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A novel solvent-dependent chemosensor 1o based on a diarylethene containing a rhodamine B unit has
been designed. It could be used as a dual-functional chemosensor for selective detection of Hg®* and
cu?* by monitoring the changes in the fluorescence and UV-vis spectral in different solvents. A striking
fluorescence enhancement at 617 nm was observed in DMSO upon the addition of Hg?". However, 1o
showed a remarkable absorption band appeared with maximum absorption at 555 nm after the addition

of Cu?* in THF. The results of ESI-MS spectra and Job's plot confirmed a 1: 1 binding stoichiometry
Received 19th October 2019 ) - ) oh o4 .
Accepted 13th December 2019 between 1o and the two ions. The limits of detection of Hg=" and Cu“" were determined to be 0.14 pM
and 0.51 pM, respectively. A 1: 2 demultiplexer circuit was constructed by using UV light as data input,

DOI: 10.1039/c9ra08557b Cu?* as the address input, and the absorbance at 555 nm and the absorbance ratio of (Agoz/A»74) as the

rsc.li/rsc-advances dual data outputs.

Introduction

In recent decades chemosensors for selective detection of
a wide variety of metal ions have attracted increasing attention
due to their potential practical advantages in analytical,
biomedical, and environmental chemistry.»” Among metal ions,
Hg”" is considered to be one of the most dangerous and toxic
pollutants in the environment and biosphere even in low
concentration, because its strong affinity to thiol groups present
in proteins and enzymes, can causes the dysfunction of most
proteins and enzymes.*~ Moreover, Hg”>* can be accumulated in
the body, and easily penetrate through biological membranes,
such as skin, gastrointestinal and respiratory tissues,® causing
various types of diseases like central nervous system defects,
arrhythmia, kidney damage, minamata disease, and cardiomy-
opathy.” On the other hand, the third most abundant essential
heavy metal ion (after iron and zinc) present in the human body
Cu*" plays a critical role in the physiology of living organisms,
its deficiency can lead to a wide range of diseases including
anemia, coronary heart disease, hypopigmentation, brain
dysfunction and various neurological diseases.*** However, an
excessive intake of Cu®" will disturb the cellular homeostasis
and lead to many serious neurodegenerative diseases, such as
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Alzheimer's disease, Wilson's disease, Parkinson's diseases,
and prion diseases.'*™* Thus, the development of sensitive and
selective imaging tools for effective and convenient detection of
Hg”" and Cu”" is of great significance for biochemistry and
environmental science.

In recent years, diarylethenes have been widely nominated as
one of the most attractive photochromic molecules, when they
are stimulated by photo irradiation can undergo a reversible
transition between open-ring and closed-ring forms with
significant changes of absorption/emission spectrum, it is
possible to introduce a recognizing group into the diarylethene
structure to achieve a fluorescence switch.'*" Some of
diarylethene-based chemosensors for the detection of a wide
species of ions have already been reported.**** For example, Fu
et al. reported a fluorescence chemosensor for detecting Zn>*
based on a new diarylethene with a benzyl-linked 8-
aminoquinoline-2-aminomethylpyridine unit.>® Rhodamine
and its derivatives have gained tremendous interest in the field
of biosensors because of their advantages such as broad emis-
sion wavelength, high fluorescence quantum yield, and large
extinction coefficient.**** Generally speaking, rhodamine
derivatives with spirolactam structure are non-fluorescent and
colorless. Interestingly, upon binding with protons or metal
ions they become strongly fluorescent and produce intense
color because of ring-opened structure.”® Therefore, rhodamine
derivatives have been widely applied to design chemosensors
for naked-eye detecting metal ions.*® Recently, we have reported
a diarylethene-based fluorescent sensor with a rhodamine
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group which exhibited excellent fluorescence regulation and ion
recognition.®® Nevertheless, most studies in the field of
rhodamine-based sensors have only focused on identifying
a single metal ion in a single solvent system, only a few sensors
have the ability to identify different metal ions in different
solvent systems.”® Thus, the design and synthesize rhodamine-
based sensors that have the ability to identify different metal
ions in different solvent systems are still a challenge.

