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Metal-Organic Polyhedra Cages Immobilized on a Plasmonic
Substrate for Sensitive Detection of Trace Explosives

Chen Wang, Jin Shang, Yue Lan, Tian Tian, Hui Wang, Xi Chen, Jing-Ying Gu,

Jefferson Zhe Liu, Li-Jun Wan, Wei Zhu,* and Guangtao Li*

A novel strategy for highly sensitive detection and discrimination of explo-
sives is developed based on the metal-organic polyhedra (MOP)-decorated
plasmonic substrate. It is found that the careful selection of the geometric
and electronic characteristics of the assembly units (organic ligands and
unsaturated metals sites) embedded within the MOP cage allows for the inte-

challenges arise from the intrinsic prop-
erty of these explosive molecules, such as
ultralow volatility, unfavorable reduction
potentials, and poor affinity for sensory
materials, due to their highly 3D struc-
ture and the lack of n—r interaction. It is
thus very difficult to design and synthe-

gration of multiple weak molecular interactions in a controllable fashion and
thus the MOP cage can serve as an excellent receptor for selective uptake
and binding of explosives. By further grafting of the MOP cage onto a plas-
monic substrate with good surface-enhanced Raman scattering enhancement
factor, the resulting sensor shows a good sensing capability to various groups
of ultratrace explosives, especially the challenging aliphatic nitro-organics.

1. Introduction

Efficient detection of hidden explosives in war zones, minefield
remediation, and counter-terrorism application is a pressing
concern.l!l Numerous strategies have been developed to sense
three classes of the most commonly used energetic com-
pounds including nitrated aromatics (e.g., TNT and DNT), nit-
ramines (e.g., RDX and HMX), and nitrate esters (e.g., PETN).
However, finding a suitable and efficient sensing strategy for
directly detecting trace aliphatic nitro-organics, such as RDX,
HMX, and PETN, still faces formidable challenges.l”) These
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size a proper receptor that exhibits high
affinities and selectivities toward aliphatic
nitro-organics.®! In addition, since many
current sensors are only specific for one
class of explosive, which reduces their
overall utility, the development of a sensor
for broad-class explosive detection also
constitutes a serious challenge.l There-
fore, developing a chemosensor capable of
sensitively detecting a broad range of explosives, in particular
the aliphatic nitro-organic, is highly desirable.

Metal-organic polyhedra (MOP), discrete molecular cages
that are constructed through the coordination of organic linkers
and metal ions, have attracted great attentions owing to the
well-defined and confined cavity, high symmetry and stability,
as well as rich chemical or/and physical properties and func-
tions.! Such amazing architectures are derived from modular
and high-yield coordination-driven self-assembly method. A
careful selection of bridging ligands and metal ions permits
to control the well-confined inner space, gated pores, and
nanoscale windows. Specifically, the geometric and electronic
characteristics that are embedded within the individual assem-
bling components allow for the integration of multiple weak
molecular interactions, such as hydrogen bonding, charge—
transfer, and brensted acid-base interaction in a controllable
fashion and thus provides specific inner environments for
selective uptake and binding of guest molecules.l®! Moreover,
the designable exposure of exo-reactive sites around MOP
assemblies”) allows it to further couple with functional sub-
strate such as plasmonic substrate to expand the potential
applications. These distinctive features make MOP an excellent
candidate for molecular recognition.

Here, we present a novel strategy for detecting broad
ultratrace explosives based on a MOP-decorated plasmonic
nanohybrid substrate (Scheme 1). This strategy features the
use of the MOP cage with desired inner space and properties
suitable to trap single-explosive molecule (TNT, DNT, RDX,
or HMX). The presence of the electron donating sites -NH,
and the unsaturated metal sites Cu?" in the confined cavity
enables the integration of multiple molecular interactions,
such as charge—transfer and bregnsted acid-base interaction, to
strengthen the guest-host interactions and thus makes MOP a
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Scheme 1. Schematic illustration of a) the synthesis of the MOP cage with desired inner envi-
ronment for single-explosive molecule capture, and b) the construction of the MOP-decorated

plasmonic substrate for explosive sensing.

