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ABSTRACT

A new type of fluorescence sensory material with high sensitivity, selectivity, and photostability has been developed for vapor probing of
organic amines. The sensory material is primarily based on well-defined nanofibers fabricated from an n-type organic semiconductor molecule,
N-(1-hexylheptyl)perylene-3,4,9,10-tetracarboxyl-3,4-anhydride-9,10-imide. Upon deposition onto a substrate, the entangled nanofibers form a
meshlike, highly porous film, which enables expedient diffusion of gaseous analyte molecules within the film matrix, leading to milliseconds
response for the vapor sensing.

Development of sensors or probes that can be used to detect
the trace vapor of organic amines represents one of the active
research fields in chemistry and materials science,1–5 par-
ticularly those related to the emerging nanoscience and
nanotechnology.6–10 Volatile amines have been heavily used
in various areas ranging from chemical to pharmaceutical
and to food industries.2 Some of the amines, like hydrazine,
have also been used in the military as fuel additives in rocket
and fighter jet propulsion systems. Detecting these amines
in high sensitivity not only is critical to air pollution
monitoring and control but also may provide expedient ways
for quality control of food and even medical diagnosis of
certain types of disease, for example, uremia and lung cancer,
for which biogenic amines released are usually used as
biomarkers.11,12 Although much success has been achieved
for detection of amines in solutions using various types of
sensors,13–15 the vapor-based detection of gaseous amines still
remains challenging, mainly due to the limited availability
of sensory materials that enable vapor detection with both
high sensitivity and selectivity.16

Fluorescent sensing and probing based on organic sensory
materials represents a unique class of detection techniques that
usually provide a simple, expedient way for chemical detection
and analysis. However, there are not many organic materials
available that are sufficiently fluorescent in solid state17–19 and

suited to be used as sensory materials for vapor detection,16

although these materials may be strongly fluorescent in
molecular state in solutions. Moreover, compared to the more
common p-type (i.e., electron donating) materials, which are
suited for sensing oxidative reagents like nitro-based com-
pounds,16,20 the availability of n-type organic materials (i.e.,
electron accepting, and suited for sensing reducing reagents
like amines) is much more limited.21 Herein we report on a
strongly fluorescent n-type organic semiconductor material,
which can be fabricated into well-defined nanofibers and
employed in efficient fluorescent probing of gaseous amines.

The reported study was partially inspired by our recent
successful fabrication of nanofibers from a p-type organic
material and the application in sensing of nitro-based explo-
sives.20 The long-range exciton migration intrinsic to the one-
dimensional well-organized molecular arrangement within
the nanofiber enables amplified fluorescence quenching by
the surface adsorbed analytes (quencher molecules). Taking
advantage of such amplified fluorescence quenching intrinsic
to nanofibers, we attempted to fabricate a new type of
nanofibers from an n-type material that could potentially be
used for effective sensing of reductive compounds, such as
organic amines, through electron-transfer-based fluorescence
quenching. The building block molecule (1) employed for
the nanofibril fabrication is shown in Chart 1, which was
synthesized through partial hydrolysis of hexylheptyl sub-
stituted 3,4,9,10-perylene-tetracarboxylic diimide (PTCDI)
(see Supporting Information). PTCDI represents a robust
class of n-type organic materials with strong photostabil-
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ity,21–24 which is particularly desirable for being used in
optical sensing or probing regarding both the performance
sustainability and reproducibility.