In this work, we developed a novel diarylethene-based che-
mosensor containing a rhodamine B unit for simultaneous
Hg>* and Cu®>" detection. The chemosensor 1o displayed
a selective colorimetric response to Cu®>" with a naked-eye-
detectable color change from colorless to pink in THF, while
it also showed a fluorometric response selectively to Hg>" with
a fluorescent change of color from dark to orange-red in DMSO.
Moreover, 10 exhibited excellent photochromic performance
under alternate irradiation with UV light and visible light, and it
had been successfully applied to construct a 1 : 2 demultiplexer
circuit. The photochromism of 10 was presented in Scheme 1.

Experimental
General methods

All reagents and solvents were obtained from J&K Scientific Ltd.
(Beijing China). NMR spectra of samples were recorded on
Bruker AV400 (400 MHz) in DMSO-ds or THF-dg solution using
tetramethylsilane (TMS) as an internal standard. Mass spec-
trum was recorded on a Bruker Amazon SL Ion Trap Mass
Spectrometer under ESI mode. Melting point was measured on
a WRS-1B melting point apparatus. The fluorescence quantum
yield was obtained with an Edinburgh FLS 1000 fluorescence
spectrometer. All the emission spectra were recorded using
a Hitachi F-4600 spectrofluorimeter and all the absorption
spectra were recorded using an Agilent 8454 UV/vis
spectrophotometer.

Synthesis

The synthetic protocol of diarylethene (10) was outlined in
Scheme 2. Compounds 2 and 3 were readily synthesized in high
yields according to literature procedures.***

Synthesis of 10. Compound 2 (0.10 g, 0.18 mmol) was added
to a stirring solution of rhodamine B hydrazide (0.10 g, 0.21
mmol) in ethanol (5.0 mL). The reaction mixture was stirred and
refluxed for 12 h. After the solvent was evaporated under
reduced pressure, the crude product was purified by silica gel
column chromatography (PE/EtOAc = 2 : 1) to afford pure blue
solid of 10 (0.13 g, 0.13 mmol, 66% yield). Mp: 409-411 K. 'H

Scheme 1 Photochromism of diarylethene 1o.
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NMR (DMSO-dg, 400 MHz): 6 (ppm) 8.81 (s, 1H), 8.41 (s, 1H),
8.10 (d, J = 8.1 Hz, 1H), 8.02 (d, J = 7.4 Hz, 1H), 7.83 (d, ] =
8.4 Hz, 1H), 7.76-7.60 (m, 5H), 7.55 (s, 1H), 7.48 (t,J = 7.5 Hz,
2H), 7.41 (d,J = 7.5 Hz, 1H), 7.16 (d, ] = 7.5 Hz, 1H), 6.52 (d, ] =
12.5 Hz, 4H), 6.40 (d, J = 9.0 Hz, 2H), 3.37 (d, J = 7.3 Hz, 8H),
2.06 (s, 3H), 2.03 (s, 3H), 1.13 (t, ] = 6.8 Hz, 12H) (Fig. $17). **C
NMR (DMSO-ds, 100 MHz), 6 (ppm): 164.67, 153.01, 152.86,
152.32, 149.17, 146.22, 145.14, 143.30, 142.25, 141.72, 138.07,
134.82, 133.69, 132.97, 129.70, 129.30, 128.62, 128.09, 127.90,
125.78, 125.33, 125.02, 124.24, 123.70, 123.02, 119.87, 116.21,
108.69, 105.29, 97.97, 65.65, 44.11, 14.53, 12.89. ESI-MS (m/z):
1010.1 [M + Na']" (Fig. S2t). Anal. caled for C55H,,FgN50,S, (%):
C, 66.85; H, 4.79; N, 7.09; O, 3.24. Found: C, 66.98; H, 4.78; N,
7.11; O, 3.25.

Results and discussion
Photochromism of 10

Determination of photochromic properties of 10 (20 uM) in
THEF. As shown in Fig. 1, owing to the w-m* transition, its ring-
opening form isomer showed an absorption peak at 348 nm.** A
new absorption band centered at 603 nm appeared along with
a color change from colorless to blue upon the irradiation with
297 nm light, which was assigned to the formation of the ring-
closed isomer 1c with m-electron delocalization enhancement
through the molecular backbone.*® Under irradiation using
visible light of A > 500 nm, 1c¢ blue solution could be bleached to
colorless, and its absorption peak 348 nm return to the original