good receptor for binding various sorts of explosive molecules,
including the challenging aliphatic nitro-organics. Further-
more, the size-exclusion effect derived from the gated pores
provides a size- or shape-selectivity for better explosive discrim-
ination. By grafting the MOP onto the Au nanoparticles (NPs)-
based plasmonic substrate with good surface-enhanced Raman
scattering (SERS) enhancement factors, we found that the
resulting MOP-modified or -decorated plasmonic nanohybrids
showed a good sensing capability to detect trace explosives.
The detection limit for HMX was 107 M, and for TNT and
RDX could be down to 107'° m. Controlled experiments were
performed using plasmonic substrate grafted with 4-PySH or
—NH, and showed quite poor sensing behaviors, indicating the
formation of a host-stabilized complex in MOP is critical for
the good sensing of explosives. Moreover, density functional
theory (DFT) computational study was conducted to verify the
presence of multiple weak interactions inside MOP at molec-
ular level. In particular, the noncovalent nature of the resulting
heteroternary complex indicates that the trapped molecules in
the MOP are facilely removable by simply washing, showing an
excellent regeneration for real-world application.

2. Results and Discussion

A three-step procedure was employed to construct the MOP-
decorated plasmonic nanohybrid substrate. First, the MOP
cage was synthesized by slow addition of methanol into a N,N-
diethyl formamide (DEF) solution of Cu,(OAc), and ligand
H,(2-NH,-5--Pr-3,3"-PBEDDB) (L-NH,). After 5 d the MOP
cage [Cuy(L-NH;)4(S)4]exS (Cu-MOP) was obtained with a yield
of 80% (Figure 1a and detailed preparation in the Supporting
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Information). Second, an Au NPs-based
plasmonic substrate was prepared through
a seed-based approach, and modified with
4-mercaptopyridine (4-PySH). Finally, the
obtained plasmonic substrate was immersed
into a DEF solution of Cu-MOP at room
temperature. After 12 h immersion the sub-
strate was rinsed with DEF and methanol
thoroughly, and activated in vacuum at 60 °C.
The resultant Cu-MOP-decorated plasmonic
substrate was achieved through the coordi-
nation interaction between the axial Cu sites
exposed outside of the Cu-MOP cage and the
pyridine moieties attached on Au surface,
and used for trace explosive sensing.

The structure of the Cu-MOP cage was
determined by single-crystal X-ray analysis.
As shown in Figure S1 and Tables S1 and S2
of the Supporting Information, the cage pos-
sesses a lantern-type structure arrangement
with four bridging ligands surrounding two
paddlewheel dicopper motifs, with a height
of 19 A and diameter of 26 A, as well as an
internal volume of 10.9 x 10.7 x 9.1 A3, The
electrospray ionization (ESI) measurement
also confirmed the cage structure in solu-
tion. The ESI mass spectra (Figure 1b) of the
Cu-MOP exhibited an intense peak at m/z = 2063, which could
be assigned to the positively charged specie [Cuy(L-NH,),]* Na*.
It should be noted that the prepared Cu-MOP is an uncharged
molecular cage. Compared to charged molecular cages (e.g., M.
Fujita’s coordination cages), it is quite difficult for the case of
the uncharged molecular cages to achieve MS data with good
quality.® In our case, in order to get the ESI-Mass data with
good quality, we optimized the experiment conditions, including
the spray voltage, capillary temperature, and ion accumulation
time and finally achieved satisfied ESI results (Figure 1b). In
addition, the scanning tunneling microscopy (STM) images in
Figure S2 of the Supporting Information revealed the forma-
tion of =2 nm sized molecular particles, which is consistent
with the size obtained by single-crystal X-ray analysis, further
supporting the formation of the Cu-MOP cage.

