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An asymmetric, amphiphilic perylene bisimide derivative 1 was synthesized by grafting permethylβ-cyclodextrin at one side and an octadecyl chain at the other side. Its aggregation capability and
morphology, which attract intense interest, were carefully examined by combination of UV-vis,
NMR, and fluorescence spectroscopy, DLS, XRD, TEM, and SEM. By adjusting the volume ratio of
water and methanol, we are able to control the morphology, benefiting from the amphiphilicity of 1.
Furthermore, the particular resulting aggregates were employed as solid-state fluorescence sensing
for organic amines. An improvement of both selectivity and sensitivity is achieved compared to
previous publications.

Introduction
Perylene bisimides (PBIs) represent significant photo- and
electro-active building blocks in supramolecular dye chemistry.1
Their assemblies are useful for a wide range of applications,

including liquid crystals,2 organogels,3 artificial light harvesting systems,4 photoinduced electron transfer systems,5
organic electronic devices,6 and so on.7 Besides the conventional
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intrinsic π 3 3 3 π stacking interaction between PBI backbones,
one area of intense interest in recent years has been the
development of several other intermolecular forces that can
direct the formation of desirable supramolecular architectures with promising results.1a,8 For instance, hydrogen
bond is applied to construct J-aggregates that fluoresce with
quantum yields of near unity.9 A new class of chiral supramolecular liquid-crystalline material has been presented by
means of electrostatic self-assembly.10 Rybtchinski and
co-workers designed a comprehensively supramolecular
principle that combined amphiphilicity, polymer attachment, π 3 3 3 π stacking, and coordination interactions to
construct optoelectronically active organic materials with
different supramolecular morphologies.11 Another specific
assembling strategy, grafting macrocyclic compounds onto
PBIs, has also been explored by W€
urthner’s group and
ours.12 They reported a series of calixarene-PBI conjugates,
where functional dye architectures possessing efficient
energy and electron transfer properties were approached,
benefiting from well-defined rigid and electron-rich scaffolds
of calixarenes.12a-f In our previous works, we prepared two
PBI-bridged bis(permethyl-β-cyclodextrins) and found that
the assemblies based on PBI-cyclodextrin conjugates can
not only present electronic interactions with aromatic guests
in aqueous solution but also act as solid-state fluorescence
sensor for vapor detection.12g,h It can be therefore inferred
that introducing additional anchoring points onto PBIs can
not only tailor their aggregation structures but also endow
novel probing functions of corresponding assemblies. However, to the best of our knowledge, much less attention has
been paid to the latter aspect.13
Morphology control of PBI assemblies is also an interesting topic in supramolecular nanomaterials fabrication.14
Toward this goal, modifying PBIs into amphiphiles by
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linking of lipophilic chains at one side and hydrophilic chains
at the other side emerges as a smart approach.15 The
nanostructural morphology of asymmetric PBIs can be
modulated by solvents, depending on the polarity of the
solvents,16 and also, asymmetric molecules may provide
wider options and adaptability for the surface modification
to approach optimized sensing sensitivity and selectivity of
the nanomaterials thus fabricated.15a,17 Zang and co-workers
reported a series of ultralong nanobelts and nanofibers fabricated from asymmetric PBI derivatives, exhibiting excellent
functions in conductivity and vapor probing.7b,13b,13c,15a
An instructive example was presented by W€
urthner and
co-workers that shows hollow vesicles by co-self-assembly of
differently shaped PBIs.18
As parts of our ongoing program concerning the supramolecular chemistry of PBI-cyclodextrin conjugates, we
developed a brand new asymmetric, amphiphilic PBI derivative 1 by grafting permethyl-β-cyclodextrin at one side and
an octadecyl chain at the other side (Scheme 1). The aggregation capability and morphology of 1 is finely modulated by
varying solvents, and especially, structural transition from
nanorod to sphere is successfully achieved by adjusting the
volume ratio of water and methanol. Furthermore, by
employing the recognition site of grafted cyclodextrin,19
the solid-state fluorescence sensing for organic amine vapors
was comparatively studied between assemblies derived from
solvents of different polarities.
Results and Discussion
Aggregation Capability and Morphology of 1. N-Octadecylperylene-3,4:9,10- tetracaboxylic-3,4-permethyl-β-cyclodextrin-9,10-imide (1) was synthesized through a total of
seven steps as shown in Scheme 1. By grafting a cyclodextrin
and an alkyl chain together, 1 exhibits a wide range of
solubility in various solvents, including chloroform, toluene,
alcohol, and water/methanol (up to 9:1). Differing from PBIbridged bis(permethyl-β-cyclodextrins),12g,h 1 does not dissolve in pure water, possibly because of two factors: one is
the unfavorable effect of long alkyl chain, and the other is the
very strong stacking of perylene backbones.14 The π 3 3 3 π
stacking aggregation behavior of 1 in various solvents was
examined by UV-vis spectroscopy as shown in Figure 1. No
appreciable stacking of perylenes is observed in toluene,
chloroform, acetonitrile, and acetone. UV-vis spectra show
three distinguishable absorption bands between 450 and
550 nm with the most absorptivity at the first band. Moderate stacking is observed in methanol, where the absorptivity
at 487 and 522 nm decrease obviously with more pronounced
variation at 522 nm than at 487 nm, reflecting excitonic
coupling between adjacent π-stacking PBIs. When 1 is dissolved in 9:1 water/methanol binary solvent, the spectrum
becomes broader, and the maximal absorptivity appears at
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Synthetic Route of 1a