Absorbance

L L L 1 1
300 400 500 600 700 800
Wavelength (nm)

Fig. 1 Absorption spectral and color changes of 1o (20 pM) in THF
upon alternating irradiation with UV (1 = 297 nm) and visible lights (A >
500 nm).
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Fig. 2 (A) Fluorescence spectra of 1o (20 uM) with 10.0 equiv. of
different metal ions in DMSO. (B) Effect of competitive metal ions on
the interaction between 1o and Hg®' ion. (C) Photographs of
fluorescence.

state. The isobestic point observed at 366 nm, which suggested
a two-component photochromic nature. The quantum yields of
the cyclization and cyclization reactions for the determination
of 10 were 0.54 and 0.02, respectively.*® The fatigue resistance of
1o indicates that for alternating ultraviolet/visible irradiations,
1o was only reduced by 10.3% after coloring-discoloration cycles
executed ten times (Fig. S37).

Fluorescent spectra response of 10 to Hg>"

It has been reported that rhodamine B derivatives undergo
significant changes in fluorescence spectra when coordinate
with metal ions, and thus they can be used as sensitive probes
for metal ion detection. The fluorescence spectra of 10 (20 uM)
with 16 metal ions (Cu®", Hg*", Cr**, Fe**, Ni**, Zn**, Ca**, Pb*",
Mg>*, Mn**, sr**, K*, Ba®*, Cd*", AI**, and Co>") was studied in
DMSO. As depicted in Fig. 2A, compound 10 alone showed no
significant emission signal at 520 nm excitation, however, the
10's solution exhibited strong fluorescence with an approximate
34-fold enhancement in the fluorescence intensity at 617 nm
upon the addition of 10.0 equiv. of Hg**. Though the 10 also
responded to Cr’" and Fe*", the fluorescence emission intensity

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (A) Fluorescence spectra changes of 1o in DMSO induced by
Hg®*/EDTA. (B) Fluorescence intensity at 617 nm versus equivalents of
Hg?* added.

only enhanced 10-fold and 6-fold at 617 nm, respectively. Other
metal ions didn't cause detectable increase in the emission
intensity (Fig. 2C). The result indicated that the 10 had a rela-
tively higher binding affinity to Hg>* than Cr** or Fe’", and 10
can be potentially used as a chemosensor for detecting Hg>" in
DMSO. Further, the competitive experiments were conducted by
adding Hg”" to DMSO-solution of 10 in the presence of other
metal ions. As a result, the Hg** induced spectral enhancement
was not affected by the tested background metal ions (Fig. 2B).

The fluorescence titration experiments were performed to
survey sensitive property of 10 to Hg>". As shown in Fig. 3A and
B, free 1o displayed no fluorescent emission at 617 nm upon
excitation at 520 nm. With increasing amounts of Hg*" (0-10.0
equiv.), the fluorescent intensity gradually increased about 34-
fold at 617 nm, accompanied with a fluorescence change of
color from dark to orange-red. The absolute fluorescent
quantum yield of 10-Hg>" (10) was measured to be 0.35. The
spectral fitting of the fluorescence data obtained by titration
experiments of 10 with Hg®" shows the formation of 1 : 1 stoi-
chiometric 10-Hg”* complex with a binding constant 0.42 x 10*
M~ (Fig. S47).*” The detection limit of Hg** was determined to
be 0.14 pM (Fig. S51).*® Hence, 10 could be used as a fluores-
cence chemosensor to detect Hg®" with high sensitivity.

The fluorescent intensity and color of 10-Hg>" could restore
the initial state by the addition of EDTA (10.0 equiv.), attesting
the reversibility for the coordination of 10 with Hg>*. Also
noteworthy is that complex 10-Hg>* showed excellent

RSC Adv, 2019, 9, 42155-42162 | 42157
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Scheme 3 Dual-controlled fluorescent switching behavior of 1o induced by the stimulation of Hg>*/EDTA and UV/vis light.

photoswitching properties under alternate UV/vis irradiation.
Upon irradiation with 297 nm UV light, the fluorescence emis-
sion intensity of 10-Hg>* complex was quenched 73.6% due to
the formation of the weak fluorescent isomer 1c-Hg>" (1c')
(Fig. S6%). Upon being illuminated with visible light, the fluo-
rescent intensity of 10-Hg”* could be restored. Based on these
features, a dual-responsive and reversible fluorescent molecular
switch could be constructed (Scheme 3).

