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ABSTRACT: On the basis of proton transfer in aqueous phase,
we prepared a water-soluble and highly fluorescent ionic complex
of 3,4,9,10-perylene tetracarboxylic acid (PTCA) and 6-deoxy-6-
amino-f-CD (f-CDNH,) and studied its fluorescence behavior. It
was found that the fluorescence emission of the complex is
sensitive and selective to the presence of trace amount of toxic
phenolic compounds, in particular phenol, which is crucial for
water quality control. The detection limit (DL) of the method to
the analyte is ~0.03 uM, a lowest value reported in literatures for
similar techniques. Interestingly, the detection at an unprece-
dented subnanogram (DL, ~0.12 ng/cm?®) level can also be
conducted in a visualized manner, which may provide a simple and
low-cost protocol for on-site and real-time detection of the
analyte. Moreover, the complex is humidity sensitive in dry state,
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and its color changes from bright yellow to bright green when exposed to wet vapor. Unlike other PTCA bisimide derivatives,
preparation of the ionic complex of PTCA/B-CDNH, is simple and avoids complicated synthetic burden. Furthermore,
introduction of methanol into the aqueous solution of the complex resulted in aggregation as indicated by solution color change
and proved by transmission electron microscopy and dynamic light scattering studies, which explains why the compound in dry
state is sensitive to the presence of water and water vapor. X-ray diffraction, UV—vis, and fluorescence studies uncovered the H-

packing nature of the structure of the aggregate.
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1. INTRODUCTION

Derivatives of perylene-3,4,9,10-tetracarboxylic acid bisimides
(PBIs) are a group of typical aromatic chromophores and have
found a great variety of applications in different areas of organic
photoelectronics and fluorescence chemical/biochemical sen-
sors due to their exceptional optical and electronic properties,
such as high fluorescence quantum yields, good photochemical
and electrochemical stability, and great potential in derivatiza-
tion.'™® The main drawback of PBI derivatives is their poor
solubility in commonly found solvents. Therefore, substitution
at the bay and imide positions has been used to improve their
solubility and to tune their packing properties.”” "

The strategy, however, as mentioned for enhancing their
solubility, is often inevitably realized via complicated organic
synthesis, and thereby, it would be of interest if noncovalent
interactions such as hydrogen bonding, 7—x stacking, van der
Waals interaction, host—guest interaction, electrostatic inter-
action, and so on could be utilized to improve the water
solubility of the derivatives, and realize their functions in
aqueous phase.

Cyclodextrins (CDs) is a family of cyclic oligosaccharides
that are composed of six to eight a-D-glucopyranoside units in a
ring linked by a-1,4-glycosidic bonds. The CDs possess a

-4 ACS Publications  © 2015 American Chemical Society

21364

hydrophilic exterior surface and hydrophobic interior cavity on
the truncated cone. It is the cavity that makes CDs become a
group of organic hosts for the inclusion of some organic
molecules in aqueous phase.'®” In addition, the hydroxyl
groups presenting at different positions can be selectively
converted into other desired functional structures, and the
derivatives as obtained may be further used for constructing
diverse supramolecular architectures."®>°

The attractive advantages of CDs and those of PBI have
inspired us to make a hypothesis that is combination of CDs
and PBI via a noncovalent method would lead to weakening of
the strong m—n interaction between PBI units, resulting in
increase in the water solubility of the chromophore which is the
basis for being used in aqueous phase. Accordingly, a water-
soluble complex of PBI and CDs was prepared by using
perylene tetracarboxylic acid (PTCA) and 6-deoxy-6-amino-f3-
CD (S-CDNH,) as the reactants (c.f. Scheme 1). Interestingly,
PTCA/(f-CDNH,), was found to undergo a remarkable
structural change in the presence of water that result in a
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Scheme 1. Structure of PTCA/(-CDNH,),, Where the
Conical Cartoon Stands for f-CD
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yellow-to-green color transition. Furthermore, introduction of
B-CD makes the emission of the complex sensitive to the
presence of phenol, a poisonous chemical commonly found in
contaminated water, and the relevant test is fast and possesses a
detection limit (DL) of ~0.03 M. Moreover, the detection can
also be conducted in a visualized way with a DL lower than 0.12
ng/cm? which is an unprecedented result reported until now.
We report the details here.