a
(1) NaOH, tosyl chloride; (2) NaN3/70 °C; (3) NaH, CH3I; (4) LiAlH4; (5) KOH, CH3COOH/90°C; (6) 1-octadecanamine/90°C; (7) Zn(CH3COO)2/
100°C.

FIGURE 1. UV-vis spectra of 1 (1.0  10-5 M) in different
solvents at 25 °C.

the second band, which indicates more pronounced π 3 3 3 π
stacking aggregation of 1.
The solvent-dependent stacking behavior of 1 was also
validated by NMR method. Owing to poor solubility in
water/methanol binary solvents, 1H NMR spectra of 1 were
comparatively studied in CDCl3 and CD3OD (Figure S5 in
Supporting Information). In CDCl3, a simple pattern of
sharp signals for the perylene protons is observed, indicating
that 1 exists in the monomeric form (or at most a very low
aggregated form) at such a high concentration of 3 mM,
whereas in CD3OD, the signals are drastically broadened
and suffer pronounced upfield shifts as a result of the
π-stacking ring current.7c,d,20
To gain more insight into the thermodynamics of the aggregation process of 1 in pure methanol, both concentration- and
temperature-dependent UV-vis spectra were performed
(Figure 2). At low concentration of 2.0  10-6 M, 1 is judged
as a nonaggregated or low aggregated state according to the
(20) (a) Shaller, A. D.; Wang, W.; Gan, H.; Li, A. D. Q. Angew. Chem.,
Int. Ed. 2008, 47, 7705–7709. (b) Li, A. D. Q.; Wang, W.; Wang, L.-Q.
Chem.;Eur. J. 2003, 9, 4594–4601.
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well-resolved vibronic structure observed in the absorption
spectrum, and the maximal absorptivity appears at 522 nm.21
Both of the apparent absorption coefficients of 522 and
487 nm decrease upon increasing concentrations, but with more
pronounced variation at 522 nm than at 487 nm, therefore leading to the maximal absorptivity migrating from 522 to 487 nm.
In addition, a new shoulder appears at about 550 nm with
increasing concentrations. These phenomena reflect the stronger
and stronger electronic coupling between the PBI backbones
with the enhancement of concentrations. It can be seen from the
temperature-dependent UV-vis spectra that the aggregate of 1
melts gradually when the temperature rises from 5 to 60 °C,
indicating the enthalpy-driven process of π-stacking aggregation of PBIs.21b
Taking the amphiphilic structure of 1 into account, the
aggregation of 1 was carefully examined in water/methanol
binary solvents with different volume ratios, although unfortunately 1 does not dissolve in pure water. As shown in
Figure 3a, the absorption band at 522 nm decreases remarkably upon tuning water components (0:10-3:7), whereas the
absorption band at 488 nm changes little. A special case
appears in 4:6 water/methanol where 1 was precipitated from
mother liquor, that is, 1 forms an insoluble aggregate in this
environment.22 Further increasing water components
(5:5-9:1) recovers the solubility of 1 and leads to stronger
aggregation with broader absorption bands. Comparing the
UV-vis spectra in pure methanol and 9:1 water/methanol,
both absorption bands shift from 488 and 522 nm to 494 and
535 nm. A similar result was also detected in the fluorescence
spectra (Figure 3b). The monomer emission decreases, while
the excimer emission (600-850 nm), implying formation of
oligomer aggregate, increases gradually along with enriching
(21) (a) Sadrai, M.; Hadel, L.; Sauers, R. R.; Husain, S.; Krogh-Jespersen,
K.; Westbrook, J. D.; Bird, G. R. J. Phys. Chem. 1992, 96, 7988–7996. (b) Chen,
Z.; Stepanenko, V.; Dehm, V.; Prins, P.; Siebbeles, L. D. A.; Seibt, J.;
Marquetand, P.; Engel, V.; W€
urthner, F. Chem.;Eur. J. 2007, 13, 436–449.
(22) For the poor solubility, it may be interpreted in terms of the aftermentioned aggregation size that large aggregates are prone to fall out of
solution.
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FIGURE 3. Solvent-dependent UV-vis (a) and fluorescence
FIGURE 2. (a) Concentration-dependent UV-vis spectra of 1

