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Highly fluorescent nanoribbons
assembled from an asymmetric perylene diimide (PDI) were
selective

and photoconductive

used as a dual-mode sensor for sensitive and
discrimination of two classes of organic amines in the vapor
phase, i.e., alkyl amines and aromatic amines.

Selective detection of trace amines in the vapor phase has
attracted intense attention because of the increasing concerns in
air pollution monitoring,'? quality control of food,* and even
medical diagnosis.”® Among the various detection technologies,
fluorescent  sensors” '© and electronic sensors (e.g.,
chemiresistors)'* ! represent simple, cost-effective, and highly
sensitive detection strategies. However, both electronic and
fluorescent sensory materials reported thus far exhibit responses
to all classes of amines (e.g., alkyl amines and aromatic amines),
rather than a specific class. Although sensor arrays may provide
selective discrimination among similar analytes,'> multiple types
of sensory materials (usually more than ten materials) and
complicated analysis (e.g., PCA) are required. Therefore, simple
and expedient detection technologies for selective discrimination
of the types of amines are desirable, but still remain a big
challenge.

In this work, we report that layered nanoribbons assembled
from an asymmetric perylene diimide (molecule 1, Figure 1b)
simultaneously exhibit high photoconductivity and emission
because of the large transversal molecular packing within the
nanoribbon. We demonstrate that the nanoribbons can be used as
a dual-mode sensor, which exhibited orthogonal responses (i.e.,
fluorescence quenching and photocurrent enhancement) when
exposure to alkyl amines versus aromatic amines, thereby
providing selective discrimination of alkyl amines versus
aromatic amines. This dual-mode sensor may find the potential
applications in bioanalytical chemistry for the discrimination of
analytes that are present in multiple forms.

Synthesis of molecule 1 and self-assembly of 1 into
nanoribbons were performed following previously reported
procedure.”® Transmission electron microscopy (TEM) reveals
the formation of bundles of nanoribbons from molecule 1 with a
high aspect ratio (Figure 1 and Figure S1). AFM imaging and line
scanning further show the thinnest thickness of the isolated
nanoribbon from 1 is about 6 nm (Figure 1c), which corresponds
to the length of the two layers of molecule 1. The resulting
nanoribbons are highly emissive, as depicted in the fluorescence
microscopy images (Figure 1b), which is consistent with the high

fluorescence quantum yield (ca. 35 %)."* Careful analysis of X-

s0 ray diffraction (XRD) patterns of the nanoribbons'* confirms that

molecule 1 adopts a slipping stacking with a substantial
transversal offset within the nanoribbon. A transversal
displacement of about 0.24 nm can be calculated based on 0.39
nm of m-stacking distance as observed in XRD result. Figure S2
shows the molecular packing that fits well the XRD patterns.
Such a substantial transversal displacement would reduce the
intermolecular interaction within the n-stack, thereby resulting in
Frenkel exciton that dominates the emission and retains the
dipole moment analogous to monomer.” The undisturbed
transition dipole moment allows the efficient low energy
excitonic transition and thus the efficient solid-state fluorescence
as observed.
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Figure 1. (a) TEM image of the nanoribbons assembled from 1. (b)
Fluorescence microscopy image of the nanoribbons assembled from 1. (c)
Tapping mode AFM and line scanning images of the nanoribbons from 1.

Given the transversal molecular arrangement can create a
slipped 2-D brickstone arrangement'® ' and thus increase the
electronic communication between 7-stacks, we envision that a
net m-overlap enhancement may be achieved on the nanoribbon
from 1 because the disadvantageous intra-mt-stacked electronic

9 coupling by the transversal molecular arrangement could be

compensated. To corroborate this hypothesis, we investigated the
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absorption and fluorescence spectra of the nanoribbons from 1.
As shown in Figure 2a, the absorption and fluorescence spectra of
the nanoribbons are largely red-shifted compared to those of the
individual molecule, indicative the large m-electron overlap
within the nanoribbons.'® Because the weak intermolecular
interaction within the n-stack would result in the dipole moment
analogous to the monomer and in turn the optical spectra
analogous to the monomer, the observed large m-electron overlap
within the nanoribbons must arise from the inter-n-stacked
10 electronic overlap. The large m-electron coupling within the
nanoribbons is also reflected by the efficient electron
delocalization within the nanoribbons. Electron spin resonance
(ESR) measurements of the sparse anionic radical within the
nanoribbons that formed upon the partial reduction by hydrazine
15 under argon show that an isotropic ESR signal with g = 2.0055
has the peak-to-peak line width of only 1.1 G (Figure 2b). This
corresponds to electron hopping over twelve molecules (using the
monomer radical with a width of 3.8 G for the calculation'” 2);
this efficient electron delocalization indicates the strong m-
20 electron coupling within the nanoribbon.
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Figure 2. (a) Absorption (black) and fluorescence (red) spectra of
molecular 1 in chloroform solution (dashed) and the nanoribbon state
(solid). (b) ESR spectrum of the nanoribbons from 1 partially reduced by
hydrazine vapor under argon.

