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ABSTRACT: Phenanthracene nanotubes with arylene-ethynylene-
butadiynylene rims and phenanthracene walls are synthesized in a
modular bottom-up approach. One of the rims carries hexadecyloxy
side chains, mediating the affinity to highly oriented pyrolytic
graphite. Molecular dynamics simulations show that the nanotubes
are much more flexible than their structural formulas suggest: In 12,
the phenanthracene units act as hinges that flip the two
macrocycles relative to each other to one of two possible sites, as
quantum mechanical models suggest and scanning tunneling
microscopy investigations prove. Unexpectedly, both theory and
experiment show for 13 that the three phenanthracene hinges are
deflected from the upright position, accompanied by a deformation
of both macrocycles from their idealized sturdy macroporous
geometry. This flexibility together with their affinity to carbon-rich substrates allows for an efficient host−guest chemistry at the
solid/gas interface opening the potential for applications in single-walled carbon nanotube-based sensing, and the applicability to
build new sensors for the detection of 2,4,6-trinitrotoluene via nitroaromatic markers is shown.

■ INTRODUCTION
The bottom-up synthesis of carbon nanobelts, which are
cutouts of various carbon nanotubes, and their host−guest
chemistry has been in the focus of intense research in recent
years.1−3 Similar to other tubular structures such as cyclo-
dextrins, resorcinarene cavitands, or cucurbiturils,4−7 they can
then be used as a host to interact with various neutral guest
molecules, e.g., via π−π-stacking interactions and dispersion
forces. For example, cavitand-functionalized single-walled
carbon nanotubes have been shown to selectively detect N-
methylammonium chloride, and a porphyrin nanobelt has been
shown to bind fullerenes.8,9 Further applications of such
selective host−guest interactions have been demonstrated in
small molecule recognition and in membranes for efficient gas
separation.10−13 Other notable applications include use of
heterogeneous catalysts by stabilizing intermediates in the
cavity of these tubular supramolecules and the generation of
porous organic polymers.14−16 From the above examples, it is
clear that nanotubular structures are indeed a relevant class of
molecules with respect to host−guest chemistry in solution
and on surfaces.
Apart from cyclodextrins (e.g., amino CDs) and cyclo-

peptides,5,17−20 most tube-like structures based on aromatic
backbones are symmetrical with respect to their rim size and
functionality.21−23 However, nanotubes with different func-
tionalities at their rims would allow them to interact with a
solid support specifically with one rim so that they can be
deposited on a surface in an orientation-controlled manner.

This preserves access to the cavity and offers the potential for
the selective adsorption of complementary guest molecules at
the solid/liquid or solid/gas interface. For example, perthio-
lated β-cyclodextrins on gold nanoparticles can act as drug
pockets.24,25

Specifically, the phenanthracene nanotubes (PNTs) synthe-
sized in this work present themselves as potential selectors for
electron-deficient aromatics, which are markers for explo-
sives�a paramount concern for national security.26,27 We
transduce the selective host−guest interactions to electrical
readouts by incorporating them in single-walled carbon
nanotube (SWCNT)-based chemiresistive sensors, which
display high sensitivity at room temperature, low power and
cost demands, compact size, and adaptability for device
integration.28−31 In this study, we demonstrate the utility of
PNTs, when integrated into carbon nanotube-based chemir-
esistors, as an attractive alternative approach with simplicity,
high sensitivity, selectivity, and robustness to achieve the real-
time and continuous detection of explosives.
Regarding synthetic approaches toward tube- and belt-

shaped nanostructures, various strategies have been developed
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over the past years.32−34 We have recently used H-shaped
arylene-alkynylenes35 as monomers for the synthesis of
nanosized shape-persistent ladder oligomers and polymers.36

Specifically, H-shaped ladder precursors are synthesized in a
stepwise manner, where four rigid rod units are connected to a
rung. Their ethynyl ends are protected with two silyl protective
groups of different stability. After selective deprotection of the
more labile pair of groups, a first strand is polymerized, and
subsequent deprotection of the remaining protective groups
allows for the ladder formation in an intramolecular zipping
reaction. When the four linear rigid rods in H-shaped
monomers are exchanged for kinked units, a selective
deprotection of the first pair of ethynyl groups and subsequent
homocoupling under ultrahigh dilution conditions should form
a set of cyclooligomers (e.g., dimers and trimers, cf. Scheme 1)

and polymers.37−39 Separation of the shape-persistent macro-
cycles by recycling gel permeation chromatography (recGPC),
followed by a second deprotection and homocoupling step,
should lead to nanotubular structures with an internal cavity.
Since the monomer synthesis is performed stepwise, both rims
can differ in size and functionalization. Specifically, if one rim is
more adsorptive to a given substrate, an orientation-controlled
alignment of these nanostructures on the substrate should
occur. The intrinsic nanotubular structure then enables host−
guest chemistry at the solid−liquid or solid−gas interface in a
sensing device.