(2.0  10-6 to 1.5  10-4 M) in pure methanol at 25 °C. Arrows
indicate the changes upon increasing the concentration. Inset: the
variation of the apparent absorption coefficients at 522 nm. (b)
Temperature-dependent UV-vis spectra of 1 from 5 to 60 °C
(2.0  10-5 M) in pure methanol. Arrows indicate the spectra
changes upon increasing the temperature.

water components. A significant color change of fluorescence takes place, with yellow emission in pure methanol and
red emission in 9:1 water/methanol. It can be therefore deduced
from the present results that 1 exhibits much stronger aggregation capability in 9:1 water/methanol than in pure methanol.
In addition, the distinguishable aggregation capabilities were
further validated by XRD experiments, showing π 3 3 3 π stacking distance of 4.0 Å in pure methanol, and 3.4 Å in 9:1 water/
methanol (Figure S10 in Supporting Information).
The concentration-dependent UV-vis spectra of 1 were
also performed in 9:1 water/methanol (Figure S7 in Supporting Information). However, the apparent absorption coefficients experience no appreciable change in the concentration
region from 4.0  10-6 to 1.0  10-4 M, indicating extremely
strong aggregation capability. Comparing with previous
PBI-bridged bis(permethyl-β-cyclodextrins),12g,h 1 possesses
much stronger aggregation ability in aqueous solution. This
may reasonably originate from two factors: one is that grafting
only one cyclodextrin unit brings about smaller steric hindrance,

(b) spectra of 1 (1.0  10-5 M) in the water/methanol binary
solvents at 25 °C, λex = 490 nm. Inset shows the fluorescence
photographs of 1 (1.0  10-4 M) in pure methanol (left) and 9:1
water/methanol (right) upon irradiation at 365 nm.