The Au NPs-based plasmonic substrate was characterized
by SEM. As shown in the inset of Figure 1c, the Au nanois-
lands clearly are formed on the substrate and separated by
=10-100 nm gaps, exhibiting a suitable morphology for local
electrical field enhancement and SERS for trace analyte sensing.
As expected, the UV-vis absorption spectroscopy (Figure 1c)
reveals a strong surface plasmon resonance at 525 nm typical
for Au NPs in this size range. The modification of these Au
islands with 4-PySH followed by further immobilization of the
Cu-MOP cages was clearly confirmed by STM and XPS. In our
case, for a better scanning image by STM an atomally flat Au
(111) was used as substrate. Figure S3 of the Supporting Infor-
mation shows the typical morphology of the self-assembled
monolayer of 4-PySH (SAMs) on Au (111) surface. After the
attachment of the Cu-MOP, the STM image (Figure S4, Sup-
porting Information) reveals the cages homogeneously distrib-
uted on surface and the bright spots standing out demonstrate
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Figure 1. a) Schematic representation of the construction of Cu-MOP; S is the coordinated solvent molecule, which can be removed under a vacuum
at 60 °C to yield an empty molecular cage for explosive trap; b) ESI spectrum of the Cu-MOP, showing an intense peak at m/z = 2063, which could be
assigned to the positively charged specie [Cuy(L-NH,)4]* Na*; c) UV-vis spectrum of the Au NPs-based plasmonic substrate; insert is the SEM image

of the plasmonic substrate.

the regularity in size. By using XPS technique, we further con-
firmed the binding or grafting of 4-PySH and Cu-MOP onto the
substrate. Figure S5a of the Supporting Information shows the
XPS spectrum of 4-PySH modified substrate. The occurrence
of Cls (284.81 V), N1s (399.97 eV), S2p (161.99 eV), and Audf
(83.93 eV) bands indicates the presence of 4-PySH molecule
on gold surface. Compared to the peak located at 163-164 eV
for the unbound thiol species,®¥ in our case, the S2p peak is
centered at 161.99 eV and can be assigned to the bound thi-
olate on gold surface,®> clearly proving that 4-PySH molecules
were chemisorbed onto gold surface with the formation of
Au-S bond. In addition, the peaks corresponding to free thiols
were not observed, indicative of no trace of the starting mate-
rial (4-PySH). After the attachment of Cu-MOP cages on the
4-PySH modified substrate, besides Cls, N1s, S2p, and Au4f
bands, the Cu2p XPS signal was clearly detected at 932.21 eV
(Figure S5a,b, Supporting Information), indicative of the suc-
cessful grafting of the Cu-MOP cage onto the surface. Also,
compared to the Cls spectrum of the 4-PySH modified sub-
strate (Figure S5c, Supporting Information), which contains
three different carbon atoms: the C=C (284.60 eV), the C—N
(285.20 eV), and the C—S (286.14 eV), some new components
were found in C1s spectrum for the case of the Cu-MOP treated
substrate, as shown in Figure S5d, Supporting Information.
With the help of literature, ) these peaks could be assigned to
the C=C (283.92 eV), the C—NH, (287.39 eV), and the O—C=
O (288.50 eV) species, clearly suggesting the successful grafting
of Cu-MOP cages on the 4-PySH modified substrate. All these
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results corroborate a good grafting of 4-PySH and Cu-MOP
cages on Au NPs-based plasmonic substrate.

SERS is an ultrasensitive vibrational spectroscopic tech-
nique for molecule sensing. Generally, the SERS enhance-
ment factor is strongly related to the nanostructure of the used
plasmonic substrate. In our work, a plasmonic substrate with
desired morphology for strong local electrical field enhance-
ment and SERS was fabricated by following Dai’s method.['"!
Based on the FDTD simulation, we found that a great local-
ized surface plasmon resonance (LSPR) and substantial elec-
tromagnetic field enhancement could be achieved in the gaps
between Au NPs, with a maximum enhancement up to 18-fold
(Figure 2a,b). The variability in the background SERS signal of
the Cu-MOP substrates without explosive was first examined.
Figure S11 of the Supporting Information shows the compar-
ison of the Raman spectra of the Cu-MOP substrates prepared
in this work. The relative standard deviation (RSD) of major
peaks is used to estimate the reproducibility of SERS signals.
In our case, after the optimization of preparation conditions,
the RSD value of the prepared Cu-MOP substrates is about
15.6%, which is consistent with the results of the Au NPs-based
SERS substrates reported in the literature.!'3 Probably due to
an inhomogeneous distribution of Au NPs, the background
SERS signals vary to some extent. In fact, similar phenomenon
was also found in the literature.'™ Thus, it is expected that the
Cu-MOP molecular cages anchored on the plasmonic substrate
could serve as a unique receptor for sensitive detection of trace
explosives.
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Figure 2. a) Distribution of the electric field intensity around Au NPs (d = 160 nm) at a wavelength of 633 nm; and b) the comparison of the SERS
spectra for the Cu-MOP-modified substrate before and after exposure to ¢) TNT, or d) RDX solutions at different concentrations.

