
Published: June 27, 2011

r 2011 American Chemical Society 6101 dx.doi.org/10.1021/jo2007576 | J. Org. Chem. 2011, 76, 6101–6107

ARTICLE

pubs.acs.org/joc

Reversible and Selective Sensing of Aniline Vapor by
Perylene-Bridged Bis(cyclodextrins) Assembly
Bang-Ping Jiang, Dong-Sheng Guo, and Yu Liu*

Department of Chemistry, State Key Laboratory of Elemento-Organic Chemistry, Nankai University, Tianjin 300071, P. R. China

bS Supporting Information

’ INTRODUCTION

Fluorescence sensory materials based on conjugated polymers
have gained considerable attention since the seminal work by
Swager’s group,1 showing several significant advantages: mainly
signal amplification, as well as easy fabrication of devices and
potential combination of outputs.2 More importantly, such
amplifying fluorescent polymers are proven to be effective in
sensing vapors of volatile organic compounds via super-
quenching.3 Up to now, much more attention has been paid to
p-type materials, which are suited for sensing oxidative
reagents,3a,4 whereas the corresponding investigation on n-type
materials, suited for sensing reducing reagents, has been reported
much less frequently.5 Zang and co-workers successfully devel-
oped a new n-type sensory material based on π 3 3 3π aggregation
of electron-poor perylene for vapor probing of organic amines.6

Volatile amines are a byproduct of rapidly growing cells and
commonly produced by organic decomposition.7 Some volatile
amines are considered as quality indicators of foodstuffs such as
meats,8 cheeses,9 and other foods. Additionally, others are usually
used as biomarkers in certain types of diseases, for example,
aniline and o-toluidine have been reported to be biomarkers
for patients having lung cancer,10 whereas dimethylamine and
trimethylamine have been reported to be the cause of the “fishy”
uremic breath odor experienced by patients with renal failure.11

Therefore, detecting volatile amines not only is critical to quality
control of food but also may provide expedient ways for medical
diagnosis. However, to the best of our knowledge, it still remains
a severe challenge to be addressed that selectively detecting and
distinguishing a given gaseous amine from other analogues, due

to the lack of specialized binding sites in sensory materials.12 The
introduction of well-defined receptor sites in building sensory
materials is very rare, although displaying potential advantages
for selectively sensing organic vapors.13

In the present work, we provided the highly reversible solid-
state fluorescence sensory material 1 (Scheme 1) by grafting
perylene bisimides (PBI) with cyclodextrin (CD). The aggre-
gated fluorescence of PBI serves as probing signal, and CD serves
as receptor unit. As a result, the membrane-embedded 1 in
poly(vinylidene fluoride) (PVDF) can probe aniline vapor with
high selectivity and sensitivity, benefiting from the inclusion
diversity of the CD cavity and the amplificationmechanism based
on desired aggregation performance of PBI backbones.

’RESULTS AND DISCUSSION

Aggregation Capability of 1. PBI-bridged bis(permethyl-β-
CDs) 1 was synthesized from 6-deoxy-6-amino-permethyl-β-
CD14 through three reactive steps as shown in Scheme 1. First,
the precursor P1 was synthesized according to condensation
reaction between 6-deoxy-6-amino-permethyl-β-CD andN-(tert-
butoxycarbonyl)-glycine.15 Subsequent removal of the t-BOC of
P1 was accomplished by CF3COOH to give P2. Finally, the
condensation of P2 with perylene tetracarboxylic bisanhydride
in the presence of Zn(CH3COO)2 as catalyst afforded the target
compound 1 in 34% yield. PBI and its derivatives represent a
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ABSTRACT: Detecting volatile amines is a significant topic in quality control of food and
medical diagnosis. Selectively sensing a given gaseous amine from other analogues, however,
still remains a formidable challenge in solid-state fluorescence sensing because of the lack of
specialized binding sites. Herein, we demonstrate a new supramolecular strategy for
selectively sensing aniline based on the aggregation of perylene-cyclodextrin conjugate 1.
Compared with our previous results based on perylene-bridged bis(permethyl-β-cy-
clodextrins), the present system achieves a pronounced improvement of both selectivity
and reversibility. The sensory material was constructed from the π-stacking aggregate of 1
embedded in poly(vinylidene fluoride) membrane, which ensures benign solid-state
fluorescence with potential amplification mechanism as well as convenient preparation
and practical operation. Grafting cyclodextrin receptors endows the sensory material with
desired selectivity as a result of diverse binding abilities. Especially, the thermodynamically
reversible host�guest inclusion leads to the excellent sensing reversibility. The present
research opens the way to build new n-type fluorescence sensory materials for detecting volatile amines instantly with compelling
selectivity, sensitivity, and reversibility.
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robust class of n-type organic materials with strong fluorescence,
which is particularly desirable for use in optical sensing or probing
in regard to both the thermal and photochemical stabilities.16