Because that large m-overlap favors the stabilization of
separated charge?' as well as the electron delocalization,?? a high
photoconductivity is expected to be achieved over the nanoribbon
from 1. Indeed, as shown in Figure 3a, nanoribbons drop-cast
onto  the  two-probe  electrode  exhibit  remarkable
so photoconductivity upon white light irradiation (30 mW/cm?),

whereas the same nanoribbons are hardly conductive without

light irradiation. For example, at an applied bias of 10 V, the
photocurrent of 0.9£0.2 nA was observed when the nanoribbons
from 1 were irradiated with white light (30 mW/cm?) while the
ss dark current is only 0.08+0.03 pA (Figure 3a). Such high
photoconductivity over these nanoribbons is comparable to the
nanomaterials consisting of molecularly connected electron donor
and acceptor layers.”** Furthermore, as shown in Figure 3b, the
photocurrent switching was demonstrated to be prompt and

45

o repeatable with the light on and off, indicating that the
photoconductivity of the nanoribbons is very sensitive to the light.
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Figure 3. (a) I-V curves measured over the nanoribbon from 1 in the dark
(black) and under white light irradiation of increasing power density
(blue: 10, green: 20, red: 30 mW/cm?). (b) Photocurrent (at an applied
bias of 10 V) in response to turning on and off the irradiation (30
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Figure 4. (a) Typical fluorescence quenching of the nanoribbons from 1
upon exposure to hexylamine (30 ppmv) and aniline (3 ppmv) vapors. (b)
Typical photoconductive changes of the nanoribbons from 1 upon
exposure to hexylamine (30 ppmv) and aniline (3 ppmv) vapors. (c)
Columnar illustration of the orthogonal responses when exposed to alkyl
amines versus aromatic amines.
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The high fluorescence efficiency and high photoconductivity as
above observed, together with the intrinsic high surface area and
porosity in between piling nanoribbons upon deposition onto a
substrate, motivated us to explore the dual-mode sensing
performance of the nanoribbons, i.e., fluorescence and
photoconductive responses upon exposure to the analytes. We
chose two classes of amines, alkyl amines and aromatic amines,
as the target analyses which have been widely used in various
areas ranging from chemical to pharmaceutical industries.'
Typically, upon exposure to hexylamine (30 ppmv) and aniline
vapors (3 ppmv), remarkable fluorescence quenching of the
nanoribbons drop-cast on the glass slice (the thickness of the
nanoribbon film was determined by AFM; see Supplementary
Information) was observed, due to electron transfer reactions
between the n-type nanoribbons and reductive amines (as shown
in Figure 4a). Surprisingly, hexylamine and aniline vapors
s resulted in contrary photoconductive changes, i.e., hexylamine
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increased the photocurrent while aniline decreased the
photocurrent. As shown in Figure 4b, the photocurrent of the
nanoribbons increased from 0.7 nA to 1.7 nA when exposed to 30
ppmv vapor hexylamine, whereas the photocurrent decreased
from 0.9 nA to 0.7 nA when exposed to 3 ppmv vapor aniline.
Likewise, other alkyl amines, such as decylamine,
cyclohexylamine, dibutylamine, dihexylamine, and
trimethylamine, enhanced the photocurrent of nanoribbons. By
contrast, the other aromatic amine, such as p-toluidine and 4-
fluoaniline, decreased the photocurrent of nanoribbons (Figure
4c). The concentration-dependent responses in the fluorescence
and photocurrent of the nanoribbons upon exposure to the amines
were also monitored as displayed in Figures S3 and S4, indicating
that both fluorescent and photoconductive responses are sensitive
to the concentrations of amine vapors. The distinct
photoconductive responses of alkyl amines vs. aromatic amines
are likely related to the binding strength difference between the
nanoribbons and amines. Because alkyl amines have relatively
high oxidation potentials,” * the relatively weak electron donor-
acceptor interaction between the nanoribbon and alkyl amines
leads to a relative large separation distance; the photogenerated
charge pair can easily escape from the Coulomb attraction to
generate free charge”’ and thus increase the free charge carriers
and in turn the photocurrent. In contrast, the aromatic amines
have relative low oxidation potential® and thus enables a
stronger electron donor-acceptor interaction with the nanoribbon.
This stronger interaction, together with -7 interaction can lead to
the charge-transfer (CT) complex between molecule 1 and
aromatic amines, which is hard to escape from the Coulomb
attraction to generate free charge carriers. Furthermore, the CT
complex can decrease the inherent photocurrent of the
nanoribbons by trapping the photogenerated charge carriers on
the pristine nanoribbons.”® Obviously, compared to fluorescence
quenching, the photocurrent changes are more sensitive to the
subtle interactions between the sensory materials and the analytes
that even resulted in opposite photoconductive changes.
Importantly, these different transduction mechanisms allows the
sensor to exhibit orthogonal responses when exposed to alkyl
amines versus aromatic amines in the vapor phase (i.e.,
fluorescence quenching and photocurrent enhancement, Figure
4c¢), thereby providing an exquisite selectivity for the classes of
amines as compared to the single-mode sensor, such as the
individual fluorescence quenching sensor’ or photoconductive
sensor.'" 2* In addition, for the photoconductive response, one
advantage is that the signal amplification (i.e., sensitivity) can be
easily accessible when using long interdigital electrodes instead
of a simple electrode pair. Notably, when the mixture of a
specific amine and other organic solvents or water vapor was
blown onto the nanoribbons, the observed fluorescent and
photoconductive responses are similar to those observed when
only the amine vapor was blown onto the nanoribbons, indicative
of the negligible effect of common matrix consisting of organic
solvents and water. Of course, the photoconductivity of the
nanoribbons is not very stable and further improvements on the
photoconductive stability (e.g., via lowering the LUMO level of
the building blocks by electron-withdrawing substituents) would
be carried out towards better practical applications.

In  conclusion, report  highly fluorescent and
photoconductive nanoribbons assembled from an asymmetric PDI
molecule were used as a dual-mode sensor for selective
discrimination of two classes of organic amines in the vapor
phase i.e., alkyl amines versus aromatic amines. This dual-mode
sensor makes use of the different response mechanisms of
fluorescence quenching and photoconductive changes to the
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classes of amines and exhibits orthogonal responses when
exposed to alkyl amines versus aromatic amines, thereby
providing an exquisite selectivity as compared to single-mode
sensors. Further investigations of this approach in selective
discrimination of subdivided classes of amines are currently
underway in our laboratory.
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