In our case, Cu-MOP-decorated plasmonic substrates were
respectively immersed into the dichloromethane solutions of
explosives with various concentrations for 6 h, and after thor-
oughly washing with dichloromethane the SERS spectra were
collected (Figure 2c,d, and Figure S6, Supporting Information).
The assignments of the peaks in the SERS spectra were sum-
marized in Table S3 of the Supporting Information. As shown
in Table S3 of the Supporting Information and Figure 2c, the
trap of TNT molecule in Cu-MOP cage was detected, and the
characteristic peaks of TNT at 1535 cm™ (asymmetric nitro
stretching), 1207 cm™! (C-H ring bend and in-plane rocking),
and 1613 cm™ (2,6-NO,, asymmetric ring stretching) appeared
in the SERS spectrum at concentration of 10 m. Even if the
concentration was down to 101! w, the characteristic vibration
features could still be observable, indicative of an outstanding
sensing capability. More strikingly, this superior sensing fea-
ture could be applied to detect the challenging aliphatic nitro-
organics, such as RDX and HMX, as shown in Figure 2d and
Figure S6, Supporting Information. Clearly, in the case of RDX,
the asymmetric nitro group stretching band (1533 cm™) and
the mainly methylene bending vibration modes with frequen-
cies between 1340 and 1480 cm™' (i.e., 1430 and 1472 cm™)
containing N-N and NO, stretching could be observed. Also
in the presence of HMX, the band in the region between 1200
and 1600 cm™, where the asymmetric stretch modes of nitro
groups, wag of H atoms out of the CH, plane and the bend
of H—C—H angles were also observed. As control experiments,
Raman spectra of the used solid explosives (INT, RDX or HMX)
were collected and introduced in Figure 2, and Figures S6

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and S10 of the Supporting Information, respectively. As shown
in these figures, TNT, RDX, and HMX show the characteristic
Raman peak of vNO, asymmetric stretching at 1535, 1533,
1538 cm™, respectively, which are consistent with the results
in the literature.l'”l Based on these results, we confirmed that
the shoulder peak at =1535 cm™ in the already existing signal is
the signal of explosive compounds. In addition, the intensity of
the shoulder peaks increase concomitantly with the increasing
of the concentration of the exposed explosives (Figure S7, Sup-
porting Information), further confirming our statement.

The algorithm used in the literaturel!®l was employed to
determine the detection limits in our work. Concretely, the
concentration response was quantified by observing the
change in the ratio of the intensities of the Raman peaks
(UNO,) at =1535 cm™! before and after the exposure of explo-
sive compound. A series of experiments at different explosive
concentrations was conducted and the results are plotted in
Figure S7, Supporting Information. When monitoring the
decrease in intensity at 1535 cm™, a clearly detectable response
was observed at concentrations as low as 107! m for TNT and
RDX, and 10~° M for HMX.

The variability in the SERS response by using different
batches of the Cu-MOP substrates in the presence of explosives
was also examined. Figure S12 of the Supporting Information
shows the comparison of the Raman spectra of the Cu-MOP
substrates after the exposure to 10° m explosive (TNT, RDX or
HMX). The RSD of major peaks is used to estimate the repro-
ducibility of SERS signals. The RSD value for the case of TNT,
RDX, and HMX is about 19.8%, 17.7%, and 16.8%, respectively,

Adv. Funct. Mater. 2015, 25, 6009-6017
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which is consistent with the results of the Au NPs-based SERS
substrates reported in the literature.''® Due to some variation
of SERS responses from sample to sample as described above,
we scaled back our claims of sensing limits. Thus, the sensing
limits of 1071° M for TNT and RDX, and 1078 m for HMX were
given in this work.