and the other is that the amphiphilic structure prompts stronger
stacking, as hydrophobic interaction between the linear side
chains is highly cooperative with the π 3 3 3 π interaction between
perylene planes.14,16
To give further insight into the shape, size, and size distribution of the aggregates, TEM and SEM images of 1 were
recorded in methanol and 4:6 and 9:1 water/methanol, respectively (Figure 4). It is found that the aggregation morphology of
1 is dominantly solvent-dependent; 1 shows nanorod aggregation (averaged length of 70 nm) in pure methanol, chunky
nanostructure (averaged length of 500 nm and width of 90 nm)
in 4:6 water/methanol, and spherical morphology (averaged
diameter of 60 nm) in 9:1 water/methanol. Combining the
microscopy images and aforementioned spectral results and
also taking the intrinsic amphiphilic characteristics of 1 into
account, we propose the possible aggregation models in different solvents as shown in Scheme 2. In pure methanol, the PBI
backbones of 1 π-stack in a rotational manner (the adjacent
planes are parallel to each other), forming the core of a nanorod,
where the cyclodextrin grafts and alkyl chains point outside
randomly. In 4:6 water/methanol, amphiphilic aggregation
takes place, where the hydrophilic cyclodextrins point to one
side and the hydrophobic alkyls point to the other side, forming
J. Org. Chem. Vol. 75, No. 21, 2010
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FIGURE 4. Solvent-dependent TEM (a-c) and SEM (d-f) images, from left to right: methanol, 4:6 water/methanol, 9:1 water/methanol.
SCHEME 2.

Assembly Models of 1 in Water/Methanol Mixed Solvents with Various Compositionsa

a
1D nanorod (pure methanol, left), chunky nanostructure like floppy micelle (4:6 water/methanol, middle), and spherical micelle (9:1 water/
methanol, right).

large chunky aggregates like floppy micelles. It should be
mentioned that the aggregation at 4:6 ratio is a static (nonequilibrium) structure owing to its poor solubility. This is in
accordance with a previous result by Zang and co-workers that
fast aggregation is disadvantageous for a molecular assembly to
grow along one direction and advantageous to form chunky
assemblies.14 In 9:1 water/methanol, the PBI backbones π-stack
with a certain angle formed between adjacent planes, the hydrophilic cyclodextrins point to one side, and the hydrophobic
alkyls point to the other side, and therefore the hydrophililc/
hydrophobic interface becomes curved, resulting in the spherical
aggregation. The measured diameters of the aggregates exceeded
the corresponding extended molecular length (approximately
5 nm), suggesting that these aggregates are vesicular entities rather
than simple micelles.23 It should be stated that the interpretation
of the solution-phase assembly only using dry TEM and SEM
can be problematic, because drying can have significant influence
on the aggregation morphology of 1. The size of vesicles was

further identified by DLS analysis, giving an average hydrodynamic diameter of 75 nm (Figure S9 in Supporting Information).24 A sharp size distribution indicates that the uniform
vesicles are ubiquitous in aqueous solution. The amphiphilic
aggregation of 1 in 9:1 water/methanol can also be reflected from
the curved surface of the solution, as a result of the decrease of
surface tension (inset photograph in Figure 3). Such transition of
aggregation morphology from nonamphiphilic nanorod, to
floppy micelle, to vesicle, accompanied by the decrease of curvature, is acceptable as 1 exhibits more and more pronounced
amphiphilicity with the increase of solvent polarity.
Solid-State Fluorescence Sensing for Vapor Detection. The
aggregates of 1 were embedded in the poly(vinylidenefluoride)
(PVDF) membrane from pure methanol and 9:1 water/methanol,
respectively, resembling the previous PBI-bridged bis(permethylβ-cyclodextrins).12h The UV-vis and fluorescence spectra of the
PVDF membrane-embedded 1 were prerequisitely recorded,
referring to the spectra in chloroform (Figure 5). The broadened

(23) Lee, M.; Lee, S.-J.; Jiang, L.-H. J. Am. Chem. Soc. 2004, 126, 12724–
12725.