2. EXPERIMENTAL SECTION

2.1. Materials. S-Cyclodextrin, p-toluenesulfonyl chloride (>98%)
were purchased from Sigma-Aldrich. 3,4,9,10-Perylene tetracarboxylic
dianhydride (>98%) was purchased from Tokyo Chemical Industry
Co., Ltd. (TCI). KOH, ethanol, acetone, and hydrochloric acid were
obtained from Sinopharm Chemical Reagent Co., Ltd., as analytical
pure reagents. The chemicals, except those specially indicated, were
used without further purification. Water used in this work was acquired
from a Milli-Q_reference system.

2.2. Measurements. 'H NMR spectra were measured on Bruker
AV 600 NMR spectrometers in DMSO-d, with tetramethylsilane
(TMS) as an internal standard. Pressed KBr disks for the powder
samples were used for the transmission infrared (FTIR) spectroscopy
measurements, and their FTIR spectra were obtained with a Bio-Rad
FTIR spectrometer. UV—vis absorption spectra of all samples were
recorded on a spectrophotometer (Lambda 950, PerkinElmer,
Waltham, MA). Mass spectrometry measurements were performed
on an AXIMA-CFR in MALDI-TOF mode by using a-cyano-4-
hydroxycinnamic acid (CCA) as the matrixes. TEM images were
obtained using JEOL JEM-2100 transmission electron microscope at
an acceleration voltage of 200 kV. DLS measurements were conducted
on a Malvern Zeta Sizer Nano-ZS90. The XRD pattern of the sample
was obtained by using a D/Max-2550/PC with Cu Ka X-ray radiation
generated under a voltage of 40 kV and a current of 40 mA. The scan
rate was 0.5° min~" and the scan range of 20 was from 1.5 to 10°.
Fluorescence measurements were conducted with a time-correlated
single photon counting Edinburgh Instruments FLS 920 fluorescence
spectrometer at room temperature.

3. RESULTS AND DISCUSSION

3.1. Association between PTCA and f-CDNH,. PTCA
contains four hydrophilic carboxyl groups and exists as
poly(carboxylic acid)s, but the strong 7—z stacking of the
perylene unit still resists dissolving in water. To increase water
solubility of the compound and get the desired PTCA/(f-
CDNH,), complex, we introduced 4 equiv of f-CDNH, in
order to make the carboxyl groups fully turned into
carboxylates. As both carboxylic acids and the amine are
weak, all the tests were conducted in pure water. The formation
of the ionic complex was confirmed by several observations
from multiple analytical techniques.

First, as observed in the experimental test, the addition of -
CDNH, to the PTCA solution resulted in rapid red to green
color change, and instant and complete dissolution of the solid
PTCA at the bottom of the reaction vessel (c.f. the inset of
Figure 1) largely because of proton transfer from the carboxyl
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2 eq. of - CDNH,
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Figure 1. UV—vis absorption spectra of the aqueous solution of PTCA
in the presence of different amount of S-CDNH,, of which the
concentration of PTCA is 5§ X 107 M. (Inset) Photographs of the
aqueous solutions of PTCA and PTCA/-CDNH, (1:4 in molar ratio)
under (a and b) daylight and (c and d) UV light (365 nm).

groups of PTCA to the amino group of f-CDNH,, thus leading
to the dissolution of PTCA and the dis-assembling of
solubilized PTCA in solution. In other words, the perylene
unit may exist in different states in the solution of pure PTCA
and that of the complex of PTCA/-CDNH,, an indication of
different electronic coupling of the 7-system in the two states.”'