■ RESULTS AND DISCUSSION
Herein, we present the synthesis of PNTs 12 and 13 with
arylene-ethynylene-butadiynylene rims and phenanthracene
walls (Figure 1) via a modular bottom-up approach.
Theoretical models provide insight into the conformers formed
upon interaction of the tubular species with graphene cutouts.
The surface-mediated self-assembly on highly oriented
pyrolytic graphite (HOPG) at the solution/solid interface is
investigated by means of scanning tunneling microscopy
(STM). Based on these results, both compounds were
implemented in chemiresistive sensors for sensing of aromatic
species, including nitroaromatics, aiming at the application as
2,4,6-trinitrotoluene (TNT) sensors.
Geometry. Molecular models of 12 and 13 are shown in

Figure 2. The structures shown represent idealized sturdy
macroporous geometries with fixed angles and bond lengths of
the unfolded tubular structures. Alkoxy side chains were added
with orientations of 90° for 12 and 60° for 13.
C2v and C3v-symmetric 12 and 13, respectively, consist of

pairs of arylene ethynylene butadiynylene macrocycles that are
connected by two and three phenanthracene units. The upper
macrocycles of 12 and 13 carry four and six t-Bu groups, and

the lower are substituted with eight and twelve OC16H33
groups, respectively.

Synthesis. The PNT target structures 12 and 13 can be
viewed as nanotubular (cyclo-) oligomers of the (kinked) H-
shaped monomer 11 (cf. Scheme 2). Their synthesis started
with the selective deprotection of 2 under basic conditions to
give 3 in 96% yield. The latter was coupled to phenanthrene
diimine 4 under Sonogashira conditions to yield 5 in 62% yield.
The central phenanthracene was then formed via a
condensation of 5 with 6 in 92% yield, followed by another
Sonogashira crosscoupling generating the second rim element
of 10 in 67% yield. After quantitative deprotection under basic
conditions, the monomer 11 was obtained as a neon yellow
solid, which fluoresces upon irradiation in solution and the
solid state (see Figures S6 and S7 in the Supporting
Information). The usage of the (3-cyanopropyl)dimethylsilyl
(CPDMS) protective group, a polar analogue of the
trimethylsilyl (TMS) protective group, facilitated the col-
umn-chromatographic purification of 11 in the last step.40 The
latter was then (cyclo-) oligomerized by a Pd-catalyzed
oxidative homocoupling (Glaser coupling) under high-dilution
conditions, i.e., injection of the monomer into the catalyst
solution over 24 h. RecGPC allowed an efficient separation of
cyclodimer 122 and -trimer 123 from the crude product in
yields of 31% and 9%, respectively. The absence of any
terminal acetylene signals in the 1H NMR spectra indicated the
formation of cyclic structures. This is also supported by the
limited set of signals, as expected for highly symmetrical cyclic
molecules. Deprotection using TBAF yielded 132 and 133,
which were treated without further purification under Pd-
catalyzed oxidative homocoupling conditions. From the crude
product mixture, 12 and 13 could be isolated by recGPC in 25
and 7% yields over two steps, respectively. Due to their
symmetry and signal broadening in the aromatic region, a
distinction via NMR spectroscopy was not possible. However,
no residual terminal acetylene signals were visible in the 1H
NMR spectra, and the DOSY-NMR obtained for 12 only
showed one distinct species indicating the full closure of all
butadiyne-links (see Supporting Information (SI)). Also,
ultraviolet/visible (UV/vis) and fluorescence spectra of 12
and 13 are alike since the length of the largest chromophore
is unaltered upon oligomerization due to the meta substitution
at the compound corners (see Figures S5 and S6).41 However,
the final products could gratifyingly be characterized and
distinguished via analytical GPC and high-resolution MALDI-
(+) mass spectrometry (see Figures S4, S44, S45, S49, and
S50). Repeated synthesis on a small scale yielded total
amounts of 29 mg of 12 and 7 mg 13.
The protection of the carbonyl units of the phenanthrene

