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Abstract: Well-defined ultrathin nanoribbons have been fabricated from an amphiphilic electron donor-acceptor
(D-A) supramolecule comprising perylene tetracarboxylic diimide as the backbone scaffold to enforce the
one-dimensional intermolecular assembly via strong π-stacking. These nanoribbons demonstrated high
photoconductivity upon illumination with white light. The high photoconductivity thus obtained is likely due
to the optimal molecular design that enables a good kinetic balance between the two competitive processes,
the intramolecular charge recombination (between D and A) and the intermolecular charge transport along
the nanoribbon. The photoconduction response has also proven to be prompt and reproducible with the
light turning on and off. The photogenerated electrons within the nanoribbon can be efficiently trapped by
the adsorbed oxygen molecules or other oxidizing species, leading to depletion of the charge carriers (and
thus the electrical conductivity) of the nanoribbon, as typically observed for n-type semiconductor materials
as applied in chemiresistors. Combination of this sensitive modulation of conductivity with the unique features
intrinsic to the nanoribbon morphology (large surface area and continuous nanoporosity when deposited
on a substrate to form a fibril film) enables efficient vapor sensing of nitro-based explosives.

Introduction

One-dimensional (1D) nanostructures represent attractive
building blocks for nanoscale optoelectronic devices.1-5 Among
these 1D nanostructures, photoconductive materials have drawn
intensive interest for their applications in photodetectors,6-9

optical switches,2,10-13 and sensors.2,14-16 To date, most of these

nanodevices are fabricated from inorganic nanowires2,6-8,14-16

and carbon nanotubes,17 whereas only a few such photoconduc-
tive 1D nanostructures have been reported on organic materi-
als,10-12,18 despite their various advantages over their inorganic
counterparts including chemically tunable electronic and optical
properties and conformal flexibility and adaptability. Moreover,
among the limited number of 1D organic nanomaterials that
demonstrated a photoconductivity response, most of them were
a p-type semiconductor, i.e., hole acting as the transporting
charge carrier. This is partially due to the limited availability
of air-stable n-type organic materials.19,20

One way to approach high photoconductivity is to fabricate
the 1D nanomaterials from building-block molecules that contain
covalently linked electron donor (D) and acceptor (A) units,
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for which efficient charge separation can be initiated upon
photoexcitation.10 However, assembling the covalently linked D/A
molecules into continuous 1D stacks remains challenging, as the
strong charge transfer interaction between the D/A moieties often
causes them to stack on each other,21,22 producing a bulk mixed
phase, where the rapid charge recombination between D+ and A-

dominates the loss of photogenerated charge carriers. While instant
photoinduced charge separation can be achieved for many D/A
systems, the subsequent long-range intermolecular charge transport
(toward the electrodes) is often a bottleneck for approaching high
efficiency of photocurrent generation. To date, only a few D/A
molecules have successfully been fabricated into segregated, highly
organized 1D nanostructures that afford high photoconductivity.10,23

Herein we report the fabrication of well-defined ultrathin
nanoribbons from the D/A molecules based on the scaffold of
perylene tetracarboxylic diimide (PTCDI, Chart 1), which forms
a class of n-type semiconductor materials with strong electron
affinity (particularly in the photoexcited state).19,24 The extended
1D intermolecular arrangement (dominated by the cofacial π-π
stacking of PTCDI scaffolds) is expected to be conducive to
charge transport along the nanoribbon, leading to highly efficient
photocurrent generation, as indeed observed in this study.
Among the three building-block molecules employed in this
study, molecule 1 (without D moiety) is selected as a reference
to prove the mechanism of photocurrent generation, i.e.,
originated via photoinduced intramolecular charge separation
between the D and A moiety, while molecules 2 and 3 are
selected for comparative investigation, aiming to further explore
how to enhance the photocurrent generation through controlling
the intramolecular charge separation to match the subsequent
intermolecular charge transport along the π-π stack.