In the case of the larger explosive PETN, however, due
to the presence of size-/shape-selectivity of the nature of
Cu-MOP cage, no corresponding signals could be detected
even after prolonged immersion time (Figure S8, Supporting
Information). In our work the vibration modes which repre-
sent the -NO, asymmetric stretch of TNT, RDX, and HMX do
not overlap with the bands of the 4-PySH layer and some of
the normal vibrational bands of the above explosives seen at
1200-1500 cm™ were absent in the spectra due to the forma-
tion of the space-confined host-guest complexes which results
in restriction effects on the motions (vibrations, torsions, etc.)
of the explosive inside the cavity, and thus leads to the dis-
tinct behaviors from bulk liquid phases.'¥ Note that the trap
of guest molecules inside host molecule with multiple interac-
tions would have a significant effect on the Raman spectra and
thus results in the broadening of the related Raman spectra.’”!
Compared with the reported —NH, modified plasmonic coun-
terparts,l'®l which show only moderate interactions with the
above explosives, the detection limits of our Cu-MOP-modified
plasmonic substrates are several orders of magnitude lower.
These results indicate that the formation of a host-stabilized
binary complex is critical for the good sensing of explosives. As
a blank experiment, the Cu-MOP-modified plasmonic substrate
was also exposed to the used solvent CH,Cl,. In Figure S10d
of the Supporting Information, no change was observed in
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the SERS spectrum, indicating that the changes in the SERS
spectra described above were not due to the solvent effect.
Importantly, we found that the trapped explosive molecules
inside Cu-MOP could be removed by washing with methanol
and dichloromethane and activated in vacuum at 60 °C, indi-
cating the sensing ability of the constructed substrates is com-
pletely regenerable (Figure S10, Supporting Information).