(24) It is reasonable that the diameter measured by TEM is smaller than
that of DLS. The spherical micelle in the process of TEM sample preparation
loses solvent, which leads to its shrinkage.
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FIGURE 6. Fluorescence response of 1 and PBI-bridged bis-

(permethyl-β-cyclodextrins)12h to the saturated vapors of various
amines, nitro-based compounds and general organic solvents with a
response time of 10 s: 1, toluene; 2,chlorobenzene; 3, nitroethane; 4,
nitromethane; 5, acetonitrile; 6, methanol; 7, chloroform; 8, nitrobenzene; 9, hydrazine hydrate; 10, benzylamine; 11, triethylamine;
12, butylamine; 13, aniline; 14, o-methyl-aniline. Error bar: standard deviation.

FIGURE 5. UV-vis (a) and fluorescence (b) spectra of 1 in chloro-

form (1.0  10-5 M) and the PVDF membrane-embedded 1 from
methanol and 9:1 water/methanol, respectively, λex = 490 nm.

absorption bands and the decreased absorptivities clearly are
responses to the aggregation state of 1 from both pure methanol
and 9:1 water/methanol. Appreciable difference of solid-state
fluorescence is observed for 1 from pure methanol and 9:1 water/
methanol. The PVDF-embedded 1 from pure methanol shows a
major excimer emission at 609 nm, together with a minor
monomer emission at 545 nm, whereas 1 from 9:1 water/
methanol shows only excimer emission at 625 nm. The excimer
emission of 1 from 9:1 water/methanol is relatively bathochromic
in comparison to that from pure methanol, concurrently with a
narrower band, which indicates better exciton migration originating from stronger π 3 3 3 π interaction and more well-organized
molecular aggregation.13b As a result of the distinguishable
aggregation states, the vapor sensing behaviors for various
volatile organic compounds are different for 1 from methanol
and 9:1 water/methanol (Figure 6). For most substrates, the
fluorescence quenching of 1 from 9:1 water/methanol is more
pronounced than that of 1 from methanol, exhibiting better
sensitivity. It is reasonably acceptable that stronger π 3 3 3 π
interaction promotes the longer-range molecular arrangement
leading to enhanced exciton migration (via intermolecular
π-electronic coupling) along the long axis of aggregation, which