Although photoinduced charge transfer has been well ex-
ploited for many PTCDI-based D/A molecules and their
aggregates in solution,25-29 only a few of these molecular sys-
tems have been fabricated into well-defined 1D nanostructures,

and none of the 1D nanostructures thus fabricated demonstrated
significant photoconductivity. The high photoconductivity ob-
tained in this study for the PTCDI nanoribbons enables potential
application in vapor sensing of oxidizing species. Surface
adsorption of these electron-withdrawing species will decrease
the charge carrier density within the nanoribbon through surface
trapping of the electrons, resulting in a decrease in electrical
conductivity in a manner similar to that operating in a
chemiresistor or chemical-field-effect transistor.30,31 Indeed, as
described below, a dramatic decrease in photoconductivity was
observed for the PTCDI nanoribbons when exposed to oxygen
or other oxidizing species including nitro-based explosives.
Sensor development along this line will take advantage of the
ultrathin nanoribbon morphology, which offers enlarged surface
area and thus strong surface adsorption of gaseous species.

Results and Discussion

Synthesis of Molecules and Self-Assembly into Nanorib-
bons. The molecular design and synthesis take advantage of
the fact that the two nitrogen positions in PTCDI are nodes in
the π-orbitals,4,24,32 and thus the side-chain substitution does
not affect the electronic properties (particularly the electron
affinity) of the PTCDI backbone. This unique feature offers
enormous options for side-chain modification of PTCDI,
producing candidate molecules suited not only for the 1D
assembly into nanoribbon structure but also for comparative
investigation of the intramolecular charge separation depending
on the D-A linkage and the effect on the overall photocurrent
generation within the nanoribbon. The three PTCDI molecules
(1-3) linked to different functional moieties (as shown in Chart
1) are selected for this comparative investigation, for which the
N,N-dimethylaniline moiety acts as a strong electron donor to
yield the photoinduced charge separation with the PTCDI unit,
while the methoxyphenyl moiety is redox inert and employed
for comparison purposes (Figure S1). Efficient intramolecular
photoinduced electron transfer (fluorescence quenching) was
previously observed for the PTCDI molecules directly linked
with an aniline moiety.33 Molecules 1-3 were synthesized from
the perylene monoimide and corresponding amines following
the procedure previously developed in our lab and others (see
Experimental Section).4,34

Considering the fact that 1D molecular assembly of the
PTCDI-based molecules is usually dominated by the π-π
interaction between the large perylene planes (in cooperation
with the hydrophobic interactions between the long alkyl side
chains),4 the three building-block molecules are expected to
produce similar intermolecular arrangement and thus ap-
proximately the same size and morphology of the final as-
sembled materials, specifically nanoribbons, as indeed revealed
by the SEM and AFM imaging shown in Figure 1. The
fabrication of the nanoribbons was performed through solution-
based self-assembly following a protocol similar to that previ-
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ously developed in our lab (see Experimental Section). The
amphiphilic character of the three molecules is highly favorable
for self-assembly through π-π stacking in hydrophilic solvents
such as ethanol, where the hydrophilic part tends to stretch out
into the solvent, while the hydrophobic alkyl side chains tends
to interdigitate one another to hold the PTCDI scaffolds together,
thus facilitating the 1D π-π stacking growth.10,35,36 The
nanoribbons thus fabricated are several micrometers long (Figure
S4) and a few tens of nanometers wide. The ribbon morphology
was clearly revealed by AFM imaging and line scanning (Figure
1D and Figure S2), which indicates a thickness of only about 5
nm for all the nanoribbons under investigation. This thickness
corresponds to the length of the two layers of PTCDI molecules
tail-to-tail interdigitated, which finally constitutes the ribbon
construction as schematically depicted in Figure 1F. Such a
layered structure as controlled by the strong interdigitation
between the alkyl side chains was previously observed for self-
assembly of other amphiphilic molecules into ribbon-like

nanostructures.37 Upon growth into even larger sizes, the 1D
assembly obtained from molecule 1 still maintained the ribbon
morphology (as shown in Figure S3), which is likely due to
the layered intermolecular arrangement.

