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Selective  naked  eye  and  fluorescent  sensor  responses  of a 1,6,7,12-tetra(4-tert-butylphenoxy)perylene-
3,4:9,10-tetracarboxylic  acid bisimide  (PBI)  derivative  are  reported  for the first  time  toward  Hg2+ ions and
Cysteine  (Cys)  via  J-aggregation  and  deaggregation  mechanisms.  The  J-aggregation  and  deaggregation
of  PBI  induced  by  Hg2+ and  Cys  were  well  established  by  UV–vis/PL  and 1H NMR  titrations.  The  1:1
stoichiometry  of PBI-Hg2+ and  Cys-Hg2+/PBI  ensembles  were  elucidated  from  the  jobs  plots  based  on their
UV–vis  spectral  changes.  The  linear  complex  formation  by PBI-Hg2+ ensemble  was  confirmed  through
FT-IR  and 1H NMR  spectral  studies  and  well  supported  by  its reversible  nature  upon  the  addition  of

2+

erylene bisimide
g2+ mediated Cys sensor

-Aggregation and deaggregation
eversible sensor
RPL spectra

pentamethyl  diethylene  triamine  (PMDTA).  The  positive  cooperativities  of Hg and  Cys  (with  PBI)  in  PBI-
Hg2+ and  Cys-Hg2+/PBI  ensembles  were  evidenced  from  the  Hill  plots  based  on  their  fluorescence  binding
isotherms.  The  detection  limits  of  Hg2+ ions  and  Cys  were  calculated  as  36.6  and  91.3  nM,  respectively,
by  standard  deviations  and  linear  fittings  of  their  Stern–Volmer  (KSV) constants  and  relative  fluorescence
intensity  changes,  respectively.  Furthermore,  the  sensor  properties  of PBI  were  well  investigated  by KSV

e  effe
constants,  pH values,  tim

. Introduction

Attributed to the inherent toxic effects on human health and
nvironment, the design and development of chemical sensors for
ercury ions become a topic of recent concern [1–5]. In the mid-

le of the most toxic metals, mercury is the one widespread in
ir, water, and soil, generated by sources like gold productions,
oal plants, thermometers, barometers, caustic soda and mercury
amps [6–14]. Mercury contaminations can cause strong damage
o the central nervous system, and its accumulations in the human
ody may  lead to various cognitive, motor disorders, and Mina-
ata disease [15–18]. Since the major mercury absorption source

s related to daily diet, such as fish [19], there are significant
fforts contributed to the developments of the selective and sensi-
ive detections of mercury [20,21]. Chemodosimeters with specific
inding interactions between analytes and probe molecules gained

 great deal of interests in recent years owing to their specific

hemical interactions with the targets of interests, such as toxic
ransition metals and neutral small molecules [22]. Despite of their
ervasive advantages in bio-imaging and specific low detection
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ational Chiao Tung University, Hsinchu, Taiwan, ROC. Tel.: +886 3 5712121x55305;

ax: +886 3 5724727.
E-mail address: linhc@mail.nctu.edu.tw (H.-C. Lin).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.12.082
cts,  and  time  resolved  photoluminescence  (TRPL)  spectra.
© 2013 Elsevier B.V. All rights reserved.

limits, chemodosimeters often rely on specific covalent interactions
with long response time [23]. Orthodoxly, chemosensing ensemble
approaches are known to act as ideal sensing plat-forms; owing to
their ease in detections with a positive cooperative non-covalent
interactions [24]. According to the high toxicity point of view for
mercury; many groups across the world are doing their researches
to detect mercury at low levels. Recently Yi Zhou et al. published
fluorescent sensor for detection of Hg2+ metal ion with a detection
limit 4.34 mol  L−1 [14].

On the other hand, due to their structural and functional
importance, thiol-based amino acids play crucial roles in biolog-
ical systems [25–28] and also act as indicators of diseases like
Alzheimer’s, AIDS, and cancers [29–33]. Among them, l-Cysteine
(Cys) plays a very important role in protein folding [34] and its
deficiency would lead to many diseases, such as hematopoiesis
decrease, leukocyte loss, psoriasis, etc. [35–38]. Hence, the devel-
opments of sensory probes for Cys are still highly demanded.