can be disturbed by fewer analyte molecules, enabling amplification in fluorescence quenching.14,25
Comparing the sensing results of the PVDF-embedded 1
from 9:1 water/methanol with those of previous PBI-bridged
bis(permethyl-β-cyclodextrins),12h it is found that the probing selectivity for organic amines (especially for butylamine,
aniline, and o-methyl-aniline) relative to other common
organic reagents was improved to some extent. Taking aniline/toluene pairs as example, the solid-state fluorescence
of PBI-bridged bis(permethyl-β-cyclodextrins) is quenched
79% by aniline and 65% by toluene, giving a selectivity of
1.2; the solid-state fluorescence of 1 is quenched 94 ( 1% by
aniline and 42 ( 2% by toluene, giving a selectivity of 2.2. In
fact, the real selectivity should be much higher than the
observed one when taking into account the saturated vapor
pressures (880 ppm for aniline and 38000 ppm for toluene;
see Table S1 in Supporting Information for saturated vapor
pressures of the other analytes). The sensitivity can be
reflected from the concentration-dependent fluorescence
response of 1 for aniline, quenched 20% with a vapor
pressure of 44 ppm (Figure S11 in Supporting Information).
Two factors lead to the fluorescence quenching upon binding
analytes: one is the photoinduced electron transfer from
analytes to PBI probe, and the other is that inclusion of
analytes into the cyclodextrin cavity disturbs the wellordered π 3 3 3 π aggregation of PBI backbones. For analytes
of general organic solvents and nitro-based compounds, the
fluorescence quenching of PBI aggregates should mainly be
ascribed to the latter reason. The aggregation capability of 1
is much stronger than that of PBI-bridged bis(permethyl-βcyclodextrins) as proved above, and it is much more difficult
for inclusion of analytes into the cyclodextrin cavity to alter
the π-stacking of 1 than PBI-bridged bis(permethyl-βcyclodextrins). As a result, the fluorescence quenching efficiencies by these common organic reagents decrease remarkably
from PBI-bridged bis(permethyl-β-cyclodextrins) to 1. In
other words, enhancing the π-stacking strength of PBI back(25) (a) Swager, T. M. Acc. Chem. Res. 2008, 41, 1181-1189. (b) Thomas,
S. W., III; Joly, G. D.; Swager, T. M. Chem. Rev. 2007, 107, 1339-1386.
(c) McQuade, D. T.; Pullen, A. E.; Swager, T. M. Chem. Rev. 2000, 100,
2537-2574.
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common organic reagents. The work is ongoing to avoid the
steric hindrance of cyclodextrin as much as possible by
elongating the spacer between cyclodextrin and PBI.
Among these organic amines detected by the PVDFembedded 1 from 9:1 water/methanol, aniline and o-methylaniline show better quenching efficiencies, 94 ( 1% and
92 ( 2%, respectively. This is reasonably ascribed to higher
binding affinity of cyclodextrins for aromatic guests than for
aliphatic ones. The fluorescence intensity is quenched only
25 ( 2% by benzylamine, although it is also aromatic owing
to its weak electron-donor capability. Hydrazine hydrate
and triethylamine are typically robust electron donors; however, they quench fluorescence of 1 merely 13 ( 4% and
35 ( 4%, which also reflects the binding selectivity of
cyclodextrins in the present sensing system. It is indeed a
challenge that distinguishing aromatic and aliphatic amines
by the solid-state fluorescence sensing species based on PBIs
up to now.12h,13b
Conclusions
In summary, we have successfully synthesized an asymmetrical, amphiphilic PBI-cyclodextrin conjugate 1 by grafting
permethyl-β-cyclodextrin at one side and an octadecyl chain
at the other side. Its aggregation capability is controlled by
the polarization of solvents, while the aggregation morphology is modulated by the polarity of solvents, ranging from
nanorod to vesicle. Aggregates of 1 exhibit benign solid-state
emission, which can act as fluorescence sensory material for
vapor detection, together with the specific binding sites
offered by grafted cyclodextrins. Compared with previous
results by PBI-bridged bis(permethyl-β-cyclodextrins),12h 1
presents not only better sensitivity but also higher selectivity
for organic amines, which inspires us that strengthening
π-stacking of PBI backbones can effectively improve the
probing property of PBI-cyclodextrin conjugates. Endeavors
to further construct aggregates based on PBI-cyclodextrin
conjugates are in progress, in which of particular interest is
exploring fascinating species with high sensitivity and selectivity