CDs, a class of cyclic oligosaccharides with six to eight D-glucose
units linked by R-1,4-glucose bonds, possess size-exclusion cav-
ities with the capability of capturing various substratemolecules.17

It is well-known that the π 3 3 3π aggregation of PBI is solvent-
dependent.16a Stronger π-stacking promotes a longer-range
molecular arrangement, which is highly favorable for exciton
migration via cofacial intermolecular electronic coupling.6a Facile
exciton migration can be effectively disturbed by less occupation
of integrated receptor units, enabling amplification in fluores-
cence quenching.1,2a Therefore, we primarily studied the aggre-
gation behaviors of 1 in different solvents. UV�vis spectra of 1
(Figure 1) show three distinguishable absorption bands between
450 and 550 nmwith the maximal absorptivity at the first band in
organic solvents (chloroform, acetonitrile, acetone, toluene, and
methanol), indicating the typical nonaggregated or low aggre-
gated state of 1. The spectrum of 1 decreases evidently and
becomes broader in water, with the maximal absorptivity at the

second band, indicating the pronounced π-stacking aggregation
of PBI backbones. The quantitative aggregation constant of 1 in
water was obtained as 2.1� 106 M�1 (Figure S11 in Supporting
Information) using a nonlinear least-squares regression analysis
of the concentration-dependent UV�vis spectral data by the
isodesmic or equal-K model,18 illustrating aggregation ability
1�2 orders of magnitude stronger than that of previous CD-PBI
derivatives.13a,19 The elongated spacer in 1 avoids effectively the
unfavorable steric hindrance of CD units for π-stacking.
The strongπ-stacking of 1 in water was also validated byNMR

experiments. 1H NMR spectra of 1 were comparatively per-
formed in CDCl3 and D2O (Figure 2). In CDCl3, a simple
pattern of sharp signals for the PBI protons is observed, showing
that 1 exists in the monomeric form at such a high concentration
of 3 mM, whereas in D2O, the signals are drastically broadened
and suffer pronounced upfield shifts as a result of the π-stacking
ring current.20 Therefore, based on the results of UV�vis and
NMR experiments, we used water as solvent medium in the
following experiments to favor strong π 3 3 3π aggregation. X-ray
powder diffraction (XRD) measurement of 1 from aqueous
solution showed one strong peak at 2θ = 11.08�, with three
smaller peaks at 26.64�, 27.94�, and 30.94�, and the d values
were determined to be 8.00, 3.34, 3.19, and 2.89 Å from these
peaks (Figure S12 in Supporting Information). Referring to the
π-stacking distances between neighboring PBI moieties (3.34�
3.55 Å),21 a d value of 3.34 Å was assigned to the π-stacking
distance of 1, which is somewhat smaller than the common
π-stacking distances (3.50 Å) of PBI derivatives,16a possibly

Scheme 1. Synthetic Route and Structural Illustration of 1a

aConditions and reagents: (a) N-(tert-butoxycarbonyl)-glycine, DCC, HOBT, and THF; (b) trifluoroacetic acid and dichloromethane; (c) perylene-
3,4:9,10-tetracarboxylic acid bisanhydride, zinc acetate, and imidazole, 140 �C.

Figure 1. UV�vis spectra of 1 (1.0 � 10�5 M) in different solvents at
25 �C. Inset: monomeric form in chloroform and aggregated form
in water.