Owing to the importance of mercury ions and Cys, many sen-
sory reports with different detection methods (neutron activation
analysis, ion sensitivity, flame photometry, electron microprobe
analysis and spectroscopic methods) are available for them
[39–42]. However, due to the simplicity, high degrees of speci-

ficity and low detection limits, many colorimetric (naked eye)
and fluorescent sensors for mercury ions and Cys were developed
with diverse mechanisms [43–51]. Among them, metal complexes
mediated fluorescent “turn-on” sensors for Cys [52–54] were

dx.doi.org/10.1016/j.snb.2013.12.082
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2013.12.082&domain=pdf
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ig. 1. (a) Schematic representations for Hg2+-induced J-aggregation of PBI and a
OMO and LUMO levels of PBI (semi-empirical PM3  method).

ore attractive. More interestingly, Jiang et al. reported the Hg2+

ediated Cys sensor through perylene bisimide (PBI) based on
ggregation and deaggregation mechanisms [55]. Furthermore, the
eport motivated just to fluorescent detections of Hg2+ ions and Cys
ia H-aggregation and deaggregation of PBI.

Since many PBI derivatives were known as colored com-
ounds with improved solubilities and also can aggregate (H
r J) [56–60], we made an attempt to report the sensor
esponses of a well-known PBI derivative (i.e., 1,6,7,12-tetra(4-tert-
utylphenoxy)perylene-3,4:9,10-tetracarboxylic acid bisimide) for
aked eye and fluorescent detections of Hg2+ and Cysteine via

-aggregation and deaggregation. Remarkably, in contrast to the
revious report [55], the J-aggregation of the PBI derivative were
videnced to be induced by Hg2+ ions via “T–Hg2+–T” like binding
otif of its imide groups (similar to the binding site of thymine (T))

y bathochromic shifts of UV/PL spectra. Similarly, upon the addi-
ion of Cys the J-aggregation of PBI-Hg2+ ensemble deaggregates
hrough strong Hg2+–S interactions and provides the monomeric
pectra as noted in the schematic representation of Fig. 1a.

Herein, we report a PBI derivative for naked eye and fluorescent
etections of Hg2+ ions and Cysteine via J-aggregation induced by
g2+ ions and deaggregation by Hg2+–S interactions of Cys.

. Experimental

.1. Materials

All anhydrous reactions were carried out by standard proce-
ures under nitrogen atmosphere to avoid moisture. The solvents
ere dried by distillation over appropriate drying agents. Reactions
ere monitored by TLC plates and column chromatography was

enerally performed on silica gel. 1H and 13C NMR  were recorded
n a 300 MHz  spectrometer. The chemical shifts (ı) are reported in
pm and coupling constants (J) in Hz and relative to TMS (0.00)
or 1H and 13C NMR, (s, d, t, q, m,  and br mean single, dou-
le, ternary, quadruple, multiple, and broad single, respectively),
nd d-chloroform (7.26 ppm) and (77.0 ppm) was  used as refer-
nces for 1H and 13C NMR, respectively. Mass spectra (FAB) were
btained on the respective mass spectrometer. Elemental analysis
as carried out by Elemental Vario EL. Absorption and fluorescence

pectra were measured on V-670 spectrophotometer and F-4500
uorescence spectrophotometer, respectively. Time-resolved pho-
oluminescence (TRPL) spectra were measured using a home-built
ingle photon counting system. Excitation was performed using a

65 nm diode laser (Picoquant PDL-200, 50 ps FWHM,  2 MHz). The
ignals collected at the excitonic emissions of solutions were con-
ected to a time-correlated single photon counting card (TCSPC,
icoquant Timeharp 200). The emission decay data were analyzed
te dissociation in the presence of Cys or PMDTA and (b) computation analysis of

with the biexponential kinetics in which two  decay components
were derived. The lifetime values (�1 and �2) and pre-exponential
factors (A1 and A2) were determined and summarized. 1–14 pH
buffers were freshly prepared as per the literature [61].