Second, the interaction between the two components during
mixing was monitored by UV—vis absorption spectroscopy
measurement, and the results are shown in Figure 1. With
reference to the figure, it is seen that PTCA showed three
absorption bands positioning at 410, 440, and 471 nm,
respectively. References to relevant literature,”'' it is no
doubt that the peaks appearing at 410, 440, and 471 nm could
be recognized as the excitation of the free state (monomer) of
the chromophore, and the one around ~510 nm the absorption
of the aggregated state of the chromophore. For f-CDNH,,
however, there is no obvious absorption within the wavelength
range studied. Interestingly, the absorption bands of PTCA
shifted from 440 and 471 nm to 437 and 464 nm, respectively,
and the weakest one showed very little blue shift after the
addition of f-CDNH,, suggesting that the packing nature of the
perylene units did not change during the test. Moreover, with
increasing the molar ratio of S-CDNH, to PTCA, the intensity
of the absorption gradually increased, which may be ascribed to
the increase in the distance between the PTCA scaffolds. That
is to say, the close 7—m aggregation may be weakened due to
the bulky B-CDNH,, which can suppress the electronic
coupling of the PTCA aromatic rings in the H-aggregates. It
is noteworthy that further addition of f-CDNH, after the ratio
of it to PTCA reached 4:1 showed little effect upon the
absorption of the solution as evidenced by the fact that the
UV—vis spectrum of the system with an 8:1 ratio is almost the
same to that with a ratio of 4:1, indicating the formation of a
4:1 complex of the two components.

Third, results from '"H NMR titration tests are in support of
the tentative conclusion. Reference to the spectra shown in
Figure Sla reveals that with increasing the molar ratio of f-
CDNH, to PTCA, the chemical shifts of a and b, which are two
typical protons of the latter, increase gradually. Further analysis
of the data demonstrates a clear 1:4 complex formation
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Figure 2. (a) Solvent-dependent UV—vis spectra and (b) fluorescent emission spectra of PTCA/(B-CDNH,), (5 X 107° M, A, = 438 nm) in
methanol/water binary solvents. The volume ratio shown in the inset is defined as methanol to water. The photographs of PTCA/(-CDNH,), in
(left) pure water and (right) methanol/water (9:1, v/v) (a) in sunlight and (b) upon irradiation at 365 nm.

between PTCA and -CDNH,, as seen in the plots depicted in
Figure S1b.

Fourth, FT-IR measurements also confirm the formation of
PTCA/(p-CDNH,), complex (c.f. Figure S2). Reference to the
spectra reveals that the amide absorption band at 3014 cm™ for
pure -CDNH, shifted to 2940 cm™ after formation of the
complex, which can be taken as a direct evidence of formation
of —NH;***** In addition, for PTCA/(f-CDNH,),, a new
absorption appeared at 1608 cm™’, suggesting presence of
—COO in the complex, while the corresponding absorption of
the carboxyl group in pure PTCA is at 1697 cm™". These results
confirmed the ionic nature of the complex. Moreover, it is
interesting to note that the stretching vibration of the perylene
core in pure PTCA appeared at 1586 cm™ but red-shifted to
1435 cm™" upon association with -CDNH,, a result in support
of the tentative conclusion described above.

Formation of PTCA/(f-CDNH,), was accompanied by
increase in the fluorescence emission intensity of PTCA as
evidenced by the ratio of f-CDNH, to PTCA dependent
fluorescence spectra of the system shown in Figure S3 and the
fluorescence picture depicted in the inset of Figure 1.

3.2. Aggregation of PTCA/(f-CDNH,),. Benefiting from
the introduction of #-CDNH,, the complex exhibits favorable
solubility in pure water in contrast to organic solvents, and
thereby, introduction of organic solvents, such as methanol,
into water may result in aggregation of the complex, which
must be accompanied by changes in the optical properties of
the systems. Accordingly, the UV—vis absorption spectra of the
methanol—water mixture solutions of PTCA/(S-CDNH,),
with different compositions of the binary solvents were
measured, and the results are shown in Figure 2a. With
reference to the figure, it is seen that the profile of the
absorption spectrum of PTCA/(S-CDNH,), is largely depend-
ent upon the composition of the solvents. The spectra are
characterized by two sharp absorptions centering at 437 and
464 nm, respectively, when the volume fraction of methanol is
less than 0.6, but further increase in the fraction of methanol
resulted in a great change of the profile of the absorption as
reflected by intensity decrease and intensity inversion of the
two most intensive absorption bands. Another variation
resulted from increasing methanol content is the broaden and
blue-shift of the dominant absorption band of the complex,
which should be results of strong electronic coupling with a H-
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stacking arrangement, in the binary solvents system in
particular when methanol fraction exceeds a critical
value."'**** Concomitantly, the solution color changed
from green in pure water to light yellow in 9:1 methanol/
water mixture (c.f. Figure 2a inset).