Figure 2. 1H NMR spectra of 1 in CDCl3 and D2O, respectively.
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owing to the cooperative contribution of intermolecular hydro-
gen bonding between amide spacers (proved by FT-IR spectros-
copy, Figure S13 in Supporting Information).22

Solid-State Fluorescence Sensing for Vapor Detection.
The aggregate of 1 was embedded in the PVDF membrane
(immersed in an aqueous solution of 1 at 1.0 � 10�4 M for 2 h
and then air-dried) to make the vapor detection more practically
operational. Prior to sensing studies, it is crucial to first investi-
gate the optical properties of PVDF-embedded 1. The UV�vis
and fluorescence spectra of the PVDF-embedded 1 were re-
corded, referenced to the spectra in chloroform (Figure 3). The
broadened absorption bands and the decreased absorptivities
clearly reflect the aggregation state of 1. Likewise, excited at
490 nm, a new emission band appears at 635 nm, while no
monomer emission of 1 (500�600 nm) is observed. The present
PVDF-embedded 1 exhibits bathochromic emission in compar-
ison with our previous PBI-bridged bis(permethyl-β-CDs)
(611 nm),13a which is attributed to better exciton coupling due
to strongerπ 3 3 3π interactions. The average aggregation number
of 1 was calculated as 15 in 1.0 � 10�4 M aqueous solution,
according to the aggregation constant.18,23 That is, the averaged
15-stacks of 1 were homogeneously embedded in the PVDF
membrane.
The fluorescence of CD-PBI derivatives can be quenched by

two factors: one is the photoinduced electron transfer (PET)
from analytes to PBI; the other is that encapsulation of analytes
disturbs the π 3 3 3π stacking of PBI. The latter is an undesired
side effect that can be achieved by common organic reagents. In
previous work,13a,b the adjacence of CD with PBI by direct
junction hindered the π-stacking stability of PBI backbones. The
inclusion of analytes into the CD cavity may change the distances
between the PBI backbones and thus alter fluorescence, and
therefore, a considerable background interference of common
organic reagents cannot be neglected during the course of vapor
detection. The present CD-PBI conjugate 1 has an elongated
junction spacer, which definitely should avoid the background
interference. Therefore, several reference reagents were initially
tested with the PVDF-embedded 1, before the detection of the
expected amines. As shown in Figure 4, no appreciable fluores-
cence quenching of PBI was observed when the PVDF-
embedded 1 was exposed in the saturated vapors of common
organic solvents (methanol, acetonitrile, nitromethane, ni-
troethane, and toluene), with the exception of chloroform.

Obviously, the anti-interference capability of 1 is dramatically
improved in comparison with our previous results.13a,b One
reasonable explanation is that the compact π-stacking of PBI
can hardly be disturbed by the entrapment of common organic
reagents. Upon exposure to chloroform, the fluorescence of 1
was quenched to some extent (about 15%). We speculate that
such interference is likely due to the good solubility of 1 in
chloroform,24 concurrently considering the high vapor pressure
of chloroform (260,000 ppm).
Such negligible background interference is a significant pre-

requisite for fulfilling highly selective and sensitive vapor detec-
tion of amines. On the other hand, the sensing system based on
CD-PBI derivatives possesses the advantage of specific binding
sites of CD cavities for analytes, which provides a possibility of
sensing specialized gaseous molecules utilizing the molecular
recognition ability of CDs. The sensing test for the saturated
vapors of various amines was performed with a response time
of 10 s, including aniline, butylamine, benzylamine, hydrazine,
and triethylamine (Figure 5). The corresponding fluorescence
quenching efficiencies (Q = 1 � I/I0) were listed in Table 1.
Almost no quenching was found upon exposure to triethylamine.
Weak to moderate quenching is caused by hydrazine, benzyl-
amine, and butylamine. Most importantly, aniline quenches the

Figure 3. UV�vis (blue) and fluorescence (red) spectra of 1 in
chloroform (1.0 � 10�5 M) (dashed) and the PVDF-embedded 1
(solid), λex = 490 nm.

Figure 4. Fluorescence spectra of the PVDF-embedded 1 upon ex-
posure to the saturated vapors of common organic reagents with a
response time of 10 s.