XRD measurement over the nanoribbons gave multiple
distinct diffraction peaks (Figure S5). The whole spectrum is
dominated by a single sharp peak at 2θ ) 3.98, typically
characteristic of a columnar stacked phase.38 The d-spacing of
2.2 nm as deduced from this peak corresponds to the inter-
columnar distance, i.e., about half of the length of two PTCDI
molecules tail-to-tail interdigitated (Figure 1F), as indeed
measured by AFM for the thickness of the nanoribbons (Figure
1D and Figure S2). The d-spacing corresponding to the cofacial
intermolecular stacking is also observed at 0.38 nm, which is
consistent with the π-π stacking distance usually observed for
the stacking between planar aromatic molecules. To further
determine the intermolecular organization within the nanorib-
bons, electron diffraction was performed over single nanorib-
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Figure 1. (A-C) SEM images showing the nanoribbons fabricated from molecules 3, 2, and 1, respectively; (D) AFM image of the nanoribbons of molecule
3; (E) electron-diffraction pattern recorded over a single nanoribbon cast on carbon film; (F) schematic diagram showing the intermolecular arrangement
within the nanoribbon.
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bons, and one such pattern is shown in Figure 1E, where the
two perpendicular reflections are labeled as g and h. h is parallel
to the ribbon, while g is normal to the long axis of the ribbon.
These two reflections give d-spacings of 0.46 and 0.74 nm,
respectively, which are consistent with the XRD results. The
d-spacing of 0.46 nm is due to the edge-to-edge (center-to-
center) distance between the tiltedly stacked PTCDI planes
(Figure 1F). Such tilted stacking is often observed for molecular
crystals to minimize the free energy caused by the electronic
repulsion.32 The strong π-π interaction is also consistent with
the formation of a new, pronounced absorption band centered
at 585 nm as measured for the nanoribbons in comparison to
the molecular solutions (Figure S6A).24,39 The isosbestic point
at 544 nm confirms a stoichiometric conversion from free
molecules to crystal phase. All these experimental observations
are supportive of the molecular arrangement as depicted in
Figure 1F. The similar bilayer configuration is also reminiscent
of the intermolecular arrangement reported for other amphiphilic
molecules.10,37,40,41

Photoconductivity of the Assembled Nanoribbons. The 1D
molecular arrangement shown in Figure 1 is expected to give
rise to efficient charge transport via the strong π-electron
delocalization as previously evidenced by both theoretical and
experimental observation.42-46 As shown in Figure 2A, the
nanoribbons fabricated from molecule 3 indeed demonstrated
very high photoconductivity upon irradiation with white light,
whereas in the dark the same nanoribbons were hardly conduc-
tive, showing current in the range of pA. At an applied bias of
10 V, electrical current in the range of nA was obtained even
under a low power irradiation, e.g., 0.3 mW/mm2, producing a
photocurrent on/off ratio of ca. 103. This value is expected to
be much larger if higher power irradiation and/or longer
electrode pairs were employed for the photocurrent measure-
ment.47 The photoconduction switching has also proven to be
prompt and reproducible with the light turning on and off (Figure
2B), implying not only fast photoresponse but also the high
stability of the materials when operated under ambient conditions.

The same geometry and similar size obtained for the
nanoribbons fabricated from the three molecules provide
rationale for the comparative study of the photocurrent response.
As a control, the nanoribbons fabricated from 1 demonstrated
negligible photocurrent response (with an on/off ratio of only
ca. 4), mainly because of the fact that there is no photoinduced

charge separation within this molecule (Figure S1). The lack
of intramolecular charge separation is also consistent with the
strong fluorescence emission observed for the nanoribbons
fabricated from this molecule (Figure S7B) In contrast, both
molecules 2 and 3 contain an aniline moiety as the electron
donor, enabling efficient photoinduced intramolecular electron
transfer (with a driving force as large as 1.1 eV, Figure S1). As
a result, no fluorescence emission (due to complete quenching)
was observed for the nanoribbons fabricated from these two
molecules (Figure S7D,F). On the other hand, the strong
fluorescence of molecules 2 and 3 can be restored simply by
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Figure 2. (A) I-V curves measured over the nanoribbons of 3 in the dark
(black) and under white light irradiation of increasing power density (cyan:
0.005, blue: 0.03, green: 0.25, red: 0.3 mW/mm2); (B) photocurrent (at 10
V) in response to turning on and off the irradiation (0.3 mW/mm2); (C)
I-V curves for the nanoribbons of 1 (red) and 2 (blue) under white light
irradiation of power density 0.3 mW/mm2 and in the dark (black). Inset:
the same plots in zoom-in scale. Electrode pair: 3 µm gap, 14 µm long.
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protonation of the amine moiety (Figure S8). Protonation lowers
the energy level of the lone electron pair and thus blocks the
photoinduced intramolecular electron transfer (Figure S1B), as
previously observed for other aniline-modified PTCDI mol-
ecules.33 Both the absorption and excitation spectra measured
over the protonated molecules demonstrate the same structural
features, particularly in comparison with that measured over
molecule 1 (Figure S8). This observation in turn supports the
above speculation about the efficient photoinduced intramo-
lecular electron transfer within molecules 3 and 2.