The aggregation of PTCA/(f-CDNH,), in the binary
solvents was also monitored by fluorescence measurements,
and the results are shown in Figure 2b. Clearly, the initial
addition of methanol only resulted in a little bit decrease in the
fluorescence emission, but a sharp transition was observed
when the volume fraction of methanol in the mixture solvents
exceeds 0.6, which is in accordance with that observed in UV—
vis studies. The sharp intensity transition may be a sign of
dense packing of the perylene unit, an equivalent of increase of
concentration, due to inner filtering effect.”® In other words, the
complex should exist in less-aggregated state when the solvent
is pure water or methanol—water mixtures provided the
methanol fraction (v/v) is less than 0.6, indicating that
introduction of the bulky f-CD and ionic structure is an
effective strategy to screen z—x stacking of the perylene units
within the system and increase the solubility of the perylene
derivative. As for why the addition of methanol enhances
aggregation of the complex, it may be understood by
considering its noncompatibility with the ionic structure of
the complex and the highly hydrophilic nature of one of the
two components, f-CD. It is the noncompatibility that makes
the molecules of PTCA/(-CDNH,), in the system get closer
to each other, and result in strong 77— stacking of the perylene
units within the system, as shown by the change of the UV—vis
absorptions (c.f. Figure 2a).

Two additional points need to be noted: (1) aggregation of
the complex does not mean phase separation in a macroscopic
scale, and (2) the profile of the fluorescence emission spectrum
of the aggregate is almost independent of the solvent
composition, that is no matter monomeric or aggregated
state, the profile is almost the same, a property very different
from other PBI derivatives.”””* A similar observation was also
made in concentration-dependent studies of the fluorescence
emission and absorption of the complex conducted in aqueous
phase. The results are shown in Figure S4. As expected, higher
concentration of the complex resulted in aggregation, typically
in H-form.*
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Figure 3. Solvent-dependent TEM images of the aggregate of PTCA/(B-CDNH,), (1 X 10™* M) in different solvents: (a) water, (b) 7:3 methanol/
water, (c) 8:2 methanol/water, and (d) 9:1 methanol/water.

Scheme 2. Assembly Models of PTCA/(f-CDNH,), in Water and Methanol/Water Mixed Solvents
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Morphology of the Aggregate of PTCA/(f-CDNH,),. that initially the complex existed in loosely packed nanofibrous

To obtain direct evidence of the aggregation of PTCA/(f- structures in pure water with an average length of 300 nm, and
CDNH,),, the microstructures of the aggregates of PTCA/(f- then changed into spherical structures with increasing the
CDNH,), in methanol—water binary solvents of different .

2/ 4 . . . content of methanol. The average diameter of the aggregate
compositions were examined. Figure 3 shows the TEM images . d al “h . hanol d
of them obtained from 7:3, 8:2, and 9:1 of methanol—water Increased along with increasing methanol content, an

specifically, with the ratio of methanol to water increased

mixtures with a concentration of 1 X 10™* M. Reference to the
images reveals that the aggregate morphology of the complex is
strongly dependent upon the solvent composition. It is seen

from 7:3 to 8:2 and then to 9:1, the average diameter increased
from 80 to 249 and then to 800 nm. This observation was
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further confirmed by the results from dynamic light scattering
(DLS) studies (c.f. Figure SS).

Association with aforementioned spectrum changes and the
natural hydrophilicity of PTCA/(S-CDNH,),, it is reasonable
to infer that the morphology of the aggregate should be mainly
determined by the polarity of the solvent. For the formation of
fibrous structure in pure water, a probable mechanism is that
the perylene core of PTCA may stack in a parallel manner and
form a fiber with the z-structure of PTCA in the core and the
four f-CDNH, units pointing to different sides of the PTCA
plane. With exception of 7—x stacking, another possible force
for driving the fibrous structure formation may be hydrogen
bonding between adjacent -CD units (c.f. Scheme 2). XRD
analysis, which will be presented latter, confirmed this tentative
argument. For the systems of methanol contents of more than
0.7, the hydrophobic perylene core of the complex may adopt a
face-to-face stack between adjacent PTCA units as revealed by
UV—vis studies of the mixture solvents systems. However, with
increasing methanol content, the f-CD units may point to the
same side of the PTCA structure due to their hydrophilic
nature, favoring the formation of spherical supramolecular
architectures (c.f. Scheme 2).*” The big difference in the
particle size must be a result of increase in the number of the
complex within an aggregate due to volume fraction increase of
methanol in the binary solvents.

