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A facile electrochemical plating method by means of applying voltage onto zinc electrodes in 1,3,5-
DOl: 10.2039/x0xx00000X benzenetricarboxylic acid (H;BTC) electrolyte has been developed to prepare fluorescent MOF films
www.rsc.org] (Zny(BTC),). Composition of as-prepared MOF films is confirmed by powder X-ray diffraction (PXRD)
and surface morphology is examined by scanning electron microscopy (SEM). Voltage and fabrication
time are found to be the key parameters for the formation and morphology control of MOF films.
Additionally, the as-prepared MOF films, due to their evident fluorescence, are explored for the
potential application in detecting nitro explosives at a detection limit as low as 0.5 ppm. The fluorescent
MOF films can be further applied to distinguish nitro explosives by varying the solution concentration.
Moreover, the MOF films exhibit excellent reusability in consecutive nitro explosive detection reactions.

It has been demonstrated that the electrochemical plating method reported here offers a reliable and

efficient way to prepare MOF films with controllable morphology for nitro explosive detection.

Introduction

Metal-organic frameworks (MOFs), typically constructed from
metal ions and organic linkers, have attracted enormous
research attention due to their intriguing structures for
coordination chemistry and promising applications in the field
of energy and environment, such as catalysis,' gas storage and
separation,” molecular sensing® etc.* Meanwhile, material
scientists have devoted unparallel interest to prepare functional
MOF thin films which normally display practical functionalities
superior to their bulk crystalline materials.’ As a result,
development of efficient methods and systematic applications
of MOF thin films are the main targets confronting a
breakthrough in this research area. Of special note, MOF films
for molecular sensing is one of the most promising applications
due to the controllable and hierarchical features of MOF
assembly as well as the fluorescent response of available MOF
materials.”*TMOF films have consequently been investigated as
optical devices, quartz crystal microbalance based sensors,
humidity sensors and so forth. ®

Detection of nitro explosives is of great interest owing to

the ever-increasing concern of environment and homeland

This journal is © The Royal Society of Chemistry 2013

security.” A large number of fluorescence-based materials,
including materials based on fluorescent metal-organic
frameworks, have thus been prepared and applied in detection
of nitro explosives.® For example, fluorescent powder MOF
materials or fluorescent spin-coating MOF films were applied
as chemical sensors for nitro explosive detection.” However,
detection application of these chemical materials was plagued
either by a struggling recovery and reuse or by uncontrollable
surface structures (i.e. microcrystal growth, surface roughness,
and morphology)."’ At the same time, detection of nitro
explosives using MOF films remained a great challenge due to
the extremely strong electron affinity of nitro explosives.'!

On the other hand, solvothermal synthesis,12 microwave-
assistant heating,"> and slow solution diffusion' have been
previously reported to prepare MOF thin films. These synthetic
methods are typically multiple-step and time-consuming.
Moreover, the substrate surfaces in these synthetic procedures
need to be either electro-statically compatible or chemically
modified upon pretreatment. Recently, electrochemical
preparation of MOF films has been reported based on the
HKUST-1 ([Cuy(BTC),]; H3;BTC=1,3,5-benzenetricarboxylic
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acid) MOF-5
benzenedicarboxylate) materials.'