quinone is one of the critical steps in the reaction sequence.
The imine protective group in 4 is necessary due to the often
observed low yields when performing Sonogashira cross-
couplings with phenanthrenequinones and related com-
pounds.42,43 It increases the compound solubility and
decreases the ability of 1,2-diketone to deactivate the Pd
species, most probably via complexation. Without protection,
the coupling reaction gave irreproducible yields of only about
15%. Other strategies to overcome this issue include the
protection as ketal.44−46 However, the advantage of the imines
is that they are inherently very labile toward acids. Therefore,
they are already cleaved during aqueous workup and do not
require an additional deprotection step.

Scheme 1. Synthesis of the Phenanthracene Nanotubes
(Top: Cyclodimer 12; Bottom: Cyclotrimer 13;
Schematically)

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c08131
J. Am. Chem. Soc. 2024, 146, 2986−2996

2987

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08131/suppl_file/ja3c08131_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08131/suppl_file/ja3c08131_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08131/suppl_file/ja3c08131_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08131/suppl_file/ja3c08131_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c08131/suppl_file/ja3c08131_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08131?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c08131?fig=sch1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c08131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Molecular Modeling. We carried out computational
studies and molecular dynamics (MD) at the tight-binding
quantum chemistry level GFN2-xTB47,48 with implicit
solvation, conducted with the xtb 6.5.1 program package,49

to assess on the one hand the conformations of 12 and 13 after
adsorption on graphene, a model substrate for HOPG used in

the STM experiments, and on the other hand the flexibility of
12 and 13 in solution. While the alkyl side chains are known to
mediate adsorption to both substrates, they should not affect
the conformation of the tubular structures of 12 and 13 and are
therefore neglected here. The orientation-controlled adsorp-
tion of both species should nominally generate molecular
cavities on the surface, accessible from above.
However, 12 (Figure 3a) adopts a more compressed

conformation in which the phenanthracene units act as
“hinges”. One of the latter (arrow 1 in Figure 3a) is oriented
in parallel to the HOPG substrate, while the other (arrow 2) is
tilted and partly overlaps with the first. This leads to an offset
of the upper macrocycle (arrow 3) relative to the lower one
(arrow 4) and a slightly nonplanar geometry of the upper ring.
The collapse of the tubular structure is possible due to rotation
of both phenanthracene hinges in parallel. Based on a model
with fixed angles and bond lengths, we expected that the
phenanthracene units in 13 are (due to C3v symmetry) not
aligned in parallel. Therefore, they cannot flip in different
directions but block each other. This should consequently lead
to a three-dimensional shape, in which both (bottom and top)
shape-persistent macrocyclic rims of the tube would adopt a
certain distance, such as providing an intramolecular cavity
(e.g., filled with solvent molecules or analytes). Contrary to
this assumption, the lower macrocycle in 13 (arrow 5 in Figure

Figure 1. Chemical structures of the PNTs 12 and 13, implementing arylene-ethynylene-butadiynylene rims and phenanthracene walls. The t-Bu
and OC16H33 substituents mediate compound solubility, whereas the latter also provide an affinity to HOPG for STM imaging.

Figure 2. Top and side views of molecular models of (a) 12 and (b)
13; D1 = 2.4 nm; D2 = 0.8 nm; h1 = 0.7 nm; w1 = 0.9 nm; w2 = 1.6 nm;
D3 = 2.4 nm2; h2 = 0.7 nm; w3 = 0.8 nm; w4 = 1.6 nm.
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3b) retains its ideal geometry (resembling a triangular shape),
and the structure collapses by the upper macrocycle (arrow 6)
being compressed at one end, adopting a “bicycle saddle”
shape. MDs additionally show that the idealized sturdy
macroporous forms are conformationally stable neither when
adsorbed on the surface nor when free in solution, and instead,
12 and 13 prefer a maximalization of the π−π-stacking
interactions, which is achieved by the aforementioned
collapsing of the hinges. Note that the MDs only consider a
single molecule of 12 or 13, respectively, and in this aspect, do
not reflect the STM experiments, as there the bottom
macrocycles are immobilized in a two-dimensional (2D)

crystal. Additionally, 13 is not able to collapse all three hinges
at the same time rendering it a bit sturdier than 12, but still far
away from rigidity in general or real shape persistence.
Nevertheless, the PNTs are more rigid than their SPM
analogues, as shown by the means of MD simulations and the
distance distribution analysis of opposing condensed aromatic
units of the rim (cf., Figure S2).
This is only possible due to the flexibility (or elasticity) of

the nominally shape-persistent constituents,50 particularly the
diacetylenes.51−54 Moreover, the phenanthracene units in 13
do not overlap (as in 12) but lie flat on the graphene, resulting
in a wavelike structure of the upper ring and two crossings of