3.4. Hydrochromic Property of PTCA/(#-CDNH,),.
Inspired by the aforementioned morphology changes as a
result of variation of the binary solvents composition, it is
anticipated that change of PTCA/(-CDNH,), from dry state
to wet state may accompany a significant color change. In order
to explore this speculation, the word “SNNU”, which is the
abbreviation of Shaanxi Normal University, the affiliation of the
authors, was written on a filter paper by using a ball-pen, which
was prefilled with the aqueous solution of PTCA/(-CDNH,),
(cf. Figure 4). Initially, the word showed a very bright green

Snwvyg

Figure 4. (a) Fluorescent photographs of handwriting with the
aqueous solution of PTCA/(f-CDNH,), on a filter and (b) after
drying at 100 °C.

a b

snwvu

(—.
25 'C/H,0

color under UV light illumination (365 nm), but drying makes
the color of the word change into yellow. The yellow color
could be fully recovered by leaving the paper in a moist
atmosphere. Moreover, the reversible color change can be
repeated many times.

3.5. Nature of Hydrochromism. The hydrochromic
behavior of the complex was further studied by measuring its
UV—vis absorption spectra in different states, and the results
are depicted in Figure S6a. It is clearly seen that a significant
shift in the wavelength maximum from 447 to 473 nm takes
place when the film is treated with water, of which a
corresponding change in fluorescence emission spectrum was
also observed (cf. Figure S6b). The shift and change in the
profile of the absorption and emission spectra demonstrated
that wetting promotes dis-aggregation of the aggregated
structure of the complex.

XRD study may help the understanding of the ori%in of the
hydrochromic behavior of PTCA/(f-CDNH,),.*”*° Specifi-

cally, the XRD pattern of the initial yellow-colored PTCA/(f3-
CDNH,), film is characterized by six strong peaks appearing at
20 = 6.31, 8.95, 10.80, 12.87, 17.22, and 18.82°, respectively
(cf. Figure S7), of which the corresponding d values are 1.399,
0.987, 0.818, 0.687, 0.514, and 0.471 nm, respectively,
indicating highly ordered crystal-like structure of the aggregate.
Upon hydration, the peaks shifted to 6.19, 8.75, 10.67, 12.50,
16.79 and 17.32°, respectively, and the d values were calculated
to be 1426, 1.009, 0.828, 0.707, 0.527, and 0.511 nm,
respectively, suggesting swelling of the aggregate, which must
be a result of water-promoted increase in the interplanar
spacing and explain why the color of the aggregate of the
complex changed from yellow-to-green after wetting. This
feature may enable fabrication of a humidity sensing film by
utilizing the fluorescent complex of PTCA/(f-CDNH,),.
Further analysis of the XRD data reveals that the ionic complex
packed in a tetragonal mode because for both samples the
spacings (the d values) follow the ratio of 1:(1/\/2):(1/2):(1/
V9):(1/v/8):(1/3).

3.6. Phenol Sensing. To explore the possible application of
PTCA/(p-CDNH,),, we investigated phenol effect to the
fluorescence emission of the complex in aqueous phase. This is
because the benzene ring of the phenol is electron-rich due to
electron donating property of the hydroxyl group, whereas the
latter is electron-poor due to the electron withdrawing
character of the carboxyl groups. It is the opposite property
that may make PTCA/(3-CDNH,), possess specific affinity to
phenol. Another possible affinity of the complex may come
from host—guest interaction between -CD and phenol.”"**
Affinity of the analyte to the complex, no matter which
mechanism it follows, must be favorable for the possible
sensing.