The only major difference between molecules 2 and 3 lies
in the methylene spacer (with one more carbon for 3) between
the aniline moiety and PTCDI. While such a difference results
in about 5 times faster intramolecular electron transfer for
molecule 2 in comparison to that for 3,48,49 the “too” efficient
charge transport mediated by the directly linked D-A also
enables rapid charge recombination within the formed geminate
electron-hole pairs due to the stronger Coulombic attraction,
resulting in loss of free charge carriers that can be transported
and collected at the electrodes. In contrast, the increasing of
D-A distance in molecule 3 weakens the Coulombic interaction,
thus facilitating the separation of the electron-hole pair into
free charge carriers. Indeed, under the same measurement
conditions, the nanoribbons fabricated from molecule 2 dem-
onstrated negligible photoconductivity, yielding a photocurrent
on/off ratio of only ca. 3, which is several orders of magnitude
lower than that obtained for the nanoribbons of 3. This
observation implies a way for enhancing the photoconductivity
through modification of molecular structure so as to sustain the
charge separation state long enough for the subsequent inter-
molecular charge transport along the long axis of the nanorib-
bons. Finding a good kinetic balance between these two
competitive processes is likely the key to achieve the maximal
photoconductivity response.

Effect of Oxygen. All the photoconductivity measurements
above were performed under ambient conditions, where the
presence of oxygen is expected to result in a decrease in the
conductivity due to the strong electron-withdrawing (scavenging)
capability, as previously observed for other n-type semiconduc-
tor materials in FET performance.20 Considering the large
surface area intrinsic to the ultrathin nanoribbons fabricated in
this study, the effect of oxygen on the photoconductivity should

be significant, as indeed evidenced in Figure 3. An at least 3
times increase in photocurrent was obtained for the nanoribbons
fabricated from molecule 3 when measuring them in a chamber
with blowing of argon, in comparison to the measurement under
ambient condition. Upon continuous blowing of argon, the
photocurrent gradually increased (Figure 3B) until eventually
reaching a plateau, indicating the establishment of a surface
exchange equilibrium with argon. Upon shutting off the blowing
of argon, the photocurrent quickly dropped to a constant value,
reflecting the rapid saturation with the adsorption of oxygen.
This result is in sharp contrast with the 1D nanostructures
fabricated from p-type organic semiconductors, where enhance-
ment of photoconductivity was otherwise observed in the
presence of oxygen.18

The quantum efficiency of the photoconductivity of the
nanoribbons under argon can be estimated on the basis of the
electrode configuration, the electrical current flowing through
the nanoribbons, and the photon flux from the light source.9,11

Assuming the average wavelength of white light as 550 nm, a
light power of 0.3 mW/mm2 gives a photon flux of 8.3 × 1020

photons m-2 s-1. The electrons running through the nanoribbons
per second can be calculated as 2.2 × 1010 electrons s-1 (based
on 3.6 nA at 15 V). Then the number of electrons transported
per photon can be estimated as 63%, which is significantly
higher than those previously reported on the other 1D
nanomaterials.9,11

As an intrinsic effect of the n-type semiconductor, the same
effect of oxygen was also observed for the nanoribbons
fabricated from molecule 1, as depicted in Figure 4. Whereas
the conductivity of this nanoribbon is essentially low due to
the lack of photogeneration of charge carriers (electrons) as
discussed above, almost the same degree of photocurrent
modulation (3 times enhanced) was obtained, as compared to
the measurement performed over the nanoribbons of 3 (Figure
3). The same degree of modulation of conductivity implies a
similar surface access to oxygen, which in turn is consistent
with a similar surface area, morphology, and size as observed
for the nanoribbons fabricated from the three molecules (Figure
1). Moreover, the negligible photoconductivity observed for the
nanoribbons of 1 under both ambient and argon protection
clearly indicates that the photogeneration of charge carriers (or
photoinduced doping) through the intramolecular charge separa-
tion between the D and A moiety is the primary cause for the
high photoconductivity observed above for the nanoribbons
fabricated from molecule 3. The high photoconductivity

(48) Adams, D. M.; et al. J. Phys. Chem. B 2003, 107, 6668–6697.
(49) Xu, B. Q.; Tao, N. J. Science 2003, 301, 1221–1223.