Figure 5. Fluorescence spectra of the PVDF-embedded 1 upon expo-
sure to the saturated vapors of various amineswith a response time of 10 s.
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fluorescence of 1 nearly in full. The fluorescence quenched by
aniline can be attributed to the electron transfer from aniline
(electron donor) to the excited 1 (electron acceptor), because
the encapsulation of aniline into the cavity of CD decreases
distance between PBI fluorophore and aniline, with the result
that the electron transfer reaction occurs facilely.2a,3a,6a,13a,13b,25

To the best of our knowledge, it is the first time fluorescence
response of solid-state sensory materials has been used to
distinguish various amines. In previous works from Zang and
our groups,6a,13a amine analogues always gave rise to extremely
similar responses. A comparion of the sensing results of the
PVDF-embedded 1 with those of previous PBI-bridged bis-
(permethyl-β-CDs)13a is shown in Figure 6.
Three factors contribute to the distinguishable fluorescence

responses of 1 with different amines: binding affinities, PET
efficiencies, and vapor concentrations. Comparing aniline with
triethylamine, the sensory selectivity by quenching is 24 times,
which is dominantly controlled by the stronger binding
affinity of CD for aniline compared with triethylamine, although

triethylamine possesses reducing power comparable to that of
aniline and vapor concentration over 80 times higher than that of
aniline. Aniline and benzylamine are structurally similar, both
with an aromatic benzene group; however, the sensory tests show
different fluorescence quenching by 3.0 times. Two factors lead
to distinct fluorescence quenching upon binding aniline and
benzylamine: one is different binding abilities with CD (6.7 �
102M�1 for aniline and 6.9� 10M�1 for benzylamine),27 which
was further proved by a sensing test of a mixture of aniline and
benzylamine (Figure S15 in Supporting Information); the other
is that different electron-donor capabilities lead to diverse PET
efficiencies. In order to investigate how the electron-donor
capability influences the PET efficiency, the Rehm�Weller
equation (eq 1) is introduced to estimate the Gibbs free energy
(ΔGPET) of electron-transfer reaction.

ΔGPET ¼ eðEox � EredÞ � E00 ð1Þ

where E00 is the excited singlet energy of 1, e is the electron
charge in Coulomb, and Eox and Ered are the oxidation potentials
of amines and the first reduction potential of 1, respectively.
We employed the reduction potential of 1 in methanol instead of
water (1 exhibits somewhat weaker π-stacking in methanol than
water), obtained as Ered = �0.55 eV (Figure S14 in Supporting
Information).28 E00 can be calculated from the maximum emis-
sion wavelength of 1, 537 nm in monomeric species and 635 nm
in aggregated species, respectively. Therefore, with the known
parameters Eox, Ered, and E00,ΔGPET can be calculated according
to eq 1; the corresponding data for each electron-transfer system
is listed in Table 1. The energy level diagram of PET reaction
between 1 and analyte is shown in Figure 7, referencing the
previous reports.6a,29 From the results ofΔGPET, aniline is much
more likely to quench the fluorescence of 1 than benzylamine.
Another emphasis should be on the aniline/butylamine pairs,
giving a quenching selectivity of only 2.4. In fact, the real
selectivity should be much higher than the observed one when
taking the different vapor pressures into account. The vapor
pressure is a crucial factor in gas probing, resembling the
concentration in solution sensing. Thereby, we defined herein
sensing responsivity (R) as the quotient of quenching efficiency
(Q) divided by vapor pressure (P), to express the sensing
selectivity more definitely (Table 1). With the R parameter in
regard, the sensing capability of 1 for aniline is 2�4 orders of
magnitude better than that of other amines (hydrazine, triethy-
lamine, butylamine). It should be noticed that benzylamine
affects the specialized probing of aniline to some extent all the
time, from the viewpoints of both quenching efficiency and
sensing responsivity. As a result, we can determine that the

Figure 6. Fluorescence response of the PVDF-embedded 1 and PBI-
bridged bis(permethyl-β-CDs)13a to the saturated vapors of various
amines, nitro-based compounds, and general organic solvents with
response time of 10 s: 1, toluene; 2, methanol; 3, chloroform; 4,
nitromethane; 5, nitroethane; 6, acetonitrile; 7, hydrazine hydrate; 8,
benzylamine; 9, triethylamine; 10, butylamine; 11, aniline. Error bar:
standard deviation.