To further investigate the stoichiometry of the 1lo-Hg>*
complex, Job's plot experiment for fluorescence measurement
was performed (Fig. 4A). The fluorescence reached a maximum
value when the ratio of [10]/[(10) + (Hg?")] was 0.5, indicating
a 1:1 binding stoichiometry between Hg”" and 10 in the
complex. Subsequently, the ESI-MS analyses were performed to
further verify the complexation stoichiometry of 10 and Hg>*
(Fig. 4B). A new peak at m/z = 1251.9 corresponding to [10 +

Hg®" + NO*]" was observed after the addition of Hg** to the
solution of 10. This result also supported that 10 and Hg*"*
formed a 1:1 complex. "H NMR titration experiments were
employed to gain a deep understanding on the coordination
between 10 and Hg”* (Fig. S71). Upon the addition of Hg*", the
proton peaks at 8.82, 8.14, 8.01 ppm for pyridine (Ha, Hc and
Hd) and 8.28 ppm for CH=N (Hb) broadened and downfield
shifted, owing to the decreasing of electron density after coor-
dination with Hg>*.*® Herein, combined with our previous
knowledge,**** we proposed a possible binding mode of Hg*"
with 1o (Fig. S71).

Colorimetric responses of 10 toward Cu>*

The colorimetric responses of 10 (20 uM) to different metal ions
including Cu**, Hg**, Cr*, AI**, Fe*", cd**, Ba*>", K*, Ni**, Sr*",
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Fig. 4 (A) Job's plot for determining the stoichiometry of 1o and Hg>"
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. (B) ESI-MS spectrum of 10'.
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Fig. 5 (A) Absorption spectra of 1o (20 uM) in the presence of various
metal ions (10.0 equiv.) in THF. (B) Effect of competitive metal ions on
the interaction between 1o and Cu?* ion. (C) The color of 1o upon
addition of various metal ions.

Mn>*, Zn**, Ca**, Pb**, Mg®", and Co”>" were investigated in THF.
The free 10 showed no absorption in the spectral range 500-
600 nm, suggesting that the rhodamine moiety adopts a closed
spirolactam form. As shown in Fig. 5A, with the addition of 10.0
equiv. of each kind of ions, only Cu** could induce a prominent
change (a strong absorption at 555 nm). The color of 10 solution
changed from colorless to pink upon the addition of Cu*,
which indicated the formation of 10-Cu>" (10") with rhodamine
moiety in ring-opened form (Fig. 5C).** A series of competitive
tests of the background metal ions were also carried out
(Fig. 5B). The absorbance at 555 nm decreases almost to the
initial state when the same amount of Hg>" was added. The
result revealed that Cu®" detection by 10 was little affected by
the presence of other metal ions except for Hg*".

To further investigate the sensing mechanism of 10 with
Cu®* ion, UV-vis absorption titration experiments were per-
formed. Upon gradual addition of Cu®*" (0-10.0 equiv.), the
absorption band centered at 555 nm gradually enhanced and
reached a plateau when 10.0 equiv. of Cu®* was added (Fig. 6A).
The color of the 10 solution changes from colorless to pink, due

This journal is © The Royal Society of Chemistry 2019
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Scheme 4 The binding mode between 1o and Cu?*.

to the formation of the 10-Cu®" (10") complex. There was an
isosbestic points at 329 nm demonstrate that the complexation
reaction between Cu®>* and 1o exist in equilibrium.** Further-
more, the absorbance and the solution color could be reverted
to the initial state upon the addition of excess of EDTA. From
the absorption titration experiments, the absorbances of 10 at
555 nm were plotted as a function of the Cu®" concentration
(Fig. 6B). Within the range of 0-30 uM, a linear relationship (Y=
0.00723X + 0.01803, R = 0.992) can be observed (Fig. S8t). The
binding constant of 10 to Cu®" was found to be 1.76 x 10* M ™"
(R = 0.999) (Fig. S91). The detection limit for Cu>" was estimated
to be 0.51 puM (Fig. S107).