Scheme 2. Synthetic Approach Towards H-Shaped Monomer 11 and the Desired Nanotubular Target Structures 12 and 13.
a

aReagents and Conditions: (a) NaOH, toluene, reflux, 1 h, 96%; (b) PdCl2(PPh3)2 (cat.), PPh3, CuI (cat.), piperidine:THF (2:1), 40 °C, 20 h,
62%; (c) CHCl3, AcOH, reflux, 24 h, 92%; (d) NaOH (dry), toluene, reflux, 30 min, 61%; (e) Pd(OAc)2 (cat.), XPhos, CuI (cat.), piperidine:THF
(2:1), 80 °C, 20 h, 67%; (f) K2CO3 (anhydr.), MeOH:THF (1:2), r.t., 24 h, >99%; (g) PdCl2(PPh3)2 (cat.), CuI (cat.), I2, THF:DIPA (1:1), 50
°C, injection over 24 h, 31% 122 and 9% 123; (h) TBAF (1 M in THF), THF, 35 °C, 3 h; (i) PdCl2(PPh3)2 (cat.), CuI (cat.), I2, THF:DIPA (1:1),
50 °C, injection over 48 h, 25% 12 and 7% 13, over two steps respectively.
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the upper and lower macrocycles (arrows 7 and 8,
respectively).
STM Studies. We aimed to study the adsorption behavior

of 12 and 13 on a carbon-based substrate related to the
nanotubular environment of later sensing experiments. There-
fore, in situ STM studies were conducted at the solid/liquid
interface of HOPG and a dilute solution of the respective
compound in a suitable solvent, i.e., 1,2,4-trichlorobenzene
(TCB).

12 forms a self-assembled monolayer (SAM) in which a
periodic, checkerboard-like pattern is observed in the STM
image (Figure 4a). Each brightly appearing surface region (that
corresponds to an aromatic backbone) is surrounded by
regions with darker image contrast attributed to regions
covered with the aliphatic (alkoxy chain) periphery.55 This
gives a first indication that all molecules of 12 are oriented with
the alkoxy-substituted tube rim toward the HOPG substrate, as
intended. Along one direction (denoted as unit cell vector b),
each pair of adjacent aromatic backbones interacts via four side

Figure 3. Top, perspective, and side views of (a) 12 and (b) 13 on a graphene cutout optimized at the GFN2-xTB level of theory (with
hexadecyloxy side chains omitted and graphene cut to C600H60 for clarity, cf. SI). Arrows 1 and 2 indicate phenanthracene units aligned in parallel
to the surface and tilted, respectively; arrows 3/6 and 4/5 indicate the lower and upper macrocycles, respectively; and arrows 7 and 8 indicate
crossings of the upper and lower macrocycles.

Figure 4. (a, d, e) Scanning tunneling microscopy images, (b) proposed supramolecular model, (c) schematic model of the bottom rim, and (f)
molecular models (neglecting the side chains) of (a−c) a self-assembled monolayer of 12 and (d−f) 13 at the solution/solid interface of the
respective compound in 1,2,4-trichlorobenzene and highly oriented pyrolytic graphite. Image and unit cell parameters: (a) 12: c = 5 × 10−6 M, 30 ×
30 nm2, VS = −1.3 V, It = 23 pA; a = (4.3 ± 0.2) nm, b = (3.7 ± 0.2) nm, γ(a,b) = (87 ± 2)°, γ(b,d1) = (1 ± 2)°, γ(d1,d2) = (90 ± 4)°; (d) 13: c = 3
× 10−5 M, 40 × 40 nm2 (internal scanner calibration), VS = −0.7 V, It = 18 pA; (e) 13: c = 3 × 10−5 M, 9.4 × 9.4 nm2 (internal scanner calibration),
VS = −0.7 V, It = 20 pA; all samples thermally annealed for 20 s at 80 °C. Red lines in panels (a−c) indicate the unit cell; white and black solid (and
dashed) lines in panels (a, b) indicate the HOPG main axis (and armchair) directions; gray boxes and lines in panel (c) indicate the bottom rims
and interdigitation pattern of the hexadecyloxy side chains; blue arrows in panel (c) indicate the tilting directions of 6 out of 9 top rims in the
marked surface region in panel (a); black and white dashed ovals in panels (e, f) highlight the phenanthracene units.
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chains that align with one of the three HOPG main axis
directions (denoted as d1),