2.2. Sensor titrations

PBI was dissolved in THF:H2O (2:1) at 1 × 10−6 M concentra-
tion. Li+, Ag+, K+, Na+, Cs+, Ni2+, Fe3+, Co2+, Zn2+, Cd2+, Pb2+, Ca2+,
Cr3+, Mg2+, Cu2+, Mn2+, Hg2+, Ag2+, Cu+, Sn2+, Eu3+, Ba2+ and Al3+

metal cations were dissolved in water medium at 1 × 10−4 M con-
centration from their respective chloro compounds, and Ag+, Mn2+,
Eu3+, Hg2+ and Mg2+ were made from AgNO3, Mn(OAc)2, Eu(OAc)3,
Hg(OAc)2 and MgSO4, respectively, in water medium at 1 × 10−5 M
concentration. Metal ion mixtures contained all above ions, except
Hg2+. Penta methyl diethylene triamine (PMDTA) was dissolved in
THF at 1 × 10−5 M.

2.3. NMR  titrations

10 mmol  (1 equiv.) of PBI in THF-d8 was  titrated with 10 mmol
(1 equiv.) of Hg2+ in D2O and also titrated with 10 mmol  (1 equiv.)
of Cys in D2O.

2.4. Synthesis of 1,6,7,12-tetra(4-tert-butylphenoxy)perylene-
3,4:9,10-tetracarboxylic acid bisimide (PBI)

All the intermediates were synthesized as per the required
purities and PBI probe also synthesized according to the litera-
ture procedure as mentioned in Section 3.1; 1H NMR (300 MHz,
CDCl3), ı 1.29 (s, 36H, C(CH3)3), 6.80 (d, 8H, J = 9 Hz, ArH), 7.22
(d, J = 9 Hz, ArH), 8.21 (s, 4H, -Peri ArH), 8.46 (s, 2H, NH)). 13C
NMR  (75 MHz, CDCl3) ı 31.43, 34.38, 119.29, 119.60, 120.86, 122.30,
126.73, 147.49, 152.71, 155.98, 162.99. (FAB): 983 (M+, 100%), Anal.
Calcd for C64H58N2O8: C, 78.19; H, 5.95; N, 2.85. Found: C; 78.56;
H, 5.90; N, 2.82.

3. Results and discussion

3.1. Synthesis and HOMO and LUMO levels of PBI

The PBI probe was synthesized (see Scheme S1) as per the lit-
erature reports [62–64] with a high purity and an overall yield of
77%, and fully characterized by 1H- and 13C NMR, along with mass

(FAB) spectra (Figs. S1–S3). Insertion of phenoxy group in the pery-
lene unit provided enough structural possibilities of forming the
J-aggregation with Hg2+ and water. Furthermore, the HOMO–LUMO
calculation of PBI was carried out by semi-empirical PM3  method
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J-aggregated Hg2+-PBI ensemble. To evaluate the formation of J-
aggregated Hg2+-PBI ensemble and the deaggregation induced by
Cys, we continued the titration experiments separately with Hg2+

and amino acids as follows.

o 2
)

1
)

2
)

1
)

2
)

3
)

2
)

2
)

3
)

2
)

2
)

3
)

3
)

1
)

1
)

2
)

2
)

2
)

2
)

2
)

2
)

1
)

1
) ix

0

10

20

30

40

50

I 0
/I
ig. 2. Sensor responses of PBI (1 �M)  in THF:H2O (2:1) toward various metal ions
n H2O (�ex = 562 nm).

