the fluorescemaission intensity 01O was notably decreased only

15



when Cd" was added. Except that Al Cd*, and ZAi* can slightly enhance the emission intensity,
other cations, such as ¥eCr**, Mn**, K*, C&*, Mg**, C*, Ni**, B&* Hg?", SF*, and PB" lead to
negligible decrease in the emission intensity 163. The fluorescence intensity df declined
remarkably after the Gl concentration increased from 0 to 10.0 equiv.ofelid by a plateau with
further titration, and the emission intensityl@ at 596 nm was remarkably quenched to ca. 11% (Fig.
8). The results may be attributed to the ligandattal charge transfer, in which the charge was
transferred from the ligand towards the coordimptiretal ion*° The inset of Fig.8 depicts the effect of
CU** concentration on the emission intensity at 596 Arinear relationship was observed between the
fluorescence intensity df0 and Cd" concentration in the range of 0 to 4.0 equiv.jdating thatlO

could be potentially used as a colorimetric fluoezg probe for Cil.
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Fig. 7. The (F-F)/F, ratio of diarylethendO at 596 nm in acetonitrile (2.0 x t@nol L) in the

presence of respective metal ions (10.0 equiv.).
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In order to confirm the stoichiometry betweBd and CG*, a Job’s plot was performed in acetonitrile
according to the reported methfénd the results are depicted in Fig. 9A. It careasily calculated
that the complex rations of compounds betw&énand Cd" is 1:1. The binding sites for &uto
coordinate with diaryletherikare probably the -OH group of phenol and the Nnabd benzothiazole.
(Scheme 52 In addition, the 1:1 binding stoichiometry wasthar confirmed by ESI-Mass analysis.
As shown in Fig. 9B, the freBO had a main peak at 59319z for [10+H]". When excess amounts of
CU** were added int@O, a new peak at 654r8'zwas observed due to the formation BDECLF*-H]".
Additionally, the association constany of 10 with CU* was obtained using the liner
Bensi-Hildebrand expression, and the valu&gfvas found to be 3.6 x 1@ mol™ (Fig. S6, Sl). The

result further confirmed thaO bound to C&" with a higher affinity.
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10 upon addition of Ctf (B).

Ex: 3aEZm © 1c-Cu2+s °""@~4j

.'_I Em: 596 nm

Scheme 5. Proposed mechanism of the absorption and emissiensity changes fdO in the
presence of Cii by photo-irradiation.
4. Conclusions
In  summary, a novel asymmetrical photochromic d@&hene containing a
2-(2-hydroxyphenyl)benzothiazole unit was synthesizad] its multi-responsive behaviors to light,
acid/base, and Gliwere systematically investigated. The results destrated that different energy
UV light could regulate its conformational transitibetween enol form and ketone form. Induced by

the stimulation of base, the maximum absorptionth& closed-ring isomer exhibited remarkable

18



bathochromic shift of 121 nm. However, the fluossste intensity of the diarylethene remarkably

increased by 5.5 fold when it was protonated wiid.aMoreover, the diarylethene exhibited dramatic

changes in its absorption spectra and color upafitiad of CU*, indicating it could be potentially

applied as highly selective ‘naked-eye’ colorimetsensors for Gl Our experimental results

demonstrated that multi-responsive signal transorisat the unimolecular platform could be realized

by using a photochromic diarylethene with a HBTdtimnal group.
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