56−60 and appear as the regions of
darkest contrast within the STM image (e.g., arrows 1 and 1′ in
Figure 4a). More precisely, these four chains assemble in two
pairs of chains that are aligned in an antiparallel direction (with
an intermediate gap), which can be viewed as a “widened”
interdigitation pattern (AB_AB packing; cf. Figure 4c). The
other four of the eight total chains of each molecule are also
clearly observable (as linear contrast variations of medium
brightness, e.g., arrow 2 in Figure 4a) and mediate the
interaction of two adjacent backbones along the direction
denoted as a. Unexpectedly, they do not follow one of the
main axis (or zigzag) directions of the underlying HOPG
substrate but instead are aligned orthogonal to the previously
discussed chain direction. This arrangement along the armchair
direction of graphite (denoted as d2 in Figure 4b)�while
rare�has previously been observed for (cyclo-) alkanes and
alkyl chains in sterically constrained environments. Examples
include rotated quadratic domains (where the domain width is
identical to the length of a molecule or multiples thereof)61−63

and alkoxy chains in a pocket between rigid aromatic
backbones (where the majority of other side chains is aligned
along the main axis).64 To this two-dimensional (2D)
crystalline pattern, a (nearly rectangular) unit cell with
parameters a = (4.3 ± 0.2) nm, b = (3.7 ± 0.2) nm, and
γ(a,b) = (87 ± 2)° rotated relative to d1 with γ(b,d1) = (1 ±
2)° is indexed. Note that the tube rim carrying the eight
hexadecyloxy side chains is in close contact with the substrate
and acts as a two-dimensional “anchor”, mounted in a fixed
lateral position on the HOPG substrate, as dictated by the
periodic alkoxy chain periphery and schematically indicated by
the gray boxes and lines in Figure 4c. The other tube rim,
carrying four t-butyl groups, should in principle flip to either
side (cf. Figure 3a). While the regions of brighter contrast in
the image are not resolved clearly enough to point out specific
details of the upper and lower rims, a notable distinction in the
position of the brightest contrast feature is made when visually
comparing adjacent molecules. In the STM image shown in
Figure 4a, we could clearly identify that out of 55 molecules, 22
adopt the conformation oriented to the top left (of the STM
image shown) and 16 are tilted to the bottom-right (cf. SI and
blue arrows in Figure 4c). Therefore, the upper rims are in
close contact with the lower rims after having flipped randomly
to either side during the adsorption process and then stay in
this orientation throughout the STM measurement. Con-
sequently, the cavity of the PNTs is rather compressed and
adaptable in size, allowing for selectivity in the host−guest
interactions of later sensing experiments.
Monolayers of 13 have also been observed under similar

conditions via STM (Figure 4d,e). However, the tendency to
form regular 2D patterns is far less pronounced, and only small
regions of the surface show ordered patterns (Figure 4d)
where rows of triangles that point in opposite directions
alternate. Figure 4e and f shows two molecules of 13 on the
HOPG surface. Three bright contrast features per molecule are
clearly attributed to the phenanthracene units (due to their
electronic conductivity when in contact with the HOPG
substrate) and are surrounded by darker regions attributed to
the alkoxy chain periphery. The parts of the backbone to which
alkoxy chains are attached are again assumed to be closest to
the surface. As no highly ordered domain over a large surface
area (such as for 12) has been observed, the exact positions of
the alkoxy chains remain largely unresolved.

Explosive Detection. Based on these structural inves-
tigations, it was envisioned that the PNTs would deposit on a
carbon-based substrate to serve as selectors in a chemiresistive
device. Preliminary studies used a quartz crystal microbalance
(QCMB), and a diluted solution of 12 was drop-casted on
gold-coated QCM electrodes. These investigations revealed
reversible adsorption and desorption of aromatic molecules
from the gas phase, and the flexible nature of 12 provides for
selectivity between different aromatic analytes (Figure 5a).