65]. The schematic representations for Hg2+-induced J-aggregation
f PBI and aggregate dissociation in the presence of Cys or PMDTA
re demonstrated in Fig. 1a. As shown in Fig. 1b, the HOMO electron
louds located toward one of the imide bonds and LUMO electron
louds were positioned between the phenyl ring of the phenoxy
oiety and perylene ring near imide bond. The HOMO and LUMO

evels of PBI well supported the electron/energy transfer from PBI
o Hg2+ ions to form the linear J-aggregated complex assembly, and
s well as the presence of �–� stacking in PBI.

.2. Solvent selection for sensor titrations

PBI exhibited the absorption and PL maxima at 562 and 591 nm,
espectively, in THF (Table 1). Furthermore, as noticed in Figs. S4
nd S5, while increasing the water concentration (0–99% vol.), the
L intensities and quantum yield (˚) values decreased rapidly
mong 60–99% (in vol.) of water concentrations. However, the
athochromic shifts of PL spectra also confirmed the J-aggregated
ssembly of PBI induced by water and hence supported the J-
ggregation induced by Hg2+ ions. Even though, as shown in Table 1
nd Fig. S4, the PL spectra and  ̊ values of PBI were not affected
p to 1:1 vol. ratio of THF:H2O. To avoid the confusion between
ater-induced quenching and metal ion-induced quenching, we
erformed the UV–vis/PL sensor titrations of PBI in THF:H2O (2:1

n vol.) and metal ions as well as amino acids in H2O. Similarly, 1H
MR titrations were carried out by dissolving PBI in THF-d8 along
ith Hg2+ ions and Cys in D2O. In the beginning, we  performed the

ensor titrations at pH = 7 and later on, evaluated our decision by
he pH effects on Hg2+ sensor responses.

.3. Fluorescence titrations on metal ions

The PL spectra of PBI were acquired by the excitation wave-
ength of 562 nm,  where the maximum absorbance of PBI was
bserved [60,68]. Initially, PBI (1 �M)  in THF:H2O (2:1) was inves-
igated toward 5 �M (5 equiv.) of metal ions (Li+, Ag+, K+, Na+,
s+, Ni2+, Fe3+, Co2+, Zn2+, Cd2+, Pb2+, Ca2+, Cr3+, Mg2+, Cu2+, Mn2+,
g2+, Ag2+, Cu+, Sn2+, Eu3+, Ba2+ and Al3+) in H2O. As noticed in
ig. 2, PBI showed a better selectivity to Hg2+ ions, with a rapid
uorescence quenching in contrast to the other ions. However, fur-
her analysis was also confirmed that just 1 �M (1 equiv.) of Hg2+

ons could quench PBI completely as noticed in Fig. 2. In addi-
ion to the above PL spectral evidence, the better selectivity of PBI
oward Hg2+ ions was confirmed by the fluorescence quenched by

g2+ and other metal ions. More interestingly, the selectivity of
BI to Hg2+ ions was well notified with naked eye colorimetric
hange (pink to dark blue) as publicized Fig. 3. The better selec-
ivity of PBI toward Hg2+ was further demonstrated by the single
Fig. 3. Photographs of naked eye sensor responses of PBI (1 equiv.) toward Hg2+

(1 equiv.) and other metal ions (5 equiv.). (For interpretation of the references to
color in this text, the reader is referred to the web  version of the article.)

and dual metal analysis as shown in Figs. 4 and S6. Except Hg2+,
none of the other ions provided the fluorescence or colorimetric
changes upon the addition of 1 equiv. of metal ions. However, Ag+

showed a mild effect at an excess addition (5 equiv.) as visualized
in Fig. 3. Similar to the single metal analysis, a better selectivity
of PBI to Hg2+ ions was also evidenced in dual metal analysis, in
which 1 equiv. (1 �M)  of Hg2+ was  mixed with 1 equiv. (1 �M)  of
background metal ions. Figs. 4 and S6 were evidenced the better
selectivities of PBI toward Hg2+ ions and the Stern–Volmer quench-
ing constant (KSV) calculations also confirmed the above statement.
The KSV values were calculated by KSV = (I/I0 − 1)/[Q]; [Q], quencher
concentration (1 �M for all metal ions), and the KSV value of Hg2+-
PBI was evidenced as 4.68 × 107 M−1. As shown in Table S1, except
Hg2+ none of the remaining metal ions showed better KSV values
and hence confirmed the superior selectivity of PBI to form the
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Fig. 4. Relative fluorescence intensity changes of PBI (1 �M) in THF:H2O (2:1) mixed
with 1 equiv. (1 �M)  of various metal ions in H2O (�ex = 562 nm).
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Table 1
Photophysical and sensor properties of PBI.