Figure 3. (A) I-V curves measured over the nanoribbons of 3 in air (cyan) and under blowing of argon for various time periods (magenta: 3 min, olive:
6 min, green: 11 min, blue: 16 min, red: 25 min), all under white light irradiation at a power density of 0.3 mW/mm2; (B) photocurrent change (at 10 V)
with time upon argon blowing (monitored after 5 min of blowing) and when open to air.
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obtained for the nanoribbons of molecule 3 facilitates the
sensing application in vapor detection of explosives as
evidenced below.

Sensing Response to Nitro-Based Explosives. Upon deposition
onto a substrate, the entangled nanoribbons form a mesh-like,
highly porous film (Figure S9), which can provide maximal
adsorption and expedient diffusion and accumulation of the
gaseous molecules throughout the film matrix.39,50-52 Combina-
tion of these properties enables efficient vapor sensing of nitro-
based explosives, which function the same as oxygen as
electron-withdrawing species when adsorbed onto the nano-
ribbon. Several nitro-based explosives of varying vapor pressures
(tens of thousands to tens of ppm), including nitromethane,
nitrobenzene, 4-nitrotoluene, and 1-chloro-4-nitrobenzene, were
employed herein to prove the concept of the electrical vapor
sensing that relies on the photocurrent modulation and takes
advantage of the enhanced gas adsorption intrinsic to the porous
nanofibril film. The sensing results are presented in Figure 5.
We chose these explosive reagents mainly because of their

commercial availability in large amounts and technical ease of
vapor handling, for which the high vapor pressure makes them
easily introduced into the device simply by blowing with a
syringe. The sensing test was also performed for the explosives
of low saturated vapor pressure, e.g., 4,6-dinitrotoluene (DNT,
100 ppb at 20 °C).53 Instead of blowing with a syringe, the test
was carried out by monitoring the photocurrent change before
and after exposing the nanoribbons to the saturated vapor of
DNT for 1 min. Figure 5A shows a typical photocurrent
response measured over the nanoribbons upon exposure to the
vapor of nitromethane, where a sharp decrease in current, by
as large as 65%, was observed upon blowing the saturated vapor
of nitromethane over the sample. The nanoribbons also exhibited
excellent reversibility in the sensing with a quick recovery of
the original photocurrent upon stopping the blowing of ni-
tromethane. The quick recovery thus observed is likely due to
the volatility intrinsic to nitromethane. For the electrical sensing
as depicted here, the quick recovery may facilitate the applica-
tion in security check points, where constant monitoring of
explosives threats is usually demanded.54 The efficient electrical
response observed for the nitromethane vapor (Figure 5A) is

(50) Naddo, T.; Che, Y.; Zhang, W.; Balakrishnan, K.; Yang, X.; Yen,
M.; Zhao, J.; Moore, J. S.; Zang, L. J. Am. Chem. Soc. 2007, 129,
6978–6979.

(51) Che, Y.; Zang, L. Chem. Commun. 2009, 5106–5108.
(52) Naddo, T.; Yang, X.; Moore, J. S.; Zang, L. Sens. Actuators, B 2008,

B134, 287–291.

(53) Yang, J.-S.; Swager, T. M. J. Am. Chem. Soc. 1998, 120, 11864–
11873.

(54) DHS Science & Technology Directorate Explosives Division: http://
www.dhs.gov/xabout/structure/gc_1224522488810.shtm.

Figure 4. (A) I-V curves measured over the nanoribbons of 1 in air without light irradiation (black), in air (green), and under blowing of argon (red) upon
irradiation of white light with a power density of 0.3 mW/mm2; (B) photocurrent change (at 10 V) with time under argon blowing.

Figure 5. (A) Photocurrent measured over the nanoribbons fabricated from molecule 3 in response to the open-air blowing of saturated vapor of nitromethane;
(B) photocurrent response of nanoribbons of molecule 3 to explosive vapors and other organic vapor: (1) nitromethane, 36 000 ppm; (2) nitobenzene, 150
ppm (3) 4-nitrotoluene, 100 ppm; (4) 1-chloro-4-nitrobenzene, 15 ppm; (5) 2,4-dinitrotoluene, 0.1 ppm; (6) aniline, 900 ppm; (7) ethanol, 89 000 ppm; (8)
acetone, 260 000 ppm; (9) acetonitrile, 100 000 ppm; (10) hexane, 130 000 ppm; (11) toluene, 26 000 ppm; (12) chloroform, 140 000 ppm. The error bar
(3%) is also shown.
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apparently due to the electron affinity of nitromethane, which
causes depletion of the charge carriers upon adsorption onto
the nanoribbons in the same manner as observed above for
oxygen. Although the electron affinity of nitromethane may not
be strong enough to cause complete electron withdrawing
(charge separation) from the nanoribbon, a partial decrease in
the charge density will still be sufficient to be detected by the
electrical current measurement. Such electrical-modulation-based
sensing is reminiscent of the chemiresistors and chemical-field-
effect transistors that have been extensively used in various
chemical sensors.30,31 A similar efficient photocurrent response
was also observed for other explosives vapor as presented and
compared in Figure 5B. These results indicate the potential
application of the photoconductive nanoribbons in the vapor
detection of nitro-based explosives, including those of low vapor
pressure.