To further ascertain the mechanism, Job's plot, ESI-MS and
'H NMR titration experiment were performed. The absorption
intensity at 555 nm reached the maximum value when the
molar fraction of Cu®>" and 10 was 0.5, which indicated that 10
bounded to Cu®* with a 1 : 1 stoichiometry (Fig. S117). Further
evidence for the 1 : 1 binding stoichiometry between Cu”** and
10 was obtained by ESI-MS (Fig. S12). Upon the addition of

RSC Adv, 2019, 9, 42155-42162 | 42159
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Histogram of fluorescence intensities at 617 nm. (C) The logic diagram.

Cu*", a new peak at m/z = 1112.0 corresponding to [10 + Cu** + between 10 and Cu®’, "H NMR titration experiments were per-
NO*]" was observed, which also confirmed the 1 : 1 stoichio- formed (Fig. S131). With the addition of Cu®", the proton peaks
metric ratio of Cu®'/10. To better understand the interaction at 9.03, 7.81, 7.71 ppm for pyridine (Ha, Hc and Hd) and
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Fig. 8 (A) Absorption spectra changes of 1o in the presence of Cu?* (10 equiv.) and UV light (the dotted lines represent the thresholds separating
output signals). (B) Histogram of the absorbance ratio of (Agg3/A74) and the absorbance at 555 nm. (C) The logic diagram. (D) The truth table for
the 1: 2 demultiplexer.
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8.59 ppm for CH=N (Hb) broadened and downfield shifted,
owing to the decreasing of electron density after coordination
with Cu®".*® Similar observations have been reported for other
ion probes.** Based on these results, together with previous
reports, a bonding mode has been proposed as shown in
Scheme 4.

Applications in logic circuit

Moreover, a molecular logic circuit was constructed with four
inputs and one output based on the fluorescence behavior
induced by lights and chemical stimuli (Fig. 7A and C). The four
input signals were In 1: 297 nm UV light, In 2: visible light (1 <
500 nm), In 3: Hg**, and In 4: EDTA, while the fluorescence
intensity of 10 at 617 nm was used as the output signal (fluo-
rescence intensity = 94 was assigned the boolean value “0” and
fluorescence intensity > 94 was assigned the logical value “1”)
(Fig. 7B). For instance, if the input string is ‘0, 1, 1, and 0,
corresponding to In 1, In 2, In 3, and In 4 in the ‘off, off, on, and
off’ state. Under these conditions, the emission intensity was
enhanced notably due to the formation of 10-Hg>" complex,
resulting in an output state of ‘on’ with a digit of ‘1’. The truth
table of the combinational circuit was presented in Fig. S14.t

Owing to significant absorption changes of 10 stimulated by
ultraviolet and Cu®" it would be able to act as a 1: 2 digital
demultiplexer (Fig. 8A). The data input (In A) was UV light, the
address input (In S) was Cu®', the two outputs were the absor-
bance at 555 nm and the absorbance ratio of (Agp3/Az74),
respectively. Fig. 8D shows the absorbance output levels
measured for a solution of 10 in THF under the conditions
corresponding to the four possible combinations of inputs.
After determining a suitable threshold for the absorbance
output, the truth table for the operation of the 1o-based digital
multiplexer was obtained (Fig. 8B). The binary data and address
inputs can exist in one of two states, on (1) or off (0). The
outputs, Out 1 and Out 2 may likewise be set either on (1) or off
(0). When In S (or address input) is set off then Out 1 (Ag03/A274)
reports the state of In 1 (UV) and Out (4ss5 nm) remains off,
conversely, when In S is switched on, Out 2 replaces Out 1 to
report the state of In A and Out 1 turns off. The corresponding
logic circuit was shown in Fig. 8C.

Conclusions

In summary, a novel chemosensor based on a diarylethene
containing a rhodamine B unit was developed. It can act as
a selective fluorescence chemosensor for Hg”" in DMSO, with
a detection limit of 0.14 uM. It is also a naked-eye probe for Cu**
in THF, with a detection limit of 0.51 puM. Furthermore, the
fluorescence of the 10-Hg>" complex was efficiently adjusted by
alternating UV/vis lights. A 1 : 2 demultiplexer circuit was con-
structed by using UV light as data input, Cu®" as the address
input, and the absorbance at 555 nm and the absorbance ratio
of (Ag03/A274) as the dual data outputs. This work may contribute
to the design and construct of other diarylethene based multi-
functional chemosensors.
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