Compound Quantum
yield (Ф)

log Kapp
e Detection limits (LODs)f � (ns)g

PBI (�ex = 562 and �em = 591 nm)  0.55a

0.50b

0.36c

0.03d

NA NA 5.59

PBI+Hg2+ (�ex = 562 and �em = 612 nm) 0.03 27.7 36.6 nM 2.37
PBI+Hg2++Cys (�ex = 562 and �em = 591 nm)  0.52 9.2 91.3 nM 5.16
PBI+Hg2++PMDTA (�ex = 562 and �em = 591 nm) 0.53 NA NA 5.37

a THF.
b THF:H2O (1:1).
c THF:H2O (2:3).
d THF:H2O (1:99), and rhodamine G in ethanol as a reference standard (Ф = 0.95).
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e
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e log Kapp calculated from hill plots based on fluorescence spectral changes.
f LODs calculated by standard deviations and linear fittings.
g Fluorescence lifetime values.

.4. Fluorescence titrations on Hg2+ and amino acids

By increasing the concentrations of Hg2+ (0–1000 nM with an
qual span of 100 nM in H2O), the sensitivity of PBI (1 �M)  in
HF:H2O (2:1) toward Hg2+ ions was clearly observed in Fig. S7a
ia red-shifted fluorescence quenching. Initially, PBI exhibited the
uorescence peak at 591 nm and during the increment addition of
g2+ ions to PBI, the peaks were slowly shifted for each addition
ith quenching and completely quenched at 612 nm as revealed

n Table 1 and Fig. S7. The above observation and UV–vis spectral
hanges (Fig. 5a) of PBI with Hg2+ were also verified the forma-
ion of J-aggregation by PBI-Hg2+ ensemble. As noticed in Fig. 5a,

he UV–vis spectra of PBI bathochromically shifted from 562 to
83 nm,  but its intensity was slowly quenched over the addition
f 1 �M of Hg2+. The isosbestic point at 565 nm in absorption
pectra was due to the interaction of Hg2+ with PBI and hence,

400 50 0 60 0 70 0

0.00

0.05

0.10

0.15

0.20

0.25

0.30

A
b

s
o

rb
a

n
c
e

/A
.U

.

Wave length/n m

0

2000 nM [Hg2+]

(a)

0.0 0.2 0.4 0.6 0.8 1.0

0.14

0.16

0.18

0.20

0.22

A
5
8
3

XM

(b)

ig. 5. (a) UV–vis spectra of PBI as a function of Hg2+ ions (0.1–2 �M)  (b) Job plots of
omplex PBI-Hg2+; XM = [Mn+]/[Mn+] + PBI, PBI-Hg2+ = 1:1 stoichiometry (ca. 0.503).
confirmed the formation of J-aggregated PBI-Hg2+ ensemble. Fur-
thermore, the PBI-Hg2+ linear complex formation was  supported
by the IR-spectral changes of PBI and PBI-Hg2+ (Fig. S8), in which
the imide NH peak at 3172 cm−1 utterly disappeared along with
spectral shift of imide C O group (from 1698, 1678 cm−1 to 1623,
1602 cm−1, respectively). Later on, the linear PBI-Hg2+ complex for-
mation was  also further supported by 1H NMR  titrations of PBI with
Hg2+. As revealed in Section 1, in contrast to Jiang et al. report, PBI
provided the J-aggregated assembly with Hg2+ ions, therefore we
extended our work toward amino acids to check the reversibility
of the linear aggregated assembly.