The electrical sensing described above for the nanoribbons
was also performed against the vapor of common organic
solvents and some reductive reagents such as aniline, aiming
to examine the sensing selectivity. Most of the reference reagents
demonstrated negligible current response compared to the target
explosives, particularly if considering that the vapor pressures
of the former is orders-of-magnitude higher (Figure 5B). Some
significant current modulation was observed for organic liquids
such as hexane, toluene, and chloroform. We speculate such
interference is likely due to the good solubility of PTCDI
molecules in these solvents. Vapor condensation of these highly
volatile solvents onto the nanoribbon surface may cause a
temporary disturbance of the intermolecular arrangement within
the nanoribbons (particularly considering the thickness of only
ca. 5 nm) and consequently a decrease in conductivity. Upon
removal of the solvent vapor (i.e., re-equilibrium with open air),
the photocurrent of the nanoribbons can usually be restored
instantly. Nonetheless, the sensing selectivity against these
solvents as depicted in Figure 5B is still reasonable if consider-
ing the fact that the vapor pressures of the solvents employed
are thousands of times higher than that of the explosives.

In conclusion, we have successfully fabricated well-defined
ultrathin nanoribbons from an amphiphilic D/A molecule. These
nanoribbons demonstrated high photoconductivity upon il-
lumination with white light. The high photoconductivity thus
obtained is likely due to the optimal molecular design that
enables a good kinetic balance between the two competitive
processes, the intramolecular charge recombination (between
D and A) and the intermolecular charge transport along the
nanoribbon. The photogenerated electrons within the nanoribbon
can be efficiently trapped by the adsorbed oxygen molecules
or other oxidizing species, leading to depletion of the charge
carriers (and thus the electrical conductivity) of the nanoribbon.
A combination of this sensitive conductivity modulation with
the unique features intrinsic to the nanofibril film (large surface
area, continuous nanoporosity) enables efficient vapor sensing
of nitro-based explosives.

Experimental Section

Synthesis. Molecules 1-3 (Chart 1) were synthesized following
the previous methods developed in our and others’ laboratories34,55

Typically, 200 mg of perylene tetracarboxylic dianhydride and 1 g
of dodecyl amine were mixed in 30 mL of ethanol and refluxed
for 7 h. The reaction mixture was cooled to room temperature and
acidified by 20 mL of concentrated HCl. After stirring overnight,

the resulting red solid was collected by vacuum filtration through
a 0.45 µm membrane filter (Osmonics). The solid was washed
thoroughly with methanol and then with distilled water until the
pH of the washings turned neutral. The collected solid was then
dried under vacuum at 60 °C. The product thus obtained consisted
of two compound, perylene tetracarboxylic monoimide and perylene
tetracarboxylic diimide, as confirmed by MALDI-MS (m/z ) 559
and 726, respectively). This raw product was not further purified
before using for the next step of synthesis of the target molecules.

The raw product obtained above (50 mg), 100 mg of the
corresponding amine of the functional moiety of molecules 1-3,
and 5 g of imidazole were heated under argon at 120 °C for 3 h.
The reaction mixture was cooled to room temperature and dispersed
in 25 mL of ethanol, followed by addition of 20 mL of concentrated
HCl. After overnight stirring, the resulting red solid was collected
by vacuum filtration through a 0.45 µm membrane filter (Osmonics).
The solid was washed thoroughly first with methanol and then with
distilled water until the pH of washings turned neutral. The pure
compounds of 1-3 were obtained through running column chro-
matography on a silica gel column, for which chloroform was used
as eluent. The pure target compounds as obtained were confirmed
by NMR as below.