However, when 12 was used in graphene-based field-effect
transistors (GFETs), no significant change was observed in the
transfer characteristics of the GFETs upon exposure to the
same analytes (Figure 5b). This indicated that the incorpo-
ration of a guest molecule in the PNTs did not have a
significant effect on the electronic interaction between the
PNT and the graphene that would ultimately change the
conductance of the GFETs.65

Therefore, chemiresistive devices based on a network of
PNT-functionalized single-walled carbon nanotubes

Figure 5. (a) Quartz crystal microbalance measurements with dimer
12 for different analytes (10 ppm in dry air); depicted is the change in
the third harmonic of the resonant frequency with time upon analyte
exposure; (b) current−voltage (I−V) characteristics of graphene-
based field-effect transistors (GFETs) with 12 before and after 5 min
exposure of 10 ppm of nitrobenzene in dry air. (N ≥ 16).
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(SWCNTs) were fabricated and tested.28 In particular,
SWCNTs (0.1 mg/mL) are dispersed in an ortho-dichlor-
obenzene solution of PNTs (1 mg/mL) using ultrasonication.
Subsequently, the resulting dispersion (1 μL) is drop-cast
between gold electrodes on a glass substrate to form the
chemiresistor devices. The operating mechanism of SWCNT-
based chemiresistors does not rely exclusively on a change in
the electronic interaction between SWCNTs and the selector
(PNTs). In these devices, a response can be generated by
modulating the number of interconnection points of
conduction pathways in the SWCNT network. The number
of interconnections is reduced by the swelling of the SWCNT
network induced by interactions of the PNT selectors with an
analyte.66,67 We expect that 12 will behave as a molecular
actuator triggered by the binding of an analyte to separate
SWCNTs based upon its compressed guest-free structure as
previously described (Figure 6).
Indeed, this way, it was possible to replicate the signals

observed upon exposure to aromatic analytes when using the
QCMB, as well as their relative signal strength (Figure 7). This
shows that the selectivity is transferred from the PNTs to the
SWCNT-based chemiresistors, and that these PNTs can be
used effectively as selectors. Further studies using 12 (12-
SWCNT) showed clear selectivity toward nitrotoluene,
whereas pristine SWCNTs (p-SWCNT) showed no selectivity
whatsoever. Using 13 (13-SWCNT), the same selectivity as for

12-SWCNT was observed but less pronounced, which can be
attributed to the larger cavity size. This supports the proposed
swelling mechanism as mode of detection for the sensor. To
enable this mechanism, PNTs had to be incorporated into the
SWCNT network, by forming a dispersion in o-dichloroben-
zene (o-DCB) via ultrasonication, rather than simply
depositing the PNTs on top of the SWCNT network. Sensor
signals were only observed from the codeposition from the
PNT-SWCNT dispersion, because for the swelling of the
PNTs to be able to break the interconnections between
SWCNTs, the PNTs must have a strong interaction with the
SWCNT network. This interaction could be detected by
Raman spectroscopy. Shifts of the SWCNT C(sp2)-C(sp2)
stretching mode (G band) to lower wavenumbers were
observed in 12-SWCNT and 13-SWCNT, compared to the
pristine SWCNTs (cf. Figure S13). Thus, these results indicate
a strong interaction via an n-type doping influence from the
PNTs to the intrinsically p-doped SWCNTs.68 The monomer
11 itself did not show any enhanced selectivity compared to
the pristine SWCNTs, indicating the need for a cavity (cf.
Figure S14). Moreover, monomer 11 dispersed the SWCNTs
poorly compared to 12 and 13, leading to phase-separated
aggregates.
The observed selectivity of the chemiresistor does not

directly correlate with the electronic structure of the aromatic
analytes (Figure 7). Furthermore, the nitro-group is not the

Figure 6. Illustration of a swelling-based sensing mechanism, showing the expansion of the SWCNT network (d2 > d1) upon the binding of
nitrotoluene to the PNTs.