As shown in Fig. S9a, the reversibility of PBI-Hg2+ ensemble was
screened with available amino acids, such as Leucine (Leu), Tyrosine
(Tyr), Glutamic acid (Glu), Aspartic acid (Asp), Lysine (Lys), Phenyl
alanine (Phe), Histidine (His), l-Proline (Pro), Glycine (Gly) and l-
Cysteine (Cys) in H2O. Among the above amino acids, Cys provided
a reversible monomeric PL peak of PBI at 591 nm via deaggregation
of PBI-Hg2+ ensemble. However, we found a complete recovery of
PBI peak by 2 equiv. (2 �M)  addition of Cys in H2O. The relative
fluorescence intensity changes of PBI-Hg2+ ensemble with amino
acids in H2O was evidenced in Fig. S9b and confirmed the selective
“Turn-On” responses provided by only Cys through deaggregation.
Furthermore, the selective deaggregation of the ensemble with Cys
was well supported by background amino acid analysis as exposed
in Fig. S10. In addition to PL spectra, the UV–vis spectra of PBI-
Hg2+ (Fig. 6) completely returned to its original PBI state from
583 to 562 nm and therefore confirmed the deaggregation induced
by Hg2+-S interaction of Cys. Moreover, a clear isosbestic point at
571 nm (UV–vis spectra) might be arisen from Hg2+-S interaction
and the deaggregation. The reversible nature of PBI-Hg2+ assem-
bly was  further demonstrated by the addition of PMDTA as noticed
in Fig. S11a, in which PBI-Hg2+ was  completely disassociated to
PBI. Interestingly, upon the addition of 1 equiv. of PMDTA [66,67]
in THF to PBI-Hg2+, the PL peak of PBI was recovered and the probe
can be reusable up to 8 cycles as publicized in Fig. S11b. Hence,
this result confirmed the deaggregation nature of PBI-Hg2+ linear
complex assembly. The naked eye and fluorescent photographs of
reversibility of PBI-Hg2+ with Cys and PMDTA were visualized in
Fig. 7 and supported the deaggregation of the linear assembly. Fur-
ther explanations for aggregation and deaggregation behaviors of
PBI with Hg2+ and Cys will be provided by the 1H NMR  titrations in
Section 3.6.

3.5. Fluorescence titrations on Cysteine
To evaluate the detection range and the turn-on response by
deaggregation of PBI-Hg2+ induced by Cys, further titration on Cys
was carried out individually as shown in Fig. 8. Upon the addition
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Fig. 7. Naked eye and fluorescence (under UV-light irradiations; � = 365 nm)  pho-
tographs for deaggregation and reversibilities of PBI-Hg2+ with Cys (a and c) and
PMDTA (b and d).

550 60 0 650 700 75 0
0

2000

4000

6000

8000

10000

P
L
 I

n
te

n
s
it
y
/A

.U
.

Wave length/n m

0

2000 nM [Cys]

(a)

0 50 0 100 0 1500 200 0
0

10

20

30

40

50

I/
I 0

[Cys ]/nM

(b)

2+
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with 0.1–2 �M addition of Cys in H2O and (b) relative fluorescence intensity changes
of  PBI-Hg2+ as a function of [Cys] (�ex = 562 nm).

of Cys (0–2 �M with an equal span of 0.1 �M),  the PBI monomeric
peak slowly appeared with a hypsochromic shift from 612 to
591 nm.  In addition, the deaggregation of PBI-Hg2+ was further
confirmed by the isoemission point at 565 nm in PL spectra. How-
ever, the above observation was  also clarified by UV–vis absorption
spectra (Fig. 6), in which the peak hypsochromically shifted from
583 to 562 nm.  Interestingly, the restored imide NH peak in 1H
NMR  titrations by the addition of Cys was well supported the
deaggregation of PBI-Hg2+ ensemble to PBI. Furthermore, the
deaggregation of PBI-Hg2+ were verified by the colorimetric shift
and fluorescence enhancements as evidenced by Fig. 7a and c.