Figure 7. Energy level diagram of PET reaction between 1 and analyte.

Table 1. Fluorescence Response Data of PVDF-Embedded 1
to Saturated Vapors of Various Amines and Corresponding
Physical Propertiesa�d

aReference 26a. bReference 26b. cReference 26c. d P, Eox, Q, and R
represent the saturated vapor pressure, oxidation potential, quenching
efficiency, sensing responsivity, respectively. ΔGPET,M and ΔGPET,A

represent the Gibbs free energy of electron-transfer reaction from the
analyte tomonomeric and aggregated species of 1, respectively. It should
be noted that because different solvents were employed in electroche-
mical measurements (methanol for 1 and acetonitrile for amines), there
may be errors in the calculation of the Gibbs free-energy changes.



6105 dx.doi.org/10.1021/jo2007576 |J. Org. Chem. 2011, 76, 6101–6107

The Journal of Organic Chemistry ARTICLE

binding selectivity of CD cavity is the most significant factor
influencing the sensing selectivity of 1.
To examine the detection limit for aniline, the fluorescence

quenching efficiency of the PVDF-embedded 1was carried out at
the different vapor pressures of aniline (Figure 8) with a response
time of 10 s. The quenching data are well-fitted to the Langmuir
equation by hypothesizing that the quenching efficiency is
proportional to the surface adsorption (coverage) of aniline.
The detection limit of 1 for aniline can be predicted to be as low
as 80 ppb from the fitted plot, if the fact that a well-calibrated
photodetector can detect intensity change as small as 0.1% or
below is considered.6a,30 The obtained detection limit is satisfac-
tory, benefiting from the amplification effect endowed by the
aggregation of 1. The sensing process is illustrated in Scheme 2.
It has been aforementioned that averaged 15-stacks of 1 are

immersed in PVDF membrane as sensing entities. That is, there
are about 30 receptor units (CD cavities) in each sensing entity.
The aggregated fluorescence can be substantially quenched when
a small portion of receptor sites are filled by the analyte
molecules, whereas thorough occupation of all receptor sites is
not demanded.
A reversible sensing test of the PVDF-embedded 1 for aniline

was performed. The quenched fluorescence can be recovered
completely by blowing themembrane with a gas blower for 150 s.
The recovered membrane demonstrated the same quenching
efficiency when re-exposed to the aniline vapor. Figure 9 shows
four continuous cycles of fluorescence quenching�recovery
tested with aniline. The PVDF-embedded 1 exhibits excellent

Figure 8. Fluorescence quenching efficiency (1� I/I0) as a function of
the vapor pressure of aniline (data error(6%) fitted with the Langmuir
equation.

Scheme 2. Schematic Illustration of the Aggregation Morphology of 1 Embedded in PVDF and Its Sensing Process for Anilinea

aThe left and right photographs represent the fluorescence of the PVDF-embedded 1 before and after exposing to the saturated vapor of aniline with a
response time of 10 s (irradiation at 365 nm).

Figure 9. Four continuous cycles of quenching�recovery were tested
for the PVDF-embedded 1 upon exposure to the saturated vapor of
aniline. The quenching was performed by exposing the membrane to the
aniline vapor for 10 s. After each cycle of quenching, the fluorescence of
the membrane was recovered by blowing with a gas blower for 150 s.
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reversibility in the sensing with a quick recovery, which surpasses
the previous solid-state fluorescence sensory materials based on
PBIs.6a,13a,13b Efficient quenching is achieved for the PVDF-
embedded 1 over repeated use, implying high stability of π 3 3 3π
aggregation of PBIs, where the irreversible fluorescence quench-
ing originated from disturbing the π-stacking of PBI by
the entrapment of analytes is avoided. More importantly, the
thermodynamically reversible inclusion of CD with analytes
contributes dominantly to the sensing reversibility of the
PVDF-embedded 1. The remarkable reversibility means low cost
and great convenience, which is a crucial parameter for practical
applications of fluorescent sensors and their actual device
implementation.