Molecule 1 possesses a structure that provides a good
balance between the molecular stacking and the fluorescence
yield of the materials thus assembled.22 The former prefers
a molecular structure with minimal steric hindrance (usually
referring to a small or linear side chain),25–29 while the latter
favors bulky, branched side chains that may distort the π-π
stacking to afford increased fluorescence (by enhancing the
low-energy excitonic transition) for the molecular as-
sembly.16,18,29,30 Figure 1A shows the scanning electron
microscopy (SEM) image of the nanofibers fabricated from
1 through a vapor-diffusion (slow solvent exchange) process
as described in Figure S1. The average diameter of the
nanofibers is ∼350 nm as determined by zoom-in SEM
imaging as shown in Figure 1B. The extended one-
dimensional molecular arrangement obtained for molecule
1 is likely dominated by the π-π interaction between the
perylene backbones (which is sterically favored by the bare
end of 1), in cooperation with the hydrophobic interactions
between the side chains in appropriate size. Such an optimal
molecular arrangement is reminiscent of the one-dimensional
self-assembly commonly observed for detergents, lipids, or
amphiphilic peptides,31–35 for which extended molecular

assembly can be achieved through the concerted electrostatic
and hydrophobic interactions. Indeed, an asymmetric PTCDI
molecule modified with two different side chains has recently
been employed in a successful fabrication of millimeter long
nanofibers from this laboratory.27 It seems that one-
dimensional molecular assembly of 1 is critically dependent
on the size of the side chains, that is, replacing the side chain
of 1 with a larger group, for example, nonyldecyl, resulted
in formation of only ill-shaped molecular aggregates. The
nanofibers fabricated from 1 demonstrates strong fluores-
cence with yield ∼15% as depicted in the fluorescence
microscopy images (Figure 1, panels C and D), implying a
distorted molecular stacking that is usually observed for the
PTCDI molecules modified with branched side
chains.18,22,29,30 The strong red fluorescence of the nanofibers
can easily be observed even with the naked eye, making the
nanofibers more feasible to be used in fluorescence sensing
as shown in a movie clip provided in the Supporting
Information.

Figure 2 shows the absorption and fluorescence spectra
measured from the nanofibers deposited on glass substrate,
in comparison to the spectra measured for molecule 1
dissolved in a chloroform solution. The electronic property
of 1 as depicted in Figure 2 is quite similar to the parent
PTCDI molecules with the HOMO-LUMO gap around 2.5
eV, consistent with the ab initio calculation results (Figure
S2). The fluorescence quantum yield of 1 in solution is
∼100%, the same as other PTCDI molecules. Upon assembly
into the solid state, the fluorescence of individual molecules
disappeared, while a new emission band formed at the longer
wavelength, centered around 628 nm. Compared to the
emission spectrum (0.21 eV fwhm) obtained from the ill-
shaped molecular aggregate formed from the parent PTCDI
molecule modified with two hexylheptyl side chains (Figure
S3), the emission measured for the nanofibers of 1 exhibits
a significantly narrower band, only 0.17 eV fwhm, implying
the well-organized molecular assembly within the nanofibers.
Consistently, a new, pronounced band was observed at the
longer wavelength in the absorption spectrum of the nanofi-
bers, which is typically characteristic of the strong π-π

Figure 1. (A) SEM image of a nanofibril film deposited on a glass
slide. (B) Zoom-in SEM image of the nanofibril film. (C, D) Bright-
field and fluorescence optical microscopy image of a nanofibril film.
Note: due to the diffraction effect the fiber in the optical microscopy
image appears larger than the real size as measured by SEM.

Chart 1

Figure 2. The absorption (black) and fluorescence (red) spectra of
1 in chloroform solution (dashed) and the nanofiber state (solid).
The raised baseline for the absorption spectrum of nanofibril film
is primarily due to the light scattering.
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interaction as observed in the self-assemblies of PTCDI and
other planar π-conjugated molecules.26–29,36,37 The strong
π-π interaction is also revealed by the characteristic
enhancement of the transitions (absorptions) from ground
state to the higher levels of electronic states (0-1, 0-2, and
0-3, compared to 0-0) of the component molecules. The
strong π-π interaction may enhance the exciton migration,
which is now more confined along the long axis of the
nanofiber, leading to amplification in fluorescence quenching
by the surface adsorbed analytes (quenchers).