3.6. Stoichiometry and 1H NMR titrations [68–71]

To ensure both sensor responses of PBI+Hg2+ and PBI-Hg2++Cys,
their stoichiometries were calculated through job’s plots as noticed
in Figs. 5b and 6b. The job’s plots for mole fraction (XM) and UV–vis
spectral changes at 583 nm went through maxima at molar frac-
tions of ca. 0.503 (PBI+Hg2+) and 0.514 (PBI-Hg2++Cys), which
hence confirmed the 1:1 stoichiometry in both cases. Moreover, the
1:1 stoichiometry of both systems were further supported by 1H
NMR titrations as noticed in Fig. 9. Assuming the 1:1 stoichiometry
of PBI-Hg2+ ensemble, initially 1 equiv. (10 mmol) of Hg2+ in D2O
was slowly added to 1 equiv. (10 mmol) of PBI as shown in Fig. 9a.
Due to the formation of linear J-aggregated complex assembly,
the imide NH peak disappeared utterly with broadened spectral
peaks of remaining proton environment. The NH proton peak
showed a downfield shift from 8.46 to 8.76 ppm during the titra-
tions, which might be arisen from the linear J-aggregated complex
assembly of PBI-Hg2+. The above conceptual statement was also

well supported through NH peak disappearance in IR spectrum
(Fig. S8d). Similar to the 1H NMR  titration results of PBI with Hg2+,
the addition of Cys to PBI-Hg2+ ensemble provided the incredible
spectral change via a restored imide NH peak along with the
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ig. 9. 1H NMR  titrations of (a) PBI (10 mmol) with Hg2+ (10 mmol) ions and (b)
BI-Hg2+ ensemble with Cys (10 mmol).

emaining proton environment as exposed in Fig. 9b. During the
ddition of Cys (10 mmol), the imide NH and other PBI peaks
ere slowly restored and hence confirmed the deaggregation of
BI-Hg2+ and 1:1 stoichiometry as well.

.7. Hill plots and detection limits (LODs) [72,73]

As reported by Jiang et al., we also calculated the apparent asso-
iation constants (log Kapp) for PBI-Hg2+ and PBI-Hg2++Cys by using
og [Y/(1 − Y)] = n log [G] + log Kapp equation, where Y, n, [G], and Kapp

epresent the fraction of ligand binding sites filled, Hill coefficient,
oncentration of guest (here Hg2+ or Cys), and the apparent associ-
tion constant, respectively. Y was determined by the equation of
I − I0)/(Imax − I0), where I0, I and Imax are the fluorescence inten-
ity at 612 nm in the absence, in the presence, and in the presence
f an excess amount of Hg2+. Similar to the assembled interac-

2+ 2+
ion of complex PBI-Hg , I0, I and Imax of ensemble PBI-Hg +Cys
howed fluorescence intensity changes at 591 nm in the absence,
n the presence and in the presence of an excess amount of Cys,
espectively. By plotting log [Y/(1 − Y)] with respect to log [Hg2+]
Fig. 10. Calculations of detection limits (LODs) for (a) Hg2+ (PBI-Hg2+) and (b) Cys
(PBI-Hg2++Cys) by standard deviations and linear fittings.

or log [Cys], the apparent association constants were calculated as
noticed in Fig. S12. As shown in Table 1, log Kapp for Hg2+ and Cys
were found to be 27.7 and 9.2, respectively, and in both cases we
observed positive cooperativities (n > 1) as well. On the other hand,
the detection limits (LODs) of both sensor responses were calcu-
lated by standard deviations and linear fittings of KSV (for Hg2+)
and relative PL intensity (I/I0) changes (for Cys) as functions of
Hg2+ (0–1000 nM)  and Cys (0–2000 nM)  concentrations. The LODs
of Hg2+ and Cys were calculated as 36.6 and 91.3 nM,  respectively
as noticed in Fig. 10 and Table 1. Contrast to Jiang et al. report,
the lower detection limits of Hg2+ and Cys might be attributed to
a different kind of aggregation exhibited by PBI-Hg2+ ensemble.
However, naked eye detections of both Hg2+ and Cys by PBI was  an
added advantage in our report.