As it is known, phenol is important due to its widespread
uses in the production of polycarbonates, epoxies, Bakelite,
nylon, detergents, herbicides, and numerous pharmaceutical
drugs.”>™*° However, phenol is also listed as a high-priority
pollutant by the U.S. Environmental Protection Agency and
other organizations because of its high toxicity even at a very
low concentration.’”*® Therefore, sensitive and selective
detection of phenol in water is of great importance. In fact,
gas chromatography, liquid chromatography, UV spectroscopy,
colorimetry, and varies electrochemical methods have been
used for the detection.’”™* Utilization of the techniques,
however, usually requires sophisticated instrumentation, multi-
step procedures, slow catalytic kinetics, poor stability, specific
enzymes, and so on, and these shortcomings make them less
convenient for rapid and on-site detection. Accordingly, phenol
effect to the fluorescence emission of the complex in aqueous
phase was studied and the results are depicted in Figure S. It is
seen that introduction of phenol induces remarkable reduction
of the fluorescence emission. As a control, phenol could not
quench the fluorescence emission of pure PTCA (c.f. the inset
of Figure $), indicating the importance of S-CDNH, and
suggesting, indirectly, that the approach of phenol to the
fluorescent complex, which is a prerequirement for the
fluorescence quenching, may be realized through the host—
guest interaction between them. This tentative explanation was
further confirmed by the latter '"H NMR studies. Further
inspection of the inset of Figure S, which is the Stern—Volmer
plots of the data from the studies, reveals that for the system of
the ionic complex and within the whole concentration range
studied the plot is close to linear, suggesting the homogeneity
of the environment of the complex. This result is not difficult to
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Figure 5. Fluorescence emission spectra of the aqueous solution of PTCA/(B-CDNH,), (2 X 107 M) in the presence of different concentrations of
phenol. (Inset) Corresponding (black) Stern—Volmer plot of the quenching data and (red) a plot from a reference system, of which the only
difference is that PTCA was adopted instead of the complex. (Inset) Photographs of (left) PTCA/(S-CDNH,), and (right) PTCA/(p-

CDNH,),+Phenol (data error: + 3%).

Table 1. Key Parameters of Different Methods for Phenol Detection

method
electrochemistry Tyr-based detection
electrocatalytic oxidation
chromatography liquid chromatography
gas chromatography
spectrophotometry UV—vis spectrophotometry

4-aminoantipyrine (4-AAP)

fluorescence spectrophotometry

visualization

medium response time detection limit (M) ref
PBS buffer 10 min 107°-107° 44
PBS buffer 10 min 5x107° 46
PBS buffer 3s 5% 1077 43
water 5 min 3x10°° 40
water 7.24 min 2% 1078 39
water 107 42
PBS buffer 4x107° 41
water 8 x 1073 16
water 1072 17
water instantaneous 3x 1078 this work
water instantaneous 0.12 ng/ cm? this work

Blank,

B - | lmcmcme |
Water  0.12ng/cm® 0.24ng/cm’ 2.4ng/cm® 24 ng/cm? 0.24pg/cm® 2.4 ng/cm’? Filter paper

Figure 6. Photographs of the PTCA/(f-CDNH,), pretreated filter papers (20 uL, 2.5 X 10* M for each) in the presence of different amount of
phenol (10 L) of which the concentration of phenol increases from left to right (0, 0, 5 X 1075, 1 x 1077, 1 X 10761 % 107%,1 X 107 and 1 X
1073 M) when viewed under 365 nm UV illumination. The diameter of each spot is ~0.7 cm,

understand due to excellent solubility of the complex in water.
Further inspection of the plot reveals that trace amount of
phenol in aqueous phase could cause noteworthy reduction of
the fluorescence emission. For example, 2 uM of the analyte
induced more than 7% fluorescence quenching. The linear
range could be from 0 to 108 uM, enabling quantitative
detection of phenol. The calculated detection limit (DL) of the
method as established is about 0.03 uM, of which the details of
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the calculation are provided in the Supporting Information. To
our knowledge, this is the best result for fluorescence detection
of phenol reported in literatures, not to mention the medium
used in the present work is just pure water (c.f. Table 1).
Detection of phenol can be also conducted in a visualized
way. In the detection, a test paper was prepared by simply
treating a piece of ordinary filter paper (~1 X 1 cm) with 20 uL
of an aqueous solution of the ionic complex (2.5 X 10~* M).
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Scheme 3. Schematic Illustration of the Mechanism for Sensing Phenol

The test can be conducted after drying the paper in air at room
temperature. In a typical test, 10 uL of an aqueous solution of
phenol of different concentrations was added on the surface of
the paper. Naked-eye observation under UV light illumination
can tell if there is any phenol in the solution under test. Figure
6 shows some of the results. The detection is instantaneous and
the DL of the test is lower than 0.12 ng/cm? which is an
unprecedented result.