for detecting specialized analytes.
Experimental Section
Materials. All chemicals used are reagent grade unless noted
otherwise. Perylene-3,4,9,10-tetracarboxylic acid dianhydride
and octadecylamine were purchased from commercial resources and
used without further purification. 6-Deoxy-6-amino-permethylβ-cyclodextrin (PMCD-NH2) was synthesized according to the
procedure in the literature from natural β-cyclodextrin.26 N-Octadecylperylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-imide
(OC-PBI) was synthesized and purified according to the reported
procedures.27 Pyridine was dried over CaH2 for 2-3 days and then
distilled prior to use. The poly(vinylidenefluoride) (PVDF) membrane was purchased from commercial resources.
Synthesis of N-Octadecylperylene-3,4:9,10-tetracaboxylic3,4-permethyl- β-cyclodextrin-9,10-imide (1). PMCD-NH2 (500 mg,
0.35 mmol), OC-PBI (227 mg, 0.35 mmol), and zinc acetate (77 mg,
(26) (a) Hocquelet, C.; Blu, J.; Jankowski, C. K.; Arseneau, S.; Buisson,
D.; Mauclaire, L. Tetrahedron 2006, 62, 11963–11971. (b) Reetz, M. T.;
Waldvogel, S. R. Angew. Chem., Int. Ed. 1997, 36, 865–867.
(27) (a) DeSaja-Gonzalez, J.; Aroca, R.; Nagao, Y.; A DeSaja, J. Spectrochim. Acta, Part A 1997, 53, 173–181. (b) Wescott, L. D.; Mattern, D. L. J. Org.
Chem. 2003, 68, 10058–10066.
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0.35 mmol) were mixed in pyridine (150 mL). The reaction mixture
was heated at 100 °C under N2 for 48 h. After cooling to room
temperature, the solvent was removed at reduced pressure, and the
residue was dissolved in chloroform, washed with water, dried over
Na2SO4, and evaporated to dryness under vacuum. The residue
was purified by silica gel column chromatography using ethyl
acetate as the eluent to give the product as a red powder (310 mg) at
a yield of 43%. 1H NMR (400 MHz,CDCl3, δ, ppm) 8.69 (m, 8H),
5.26-4.96 (m, 7H), 4.73 (d, 2H), 4.32 (m, 1H), 4.21 (t, 2H),
4.01-2.67 (m, 99H), 1.76 (m, 2H), 1.34 (m, 30H), 0.88 (t, 3H);
13
C NMR (100 MHz, CDCl3, δ, ppm) 163.4, 163.3, 134.8, 134.3,
131.5, 129.4, 126.5, 123.6, 123.3, 123.2, 123.0, 99.7, 99.1, 98.7, 98.6,
98.5, 85.1, 82.0, 79.3, 71.6, 71.1, 71.0, 70.8, 70.5, 61.5, 61.4, 59.1,
58.7, 58.6, 58.5, 41.9, 40.8, 32.0, 29.7, 28.1, 22.8, 22.5, 14.1.
MALDI-MS: calcd for C104H154N2O38Naþ, 2062.0072; found
2061.969. Anal. Calcd for C104H154N2O38: C 61.22, H 7.61, N
1.37. Found: C 61.19, H 7.65, N 1.34.
The sample for TEM measurements was prepared by dropping the solution onto a copper grid. The concentrations of 1 in
methanol, 4:6 water/methanol, and 9:1 water/methanol are
5.0  10-5, 1.0  10-5 ,and 1.0  10-5 M, respectively. Scanning
electron microscopic (SEM) images are recorded. The concentrations of 1 in methanol, 4:6 water/methanol, and 9:1 water/
methanol are all 1.0  10-4 M.
The dynamic light scattering (DLS) was performed at 636 nm.
The sample solution of 1 (1.0  10-5 M) in 9:1 water/methanol
for DLS measurements was prepared by filtering the solution
through a 450 nm filter into a clean scintillation vial.
PVDF Membrane-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 9:1 water/methanol with 1 at 1.0  10-4 M and
in methanol with 1 at 1.0  10-3 M for 2 h, and then the PVDF
membrane was air-dried and tailored to the proper size based on
the front surface accessory on a fluorescence spectrometer; (ii) to
prevent direct contact of the film with the analytes, cotton
thread was used to hang the membrane in the jar when detecting;
(iii) the solid-state fluorescence spectra were measured immediately after immersing inside a sealed jar (100 mL) containing
small amounts of the amines and nitro-based compounds.
Before use the jar was sealed overnight to achieve vapor saturation inside. The exposure time was determined by stopwatch.
The sensing sensitivities were performed: injection of 5 mL of
saturated aniline vapor (880 ppm) into the 100 mL sealed-jar will
produce a vapor pressure of 44 ppm.
Standard Deviation. To calculate the standard deviations of
the solid-state fluorescence sensing experiments using eq 1, we
performed four individual tests for each gas.
ﬃ
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P
ðXi - XÞ2
S ¼
ðn - 1Þ

ð1Þ

where S = standard deviation in gas sensing tests, Σ = summation,
n = number of tests, Xi = each individual quenching efficiency in
gas sensing tests, and X = mean average of quenching efficiency in
gas sensing tests.
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