Figure 7. Chemiresistive responses of 12-SWCNT (yellow), 13-SWCNT (pink), and p-SWCNT (orange) upon exposure to 10 ppm of various
analytes in dry air for 5 min. (N ≥ 4).
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primary selectivity factor either, as the nonaromatic counter-
part nitrocyclohexane gave significantly lower signal responses.
In addition, analytes with a higher boiling and melting point
adsorb more easily onto surfaces; however, no significant
correlation was observed. It can be concluded that a
multicomponent sensing mechanism involving an interaction
of the aromatic system and the electron-withdrawing nitro-
group with the respective PNTs 12 or 13 led to the observed
selectivity toward nitroaromatic analytes. This interaction itself
can be surmised to be based on a differentially efficient
induced-fit of the PNT hosts toward the respective analyte
guest molecules.
In the context of good selectivity of PNT-based chemir-

esistors toward nitroaromatic analytes, we probe their potential
to detect low concentrations of 2-nitrotoluene as a marker for
TNT and thus contribute to the development of new
lightweight, portable, and solution-processable explosive
sensors. 2-Nitrotoluene is a good marker for TNT because it
is always present in explosive-grade TNT samples, which have
a low vapor pressure (<5 ppb) at room temperature.69

Therefore, we evaluate the signal responses toward different
concentrations of 2-nitrotoluene and its signal strength can be
correlated to vapor. Only when the concentration of 2-
nitrotoluene is below 1 ppm could a linear dependency be
observed, which may be explained by a saturation of the sensor
with the analyte at higher concentrations. Using only analyte
concentrations below 1 ppm reveals a highly linear correlation

between the sensor response and analyte concentration (Figure
8). This linear correlation was then used to determine the
calculated limit of detection (LOD; cf. SI), which amounted to
11 ppb.70

Comparing the LOD of the sensors manufactured in this
work with other carbon nanotube-based chemiresistors, the
low ppb-level sensitivity is among the best results published to
this date.71−76 Lower LODs have been obtained for solution
sensing, but the utility of these devices in the detection of
explosives is not operationally useful because they cannot
detect solid explosives by direct vapor detection.77 Other
sensing methods which are based on chromatography or
fluorescence quenching, rather than a chemiresistive response,
give LODs two orders of magnitude lower, i.e., in the range of
few ppq.69,78 However, they require larger devices and are
more costly to manufacture. The low power and inexpensive
nature of chemiresistors allows for deployment of badges into
workclothing for hazardous environments or in arrays for
distributed (large area) monitoring.
To ensure reliable signals from the sensor, not only the

selectivity with respect to similar compounds was tested but
also interference from volatile organic compounds (VOCs).
These VOCs have low boiling points and could give false
positive signal responses when being present in larger
quantities than the 2-nitrotoluene to be detected.
Experiments showed that even ten times higher concen-

trations of VOCs gave only a fraction of the signal response

Figure 8. Chemiresistive response-traces and sensor response to analyte concentration relationship for 12-SWCNT chemiresistors upon exposure
to 2-nitrotoluene in dry air in different concentrations (a, c) below 1 ppm (b, d). (N ≥ 4).
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observed for 2-nitrotoluene (cf. Figure S17), comparable to the
signal of sensors using pristine SWCNTs. Regarding the
influence of humidity on the sensing capability of the
chemiresistor, it was found that there was no significant
lowering of the signal response when the relative humidity was
increased from 0 to 70% (cf., Figure S16). Furthermore, the
sensors show good long-term stability under ambient storage
conditions, retaining more than 70% of the initial signal
responses toward 2-nitrotoluene after 30 days (cf. Figure S18).

■ CONCLUSIONS
We have reported the modular synthesis of PNTs in which
both rims of the tube contain different side groups. Specifically,
t-butyl groups and hexadecyloxy groups at either rim give an
orientation control when the compounds are physisorbed on
HOPG due to the high tendency of long alkyl chains to align
on the graphite. The 2D adsorbates were investigated by
means of STM and the images, together with quantum
chemical calculations, show that the molecules are much more
flexible than their structural formulas suggest. This dynamic
structural feature allows these materials to behave as dynamic
actuators triggered by analyte binding. By deploying our
molecular nanotubes as in a random SWCNT nanowire matrix,
we can modulate the SWCNT−SWCNT contacts with analyte
adsorption to create strong selective sensory responses with
parts per billion detection limits of a TNT marker. In this way,
a new potent chemiresistive sensor for explosive detection is
demonstrated with high sensitivity, selectivity, and durability.
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