Upon fabrication from hydrophilic solvents such as alco-
hols, the nanofibers are expected to possess a surface
predominantly consisting of the anhydride moieties, which
are more hydrophilic compared to the hexylheptyl group
located at the other end of the molecule. Such solvent-
modulated molecule arrangement was previously employed
for the self-assembly of many other amphiphilic mol-
ecules.38–40 A surface full of anhydride moieties enables
strong chemical binding or adsorption with amines through
both hydrogen bonding and donor-acceptor (charge transfer)
interaction. Deposition of the nanofibers onto a substrate
produces a meshlike film that is primarily formed by
entangled piling of the fibers and thus possesses porosity on
a number of length scales (Figure 1). Such a porous film
not only provides increased surface area for enhanced
adsorption of gaseous molecules but also enables expedient
diffusion of guest molecules across the film matrix, leading
to efficient probing of the gaseous molecules with both high
sensitivity and fast time response. Indeed, as shown in Figure
3A, upon exposure to the saturated vapor of aniline (880
ppm) the fluorescence of the nanofibril film was instanta-
neously quenched by almost 100%. Such efficient fluorescent
sensing was also observed for a broad range of amines
(primary, secondary, and tertiary) as listed in Table S1. The
fluorescence quenching thus observed is due to a photoin-
duced electron transfer process as depicted in Figure S2,
where the electron transfer is driven by the favorable energy
difference between the HOMO of aniline and the HOMO
of PTCDI (which is now one electron vacant in the excited
state). The high efficiency of the fluorescence quenching is
consistent with the large driving force for the photoinduced
electron transfer between the excited state of molecule 1 and
the amine molecules (Figure S2 and Table S1). The same
photoinduced electron transfer was previously observed
between the covalently linked aniline and PTCDI moiety.41

To explore the detection limit for some of the representa-
tive amines such as aniline and hydrazine, the same quench-
ing process shown in Figure 3A was also examined for the
diluted amine vapor (Figure S4). Figure 3B shows the
fluorescence quenching efficiency (1 - I/I0) of a nanofibril
film measured at three different vapor pressures of aniline,
1, 103, and 104 times diluted from the saturated vapor (880
ppm) at room temperature. The quenching data are well-
fitted to the Langmuir equation with an assumption that the
quenching efficiency is proportional to the surface adsorption
(coverage) of amines. From the fitted plot the detection limit
of the nanofibril film shown in Figure 3B can be projected
as low as ∼200 ppt, if considering the fact that a well-

calibrated photodetector (e.g., PMT) can detect intensity
change as small as 0.1% or below.42 Following the same
procedure the detection limit for hydrazine was estimated
to be ∼1 ppb.

Figure 4 shows the emission intensity of the film monitored
as a function of the time after exposed to the saturated vapor
of aniline (880 ppm). Fitting the intensity decay into a single
exponential kinetics deduces a response time for the quench-
ing process (defined as the decay lifetime), only 0.32 s. The
fast response thus obtained for the nanofibril sensor is mainly
due to the three-dimensional continuous, porous structure
formed by the entangled piling of the nanofibers, which
allows for expedient diffusion of the analyte molecules
throughout the film matrix, thus leading to instant capture
(and accumulation) of the vapor species. The fast sensing
response, along with the low detection limits and the robust
photostability (zero photobleaching, as shown in Figure S5)
observed, makes the nanofibril film an ideal probing system
in a broad range of applications, particularly for onsite amine
monitoring and screening, where instant vapor detection of
trace amines is usually demanded.

The nanofibril film also demonstrated high selectivity in
response to organic amines, with minimal fluorescence
quenching observed for other common organic reagents, such
as those listed in Figure 5. For all the amines tested, more