To facilitate an intuitive understanding of our sensing
system, the molecular sizes of explosive molecules and
Cu-MOP cage were calculated and provided in Table S2 of the
Supporting Information. Clearly, due to the large size of RDX
and HMX, only one explosive molecule could be trapped inside
Cu-MOP cage. To better understand the nature of the inter-
actions between the explosives and the Cu-MOP host and to
reveal the related trap effect, we conducted ESI-Mass studies.
As shown in Figure S13of the Supporting Information, in the
case of a solution of Cu-MOP in the presence of an equimolar
amount of explosive TNT, an intense peak at m/z = 2295.73
appears, which could be assigned to [Cuy(L-NH,),- TNT], thus
evidencing a 1:1 stoichiometric host—guest complexation. For
the cases of RDX and HMX, the similar patterns in Figures S14
and S15 of the Supporting Information also indicate that the
Cu-MOP receptor indeed possesses a suitable cavity to capture
one guest molecule. The inclusion phenomenon was further
characterized by means of UV/vis measurements (Figure 3a).
Clearly, the Cu-MOP exhibits ligand-based charge-transfer
bands at 258 nm in DEF solution.'’? Upon the addition of
RDX or HMX the intensity of absorption at 258 nm increases
while TNT causes a significant decrease in the intensity of the
absorption at 388 nm and the occurrence of a new band at
465 nm (Figure 3a and Figure S16, Supporting Information).
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Figure 3. a) Comparison of the UV-vis spectra of the Cu-MOP and the formed Cu-MOP-explosive complex in DEF solvent (1: Cu-MOP; 2: TNT@
Cu-MOP; 3: RDX@Cu-MOP); b) plots of the absorbance at 268 nm (A268) versus the concentration of guest (TNT and RDX) in DCM solution, and
the fitting of the data to a 1:1 binding model allowed a determination of Kyyr = 1.43 X 10* M and Kgpx = 1.03 X 10* m7'; ¢) ITC data for the titration
of Cu-MOP (0.4 x 1073 m) with TNT (4 x 1073 m) in DEF solvent at 25 °C.
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We proposed that the new band for the case of TNT could be
attributed to the charge—transfer interaction between the —NH,
moieties of the cage and the TNT. The binding mechanism is
similar to that of the previous report!'”"! and also the addition
of TNT into the Cu-MOP solution causes the color change from
colorless to deep red. For the case of RDX, two isosbestic points
appear at 378 and 413 nm, indicative of the prospective guest
binding within the molecular cage. The individual profile of
RDX and HMX (Figure 3b and Figures S17 and S18, Supporting
Information) of the bands at 258 nm further demonstrated the
occurrence of 1:1 stoichiometric host-guest complexations with
the association constants (log K,s) of 4.01 for RDX and 3.20
for HMX. Additionally, isothermal titration calorimetry (ITC)
was used for determine the thermodynamic parameters for
the combination of Cu-MOP and explosive molecules. A 1:1
binding stoichiometry was observed for the explosive TNT. The
ITC data (Figure 3c, Table S5, Supporting Information) showed
a moderate affinity (K, = 1.05 X 10%). However, for the cases of
RDX and HMX, the ITC experiments failed, due to little heat
change and large heat of dilution during the titration process.
Only the SERS data are not convincing enough to conclu-
sively prove the encapsulation of the explosives in the MOP
cages grafted onto the substrate. Thus, the control experiment
and FT-IR measurements were also performed to further con-
firm the guest binding of the MOP cages on the solid sub-
strate. As a control experiment, the same plasmonic substrate
only without the grafted Cu-MOP cage was exposed to the
targeted solutions under the same conditions. No explosives
were detected in SERS spectra (Figure S9, Supporting Informa-
tion), indicating that the observed SERS signals of explosives
in the case of the Cu-MOP-decorated substrates should arise
from the binding interaction between the MOP cages and
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explosive molecules. FT-IR measurements further confirmed
the presence of the binding interaction between the MOP
cages and explosives, and the characteristic absorption bands of
explosives were observed (Figure S19, Supporting Information).
Importantly, compared to the corresponding explosives, due to
the confinement effect from the MOP cage, the vibration and
stretching of explosive molecule inside cage were restricted,'*l
and thus some typical bands were deeply decreased in intensity,
and some vibration bands disappeared. All these above results
indicate that the explosive molecule was actually trapped or
encapsulated in the MOP cavities. Single-crystal X-ray diffrac-
tion can provide direct elucidation of the host—guest interaction
at molecular level. Unfortunately, all attempts to obtain the cor-
responding single crystals of explosive molecule in Cu-MOP
failed. However, from the PXRD patterns of the Cu-MOP cages
with bound explosives (Figure S20, Supporting Information), it
can be seen that the presence of explosives did not change the
packing behavior of the Cu-MOP cage. A DFT computational
study was carried out to understand the host-guest interactions.
DFT-D2 method was adopted to consider the van der Waals
interactions.!'®! The detailed calculation was shown in the Sup-
porting Information. As shown in Figure S21 of the Supporting
Information, the molecular structures from single crystal and
DFT calculations agreed well with each other. Figure 4, and
Figures S22 and S23 of the Supporting Information show the
molecular structure of the binary complexes. In view of the
geometrical accommodation evidenced from the DFT calcu-
lation, the binary complex should adopt a 1:1 stoichiometry,
which confirms our experiment results. The binding energies
of the molecules trapped in the Cu-MOP cage are summarized
in Table 1. In comparison with a typical adsorbent-adsorbate
system, such as CO, in zeolite,'”] the magnitude of the binding

Figure 4. Simulated locations of a) TNT and b) RDX molecule in Cu-MOP cage; Difference-electron density of c) TNT@Cu-MOP and d) RDX@Cu-MOP
complex. Blue constant-density surfaces (iso-surfaces) represent electron depletion region and red surfaces represent electron accumulation region.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Charge transfer to Cu and —-NH; of Cu-MOP upon adsorption
of explosive molecules (TNT, DNT, RDX, and HMX) using the DDEC
method?? and the corresponding binding energy. All charge-transfer
values are given in electron charge.