Considering the complexity of the composition of con-
taminated water, it should be of interest to check if the
fluorescence emission of PTCA/(B-CDNH,), is sensitive to
the presence of other commonly found organic contaminates.
The results are shown in Figure S8. It is seen that the presence
of amines, such as propylamine, ethylenediamine, triethylamine,
methylamine, ammonia and hydrazine hydrate, and so on,
enhances the emission of the complex in aqueous phase. As for
organic solvents, such as chloroform, benzene, toluene,
dichloromethane, THF, and acetone, as well as N,N-
dimethylaniline, aniline, they showed little effect on the
emission. With regard to p-nitrophenol, a derivative of phenol,
it also showed a certain degree of quenching to the fluorescence
emission of the system, but the efficiency is significantly lower
than that of phenol. This result may be understood by
considering its larger water solubility and lower electron-density
on the benzene ring if compared with that of phenol. Clearly,
both factors go against its inclusion by the host, showing lower
quenching efficiency. In addition, lower electron density is also
unfavorable for its sensing. The higher sensitivity of the
complex to phenol can be attributed to the inclusion of the
analyte by the $-CD cavity as confirmed by the 'H NMR
spectroscopy result of PTCA/(-CDNH,), in the presence of
phenol (c.f. Figure S9a).

With reference to the "H NMR spectra, it is clearly seen that
the signals of the protons of a, b and ¢ on phenol ring shifted to
higher field if compared with pure phenol, suggesting inclusion
of phenol within the cavity of f-CD."” To further confirm if
phenol is really hosted within the cavity of f-CD, an additional
experiment was conducted. Considering the fact that the
internal polarity of #-CD, which is about 1.47," is close to that
of cyclohexane, the 'H NMR spectrum of phenol in deuterated
cyclohexane was recorded and the result is depicted in Figure
S9b. From the figure, it is found that the signals of the protons
of a, b, and ¢ on phenol ring also shifted to higher field, which is
in accordance with the results of presence of PTCA/(f-
CDNH,),. Beasides, the 2D NOESY NMR spectrum of
PTCA/(f-CDNH,), with phenol is given in Figure S10. The
protons of the inner cavity of S-CD were correlated to the
phenol protons, an indication of complexation between S-CD
and phenol. Clearly, these results further supports the possible
sensing mechanism proposed for explanation of the test as
shown in Scheme 3

To further understand the mechanism of the quenching
process, we conducted fluorescence lifetime measurements, and
the results are shown in Figure S11. It is seen that the intensity-
based plot is a straight line, while the lifetime-based one is a line
with a slop of nearly zero, suggesting that the quenching is
dominated by formation of a non/weak-fluorescent complex,
PTCA/(f-CDNH,),-phenol, a typical static quenching process.
These results explain why the fluorescence emission of the
complex is sensitive to the presence of the analyte.

4. CONCLUSIONS

In conclusion, a water-soluble, highly fluorescent complex was
created via proton transfer from PTCA to S-CDNH, in
aqueous phase. The ionic complex as produced shows a
dramatic yellow to green color change upon wetting, a property
not reported before for other water-soluble PBI derivatives.
Moreover, the presence of f-CD in the complex makes its
fluorescence emission sensitive to the presence of phenol in
aqueous phase. The DL of the detection is about 0.03 M. The
presence of other commonly found chemicals and solvents
shows little effect upon the detection. Moreover, the detection
can be also conducted in a visualized way, and the DL could be
lower than 0.12 ng/cm?, a lowest result reported until now. The
extraordinary performance of the complex in sensing has been
partially ascribed to its affinity to the analyte due to host—guest
interaction between $-CD and phenol. Considering the simple
preparation, the ease of operation, and excellent performance, it
may be concluded that the ionic complex as produced has a
great potential to be used as a sensing reagent for phenol
detection in aqueous phase. In addition, the research conducted
in the present work may open up a new avenue for improving
the water solubility of PBI derivatives via a noncovalent
modification method.
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