Figure 3. (A) Fluorescence spectra of a nanofibril film before (red)
and after (blue) exposure to the saturated vapor of aniline (880
ppm) for 10 s. (B) Fluorescence quenching efficiency (1 - I/I0) as
a function of the vapor pressure of aniline: data (error (5%) fitted
with the Langmuir equation.
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than 85% fluorescence quenching was observed for the
nanofibril film upon exposure to the saturated vapor of
amines, whereas all the other organic liquids and solids
(except for phenol) examined as the potential background

interference exhibited less than 3% fluorescence quenching
under the same testing conditions (Figure 5). The significant
quenching (∼54%) observed with phenol is likely due to its
strong reducing power, i.e., electron-donating capability.
Interestingly, the fluorescence quenching observed with
phenol was highly reversible as shown in Figure S6, where
the fluorescence of the nanofibril film after exposure to the
phenol vapor could be recovered almost 100% simply by
re-exposing it to atmosphere for ∼60 min (or at an elevated
temperature, e.g., 60 °C, for only 5 min). The recovered film
demonstrated the same quenching efficiency when used in
the next cycle of the test with the phenol vapor (Figure S6).
Such a reversible quenching can be used to distinguish phenol
(if present) from the organic amines, which otherwise
exhibited almost irreversible fluorescence quenching under
the same conditions, i.e., only ∼50% of the fluorescence
could be restored even after heating up the film overnight.
The less reversibility observed for the quenching with amines
is largely due to the much more stable chemical binding
between amines and the anhydride moiety of molecule 1.
We consider the reported fluorescence sensor system as a
single-use device, in the similar manner as a pH paper or
pregnancy kit, which can be used by ordinary people without
worrying about how to recover the materials after each use.

Although the fluorescence of the nanofibers cannot be
recovered after exposed to the amines, the PTCDI materials
(molecules) can be recovered simply by redissolving the
nanofibers into chloroform, followed by appropriate purifica-
tion (e.g., extraction with water) to remove the amines. The
PTCDI molecules thus recovered (showing again the 100%
fluorescence quantum yield) can be refabricated into the
nanofibers and maintain the same sensing efficiency for
amines. To this end, the PTCDI materials are recyclable, in
contrast to the other irreversible sensor systems, for which
the sensor materials are usually unrecyclable due to perma-
nent chemical damage.

In conclusion, a new type of fluorescence sensory material
with high sensitivity, selectivity, and photostability has been
developed for vapor detection of organic amines. The sensory
material is primarily based on well-defined nanofibers
fabricated from an n-type organic semiconductor molecule.
Upon deposition onto a substrate, these entangled nanofibers
form a meshlike, highly porous film, which allows for
maximal exposure to the gaseous analyte molecules, expedi-
ent diffusion of the molecules throughout the meshlike film,
and increased adsorption and accumulation of the gaseous
molecules within the porous matrix. Compared to the
electrical sensors like those based on chemiresistors,2,3,5 the
reported fluorescent sensor system represents a class of
simple, expedient technique for chemical detection and
analysis. In contrast to the polymer-film-based fluorescent
sensors,1 the nanofibril-film-based sensors provide three-
dimensional continuous pores (or channels) formed by the
entangled piling of the nanofibers, enabling expedient
diffusion of the analyte molecules throughout the film matrix,
and thus fast response (milliseconds) for the sensing. The
nanofibril materials, as well as the new sensing module thus
developed, may open wide options to improve the detection

Figure 4. Time-course of fluorescence quenching of a nanofibril
film upon blowing over with saturated vapor of aniline (880 ppm),
indicating a response time of about 0.32 s. The intensity was
monitored at 628 nm.

Figure 5. Fluorescence response of the nanofibril film to the
saturated vapor of various organic reagents: 1, methanol; 2, acetone;
3, acetic acid; 4, THF; 5, acetonitrile; 6, chloroform; 7, toluene; 8,
hexane; 9, cyclohexane; 10, nitromethane; 11, nitrobenzene; 12,
phenol; 13, cyclohexylamine; 14, dibutylamine; 15, aniline; 16,
butylamine (3 s); 17, triethylamine; 18, hydrazine; 19, ammonium
hydroxide. Unless otherwise marked, the exposure times for the
amines and all the other reagents are 10 and 15 s, respectively.
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efficacy and find broad range of applications in health and
security examination, where instant detection of trace amine
is usually demanded.
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