Compound 1: 1H NMR (CDCl3): δ 0.89 (t, 3H, CH3), 1.17-1.45
(m, 18H, 9CH2), 1.79 (m, 2H, CH2), 3.89 (s, 3H, CH3), 4.21 (m,
2H, CH2), 7.10 (d, 2H, phenyl), 7.29 (d, 2H, phenyl), 8.69 (m, 8H,
perylene). MALDI-MS: m/z ) 664.2.

Compound 2: 1H NMR (CDCl3): δ 0.86 (t, 3H, CH3), 1.2-1.4
(m, 18H, 9CH2), 1.75 (m, 2H, CH2), 3.12 (s, 6H, 2CH3), 4.12 (m,
2H, CH2), 6.87 (d, 2H, phenyl), 7.22 (d, 2H, phenyl), 8.67 (m, 8H,
perylene). MALDI-MS: m+H+/z ) 678.3.

Compound 3: 1H NMR (CDCl3): δ 0.85 (t, 3H, CH3), 1.2-1.4
(m, 18H, 9CH2), 1.78 (m, 2H, CH2), 2.93 (s, 6H, 2CH3), 4.24 (m,
2H, CH2), 5.34 (s, 2H, CH2), 6.70 (d, 2H, phenyl), 7.54 (d, 2H,
phenyl), 8.64 (m, 8H, perylene). MALDI-MS: m+H+/z ) 692.4.

Fabrication of Nanoribbons. All nanoribbons were fabricated
by injecting 0.5 mL of a chloroform solution of the compound (0.15
mM) into 2.5 mL of ethanol in a test tube followed by 5 h of aging.
The nanoribbons thus formed can be transferred and cast onto a
glass surface by pipetting. For molecules 2 and 3, the fabrication
was carried out in the dark (e.g., in the refrigerator) to avoid
photooxidation of the aniline part (caused by photoinduced electron
transfer).

Structural and Property Characterizations. UV-vis absorp-
tion spectra were measured on a PerkinElmer Lambda 25 spectro-
photometer. IR spectral measurement was performed on a TENSOR
7 FTIR spectrometer (Bruker). The bright-field optical and fluo-
rescence microscopy imaging was carried out with a Leica
DMI4000B inverted microscope, using a Rhodamine filter pak,
which provides excitation in the range 530-560 nm and collects
emission at >580 nm. SEM measurement was performed with a
FEI NanoNova 6300 microscope, and the samples were directly
drop-cast on a silica substrate. The FEI NanoNova is a high-
resolution SEM allowing for direct imaging of nonconducting
materials with feature size down to 2 nm. AFM measurement was
performed in tapping mode on a Veeco MultiMode V scanning
probe microscope, for which the samples were prepared by spin-
casting the nanoribbons dispersed in ethanol on the surface of silica.
X-ray diffraction was carried out with a Philips X’Pert XRD
instrument.

Photocurrent and Vapor Sensing Measurements. Electrical
current measurements of the nanoribbons were carried out through
a two-probe method using a Signatone S-1160 probe station,
equipped with a Motic microscope for poisoning and a CCD camera
for in situ imaging of the device. The probe station is combined
with an Agilent 4156C Precision semiconductor parameter analyzer
for high-resolution current measurement, and the whole system is
housed in a shielding dark box to eliminate the rf noise and/or
scattering light for low-current and/or light-sensitive measurements.
The microgap electrodes were fabricated by photolithography on a

(55) Che, Y.; Datar, A.; Yang, X.; Naddo, T.; Zhao, J.; Zang, L. J. Am.
Chem. Soc. 2007, 129, 6354–6355.
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silicon wafer covered with a 300 nm thick SiO2 dielectric layer.
The gold electrode pair is 14 µm long and 3 µm wide, onto which
appropriate amounts of nanoribbons were deposited by drop-casting,
followed by air-drying in the dark. A tungsten lamp (Quartzline,
21 V, 150 W) was used as the white light source, and the light is
guided into the probe station through a glass optical fiber, followed
by focusing on the sample through the objective lens. The light
power reaching the sample surface was measured by a photon
detector. The photocurrent measurements under argon were per-
formed in a homemade chamber that houses the sample in a small
gastight system. The vapor sensing measurements were carried out
by introducing the saturated vapor of the explosives directly onto
the nanoribbons by a syringe. The saturated vapor of DNT was
obtained by sealing a small amount of DNT powder in a 50 mL

jar, in which some cotton was used to cover the explosive powder
to maintain constant vapor pressure.
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