Cu?* -NH, Binding energy [eV]
Cu-MOP - - -
DNT@Cu-MOP —-0.024 —0.020 -0.75
TNT@MOP —-0.035 —0.023 -0.84
RDX@MOP —-0.091 —0.009 -1.20
HMX@MOP -0.150 —0.006 -1.25

energies suggests a strong affinity of Cu-MOP cage for TNT,
DNT, RDX, or HMX, which is consistent with the good sensing
of the Cu-MOP to these explosives.

To understand the strong affinity of Cu-MOP cage, in-depth
analyses were performed. In the case of DNT@Cu-MOP, the
two NO,~ groups directly point toward two NH,* in the cage
with the nearest O—H interatomic distances are 2.30 and 2.34 A,
respectively (Figure 5a). Such donor—acceptor distance falls in
the “strong, mostly covalent” category of a hydrogen bond."
For the TNT@Cu-MOP, two NO,~ groups of TNT molecule
direct two NH,* groups of Cu-MOP, respectively, while the third
NO,™ points toward between two NH,* groups (Figure 5b), with
the line formed by the four Cu?* of the Cu-MOP penetrating
the “central ring” of the TNT molecule (Figure 4a). The intera-
tomic O-H distances (Figure 5b) suggests four binding sites
between Cu-MOP and TNT. In the case of RDX@Cu-MOP and
HMX@Cu-MOP (Figure 5c¢,d), the number of binding sites
increases to 4 and 5, respectively.
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In addition, difference-electron density results in Figure 4c,d
and density-derived electrostatic chemical net atomic charge
(DDEC) results reveal the occurrence of significant charge
transfers between the Cu-MOP cage and the trapped molecules
(Table 1). Specifically, TNT loses electrons to the adjacent Cu
atoms of Cu-MOP, with the maximum charge transfer to a
single Cu of —0.035; at the same time TNT loses electrons to
all the NH,* groups but of smaller magnitude with the max-
imum charge transfer to a single NH," of —0.023. Compared
with TNT, RDX exhibits stronger charge transfer to the Cu
ion (—0.091) and weaker charge transfer to the NH,* groups
(—0.0009). As for the rest two explosive molecules, DNT behaves
similar to TNT while HMX similar to RDX. In all cases, the
charge transfer to Cu ions is more profound than the NH,". It
should be noted that DFT calculations and the UV-vis meas-
urements seem to provide conflicting binding story. The main
reason for this phenomenon is that the UV-vis measurements
were performed in the presence of solvents while the DFT cal-
culations were carried out in vacuum. The experimental and
theoretical binding energies cannot be directly compared due
to the neglect of solvation effects in the calculations.?'¥ Solvent
has significant effects on guest binding and dynamics of a host
molecular cage.?'"!

As shown in Table 1, the binding energies of the binary com-
plexes correlate very well with the number of binding sites and
the charge transfer from the trapped molecules to Cu?* and
NO,™ groups. The cage topology not only enhances the number
of binding sites between NO,™ and NH,* but also provides addi-
tional binding contributions from the Cu?" ions. We contend
that such multiple weak interactions give rise to the formation
of a host-stabilized binary complex. These results described

(b) .

@
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Figure 5. Simulated geometries of explosive molecules in Cu-MOP: a) DNT@Cu-MOP; b) TNT@Cu-MOP; c) RDX@Cu-MOP; d) HMX@ Cu-MOP.
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above are encouraging. Based on the unique confinement effect
and the size-/shape-exclusion of the Cu-MOP cage grafted onto
a plasmonic substrate, direct detection and discrimination of
distinctively different classes of trace explosives in solution
are realized by using one molecular cage, especial the chal-
lenging aliphatic nitro-organics RDX and HMX. The key point
of this sensing protocol is the rational integration of multiple
weak molecular interactions inside the molecular cage cavity
and the cooperation of substrate with good SERS enhance-
ment factor. Compared with the explosive sensors reported, our
constructed sensor also exhibited a good sensitivity. Currently,
establishing a practical sensing platform for molecular recog-
nition with high sensitivity and selectivity, with the ultimate
goal of detecting single-molecule events, is of great importance
to chemical analysis. We believe that our created sensing plat-
form could be a universal platform for trace analyte sensing.
By careful selecting MOP cage and optimizing the structure of
plasmonic substrate, we may ultimately achieve the selective
sensing of ultratrace explosives, or even single-explosive mol-
ecule. The related work is ongoing in our lab.