’CONCLUSIONS

In summary, a highly reversible n-type fluorescence sensory
supramolecular assembly has been constructed from the CD-PBI
conjugate 1. Comparing with our previous PBI-bridged bis-
(permethyl-β-CDs), 1 with an elongated junction spacer be-
tween CD and PBI exhibits much stronger aggregation capability
because the longer spacer can avoid the steric hindrance of CD to
the PBI π-stacking. The membrane-embedded 1 in PVDF has
demonstrated compelling selectivity and sensitivity in detection
of amine vapors because it gathers together the following
features: (i) its strong π-stacking overcomes the background
interference; (ii) it exhibits high selectivity to aniline, benefiting
from the diverse binding ability of CD; (iii) the PVDF-embedded
1 is conveniently prepared and practically operational; (iv) it
exhibits excellent reversibility in the sensing with a quick
recovery. A combination of these four characteristics promises
the design and construction of smart supramolecular materials,
feasibly applied to probing aniline instantly.

’EXPERIMENTAL SECTION

Materials. All chemicals used were reagent grade unless noted
otherwise. Glycine, trifluoroacetic acid, and perylene-3,4:9,10-tetracar-
boxylic acid dianhydride were purchased from commercial resources and
used without further purification. 6-Deoxy-6-amino-permethyl-β-cyclo-
dextrin was synthesized according to the procedure in the literature from
natural β-cyclodextrin.14 N-(tert-butoxycarbonyl)-glycine was synthe-
sized and purified according to the reported procedures.15 The poly-
(vinylidenefluoride) (PVDF) membrane (Immobilon-P, IPVH00010,
and 0.45 μm) was purchased from a commercial resource.
Synthesis of 6-Deoxy-6-(N-(tert-butoxycarbonyl))-glyci-

namide-permethyl-β-cyclodextrin (P1). 6-Deoxy-6-amino-per-
methyl-β-cyclodextrin (2.1 g, 1.48 mmol) and triethylamine (450 mg,
4.45 mmol) were dissolved in dry THF (60 mL). After the mixture was
placed in an ice bath, N-(tert-butoxycarbonyl)-glycine (259 mg, 1.48
mmol), DCC (304 mg, 1.48 mmol), and HOBT (241 mg, 1.48 mmol)
were added. The resultant mixture was allowed to warm to room
temperature and stirred under N2 overnight. The solvent was removed
at reduced pressure, and the residue was dissolved in dichloromethane
(DCM), washed with water, dried over Na2SO4, and evaporated to
dryness under vacuum. The residue was purified by silica gel column
chromatography using chloroform/methanol (35:1 v/v) as the eluent to
give the product as a white powder (1543mg) in a yield of 65%.1HNMR
(CDCl3, 400MHz, ppm):δ 6.51 (s, 1H), 5.34 (s, 1H), 5.17�5.10 (m, 7
H), 3.85�3.39 (m, 104 H), 1.45 (s, 9 H). 13C NMR (75 MHz, CDCl3,
ppm): δ 169.2, 155.8, 98.8, 98.6, 98.3, 81.9, 81.7, 81.5, 81.4, 81.2, 80.3,
80.1, 80.0, 79.8, 79.7, 77.7, 77.3, 76.8, 71.3, 71.2, 70.9, 70.8, 70.2, 61.2,
59.2, 58.8, 58.3, 58.2, 44.2, 40.2, 28.2. MS: [M + Na+] for 1593.8. Anal.

Calcd for C69H122N2O37: C 52.73, H 7.82, N 1.78. Found: C 52.70, H
7.87, N 1.70.
Synthesis of 6-Deoxy-6-glycinamide-permethyl-β-cyclo-

dextrin (P2). 6-Deoxy-6-(N-(tert-butoxycarbonyl))-glycinamide-per-
methyl-β-cyclodextrin (1250 mg, 0.80 mmol) was dissolved in DCM
(8 mL), and then trifluoroacetic acid (2 mL) was added. The mixture
was stirred at room temperature overnight. The solvent was removed at
reduced pressure and afforded a primrose yellow solid (1160 mg) in 91%
yield. 1H NMR (CDCl3, 400 MHz, ppm): δ 5.11�5.04 (m, 7 H),
3.80�3.19 (m, 104 H). 13C NMR (75 MHz, CDCl3, ppm): δ 99.5,
99.4, 99.0, 81.9, 82.1, 81.8, 81.6, 81.3, 81.1, 80.5, 79.7, 77.5, 77.3, 77.1, 76.6,
71.6, 71.5, 71.4, 71.0, 70.5, 69.8, 61.4, 61.2, 59.5, 59.0, 58.9, 58.7, 58.6, 58.5,
58.4, 41.1, 40.4. MS: [M +H+] for 1471.4. Anal. Calcd for C64H114N2O35 3
CF3COOH: C 49.99, H 7.31, N 1.77. Found: C 49.82, H 7.49, N 1.60.
Synthesis of Perylene Bisimide-Bridged Bis(permethyl-β-