3.8. pH, time, quantum yield (˚)  and TRPL spectra [74–80]

Since many sensor responses were affected by pH values, we
extended our Hg2+ sensor analysis in that direction as shown
in Figs. 11a and S13. In contrast to PBI in different pH values
(Figs. 11a and S13), the PBI+Hg2+ ensemble was affected by acidic
and basic pHs (Figs. 11a and S13b), and Hg2+ sensor was incredibly
active between pHs 6–8. Therefore, we performed all our sensor
analysis toward Hg2+ and Cys at pH = 7. Assuming the 1:1 stoi-
chiometry of Hg2+ in PBI-Hg2+ and Cys in PBI-Hg2++Cys, the time
effects (0–180 s) on both sensors were evaluated. After 1 equiv.
addition of Hg2+ within 60 s, the PL peak of PBI was completely
quenched. However, upon the addition of Cys to PBI-Hg2+ ensem-

ble, a monomeric PBI peak slowly appeared between 0 and 120 s
as shown in Fig. S14. In addition to pH and time effects on both
sensor responses, the quantum yield (˚) of PBI was also affected
by the additions of Hg2+ and Cys/PMDTA sequentially as shown
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ig. 11. (a) PBI and PBI+Hg2+ as functions of pH values and (b) TRPL spectra of PBI,
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n Table 1. The initial  ̊ value of PBI (  ̊ = 0.55) was 18 times
uenched by Hg2+ (  ̊ = 0.03 in PBI-Hg2+) and restored to its origi-
al stage with Cys (  ̊ = 0.52 in PBI-Hg2++Cys) or PMDTA (  ̊ = 0.53

n PBI-Hg2++PMDTA), which hence further confirmed the aggrega-
ion and deaggregation of PBI with Hg2+ and Cys, respectively. As
xposed in Fig. 11b, time resolved photoluminescence (TRPL) spec-
ra of PBI were influenced by Hg2+ and restored with Cys, and their
RPL spectral and sensor properties are summarized in Tables 1
nd S2. Based on single exponential decay fittings, the average
ecay constant (�) value of PBI (5.59 ns) was decreased in PBI-Hg2+

2.37 ns) and further recovered in PBI-Hg2++Cys (5.16 ns)/PBI-
g2++PMDTA (5.37 ns). Furthermore, the TRPL spectra of PBI-Hg2+

nd PBI-Hg2++PMDTA also supported the reversibility of the Hg2+

ensor response as shown in Fig. S15b. Additionally, Fig. S15a
nd Table S2 also verified a moderate selectivity of PBI toward
g+.

. Conclusions

A 1,6,7,12-tetra(4-tert-butylphenoxy)perylene-3,4:9,10-
etracarboxylic acid bisimide (PBI) derivative is reported as
g2+ ions and Cysteine (Cys) naked eye and fluorescent sensors for

he first time via J-aggregation and deaggregation mechanisms.
he 1:1 stoichiometric aggregation of linear complex assembly
BI-Hg2+ and dissociation of monomeric ensemble PBI-Hg2++Cys
ere elucidated by the measurements of UV–vis/PL, 1H NMR, and

T-IR. More interestingly, the Hg2+ sensor was  reusable up to 8
ycles and hence confirmed the deaggregation possibility of PBI-

2+ 2+ 2+
g . The positive cooperativities of PBI-Hg and Cys-Hg /PBI
nsembles were evidenced by the Hill plots to have the log Kapp

alues of 27.7 and 9.2, respectively. The detection limits of Hg2+

ons and Cys were estimated as 36.6 and 91.3 nM,  respectively, by

[

tors B 194 (2014) 229– 237 235

standard deviations and linear fittings, and the KSV value of Hg2+

was calculated as 4.68 × 107 M−1. The sensor properties of PBI
are well supported by the pH, time, quantum yield (˚), and TRPL
studies in this report.
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