3. Conclusion

In conclusion, based on the MOP cage-decorated plasmonic
substrate, a novel strategy for selective, fully reversible, and
highly sensitive detection of broad class of explosives, including
the most challenging explosives such as RDX and HMX, has
been developed. Such outstanding sensing features are on one
hand attributed to the cooperation of plasmonic nanohybrid
substrate with a good SERS enhancement factor, and on the
other hand benefited from the rational integration of multiple
weak molecular interactions inside the molecular cage, pro-
viding multiple guest-accessible interaction sites and thus
offering an efficient communicator that is able to amplify the
host—guest event. Moreover, the pore and window size of MOP
cage could be efficiently modulated to allow a size or/and shape
selectivity toward special explosives. Compared with those
sophisticated nitro-organics sensors, we believe our strategy can
be further extended to other specific analytes, which may be dif-
ficult to recognize with conventional methods. Therefore, our
findings would open a new way to design and develop a new
sensing platform to enable broad applications in a wide range.

4. Experimental Section

Synthesis of MOP: MOP can be synthesized by the direct reaction
between Cu,(OAc)4H,0 and 3,3-(2-Amino-5-iso-propyl-1,3-phenylene)-
bis (ethyne-2,1-diyl)dibenzoic acid (L-NH;). Both reactants dissolved in
2 mL DEF (Cu,(OAc)4H,0: L-NH, = 1:1, [L-NH,] = 0.025 m) were mixed
and then 2 mL MeOH was added upon the resulting solution, after 5 d,
green crystals were harvested (80% yield based on Cu,(OAc),-H,0).
FTIR (neat, cm™): 3471(m), 3371(m), 2972(m), 2196(w), 1657(w),
1619(m), 1590(w), 1565(m), 1473(m), 1430(m), 1391(s), 1304(w),
1266(w), 1237(w), 1211(w), 1164(w), 1115(w), 1067(m), 999(w),
916(m), 879(m), 825(w), 796(m), 762(s), 680(m), 545(m), 492(m).

Data center: CCDC 1036808 (Cu -MOP).

The data can be obtained free of charge from The Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.

Preparation of Sensing Substrate and Sensing Procedure: The size of
constructed sensing substrate is >> 1 x 1 cm?. A three-step procedure

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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was employed to construct the MOP-decorated plasmonic nanohybrid
substrate. First, the MOP cage was synthesized by slow addition of
methanol onto a DEF solution of Cu,(OAc), and ligand H2(2-NH2-5-i-
Pr-3,3¢-PBEDDB) (L-NH,). After 3 d the MOP cage [Cuy(L-NH5)4(S)4]+xS
(Cu-MOP) was synthesized with a yield of 80% (detailed preparation
in the Supporting Information). Second, the Au NPs-based plasmonic
substrate was prepared through a seed-based approach, and modified
with 4-mercaptopyridine (4-PySH). Finally, the obtained plasmonic
substrate was immersed into a DEF solution of Cu-MOP at RT. After
12 h immersion the substrate was rinsed with DEF and methanol, and
activated in vacuum at 60 °C.

For the sensing experiment, the activated plasmonic substrates were
respectively immersed into the dichloromethane solutions of explosives
with various concentrations for 6 h, and after thoroughly washing with
dichloromethane the SERS spectra were collected. For the regenerable
sensing experiment, after the first sensing, the trapped explosive
molecules inside Cu-MOP was removed by washing with methanol and
dichloromethane and the substrate was activated in vacuum at 60 °C,
then the substrate was used for the second sensing.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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