cyclodextrins) (1). 6-Deoxy-6-glycinamide-permethyl-β-cyclodextrin
(900 mg, 0.56 mmol), perylene-3,4:9,10-tetracarboxylic acid bisanhy-
dride (110 mg, 0.28 mmol), zinc acetate (50 mg, 0.28 mmol), and
imidazole (8.0 g) weremixed. The reactionmixture was heated at 140 �C
under N2 for 6 h. After cooling to room temperature, the mixture was
dissolved in DCM, washed with a solution of HCl (1 mol/L), dried over
Na2SO4, and evaporated to dryness under vacuum. The residue was
purified by silica gel column chromatography using chloroform/metha-
nol (30:1 v/v) as the eluent to give the product as a red powder (320mg)
at yield of 34%. 1H NMR (CDCl3, 400 MHz, ppm): δ 8.67 (q, 8 H),
5.19�4.98 (m, 18 H), 3.68�3.38 (m, 204 H). 13C NMR (100 MHz,
CDCl3, ppm): δ 167.5, 163.8, 135.5, 132.3, 130.3, 127.2, 123.9, 123.8,
99.7, 99.6, 99.4, 82.8, 82.7, 82.5, 82.2, 81.3, 81.0, 80.9, 80.8, 78.0, 77.9,
77.7, 77.4, 72.2, 71.9, 71.8, 71.7, 71.6, 70.8, 62.3, 62.2, 62.1, 62.0, 61.9,
60.1, 59.8, 59.7, 59.6, 59.5, 59.3, 59.1, 43.8, 40.9. MALDI�MS: [M +
Na+] for 3321.438. Anal. Calcd for C152H232N4O74: C 55.33, H 7.09, N
1.70. Found: C 55.03, H 7.41, N 1.65.
PVDF-Embedded 1 and Solid-State Fluorescence Sensing

Experiments. The solid-state fluorescence sensing experiments were
performed as follows: (i) The PVDF membrane was immersed in 1.0�
10�4M 1 in aqueous solution for 2 h, and then the PVDFmembrane was
air-dried and tailored to the proper size based on the front surface
accessory on a fluorescence spectrometer. (ii) The solid-state fluorescence
spectra were measured immediately after immersion inside a sealed jar
(100 mL) containing small amount of amines or common organic
solvents. Before using, the jar was sealed overnight to achieve saturated
vapor inside. The exposure time was determined by stopwatch. The
detection limit experiment was performed as follows: Injection of 0.05mL
of the saturated aniline vapor (880 ppm) into a 10mL sealed jar produced
a vapor pressure of 4.4 ppm. A vapor pressure of 0.88 ppm was obtained
according to the following steps: (i) Injection of 1.00 mL of the saturated
aniline vapor (880 ppm) into a 10mL sealed jar produced a vapor pressure
of 88 ppm. (ii) A 0.10 mL portion of aniline vapor (88 ppm) was injected
into a 10 mL sealed jar, producing a vapor pressure of 0.88 ppm. All solid-
state fluorescence sensing experiments were performed for three times,
and the data used in the paper are a average of experiment data.
Cyclic Voltammetric (CV) Measurement. The methanol solu-

tion of 1was prepared in dry methanol containing 0.1 M Bu4NClO4 as a
supporting electrolyte. The solution was purged for at least 10 min with
solvent-saturated nitrogen. The electrochemical measurement was
performed at a Pt working electrode with a Pt wire counter electrode,
and Ag/AgCl was added to the solution as a reference electrode. The
oxidation potential for Ag/AgCl was taken as �0.02 V vs SCE.

’ASSOCIATED CONTENT

bS Supporting Information. NMR andMALDI-MS spectra
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