and (Zn, O(BDC);, BDC=1,4-
Electrosynthesis of MOF
thin films requires conducting electrodes and ions source, as
well as electrolyte of organic linkers for the MOF materials. In
such a way, the anode acts directly as support and thus
redundant chemical modification or seed coating is avoided.
Herein, we propose a facile electrochemical plating method,
adapted from the electrochemical patterning, to prepare
fluorescent MOF thin films (Zn3(BTC),). Zn;(BTC), were
found to have identical cell parameters and PXRD to that of
Co3(BTC),."® Zny(BTC), were found to have identical cell
parameters and PXRD to that of Co;(BTC),.'® The crystal
structure of the isostructural compounds features zigzag chains
of Zn*" ions connected by alternate BTC™ linkers, which are
further extended into three-dimensional network via hydrogen
bonds(Fig.S1). As-prepared MOF films have been thoroughly
characterized by a series of physical techniques and tentatively
used as sensors for nitro explosive detection thanks to the
detectable fluorescence of Zn3(BTC), material. It has been
demonstrated that morphology of the MOF films can be well
controlled by tuning voltage and fabrication time. The uniform
and compact MOF films fabricated at optimized condition (2 V
for 40 seconds) have shown fast and efficient detection of nitro
explosives with a limit as low as 0.5 ppm. Moreover, the
fluorescent MOF films can be applied to distinguish nitro
explosives by simply varying the solution concentration.
Recycle and reusability of as-prepared MOF films have also
been tested based on consecutive detection reactions, in which
MOF films remain unchanged and detection efficiency sustains.
Results and discussion

Journal Name

the MOF film matched well with the PXRD pattern simulated
from single crystal data of Zny(BTC), (Fig. 2c),'® which
confirmed that MOF content deposited on the film was
crystalline Zn3(BTC),. Moreover, the Zn;(BTC), MOF material
has been reported for qualitative detection of organoamines due
to its fluorescence.'® As expected, the Zny(BTC), MOF films
also exhibit detectable blue fluorescence at room temperature in
ethanol, which is in agreement with the reported results (Fig.
S3), as a heritage of Zny(BTC), microcrystals."’

g
9

eer Elilﬁ_ilu
acof

Fig. 1 Schematic view of the preparation procedure of Zn3(BTC), MOF films.
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Fig.2 SEM images of (a) top-view and (b) cross-section view at 45° (c)
experimental and simulated powder X-ray diffraction (PXRD) patterns of the
MOF film prepared at 2 V for 40 seconds. *Characteristics of Zn(OH),. v

A Zn3(BTC), film was typically prepared by applying a voltage
on two electrodes of pure zinc plates in an aqueous solution of
H;BTC and NH4F. Once electrolysis started, Zn*' ions were
produced via anodic oxidation on the surface of a zinc plate
(anode). Meanwhile, BTC® anions moved to the anode driven
by the electric field. Coordination self-assembly of Zn>* and
BTC* subsequently occurred, which resulted in a Zn3;(BTC),
thin film deposited on the anodic zinc plate (Fig.1, Fig. S2).
Morphology study using SEM showed that rod-shaped MOF
microcrystals grew densely on the anodic zinc plate to form a
compact and uniform MOF thin film (Fig. 2a and 2b).
Thickness of the as-prepared MOF film was at a micron level
(Fig. 2b). Experimental powder X-ray diffraction (PXRD) of

2| J. Name., 2012, 00, 1-3

To further study the process of MOF films growth, different
voltage was applied to prepare MOF films. The as-prepared
MOF films became denser and thicker by increasing the voltage
from 0.5 V to 2 V when fabrication time was fixed (Fig. 3, Fig.
S4). Corresponding roughness of MOF films are 1.87 um, 4.55
pm, 14.65 pm and 29.55 pum, respectively, and thickness of
MOF films are 1.2 pm, 3.1 pm, 5.1 um,17.9um, respectively.
At the same time, defect of as-prepared MOF films was
reduced with the increase of voltage. It could be rationalized
that increasing voltage accelerated the production of Zn*" ions
on the surface of zinc anodes as well as the migration of BTC*
to the anodes, which favored the growth of MOF films by
offering more nucleation sites and nutrients.”® Reaction time
was also well studied to tune the roughness and thickness of as-
prepared MOF films, as well as to monitor the growth of MOF
microcrystals on zinc plates (Fig. 4). The roughness and
thickness of MOF films prepared at 2 V for 10 seconds was
determined to be 3.98 pm and 3.9 pum, respectively. When
reaction time was increased, these numbers changed to 7.23 um
and 6.7 pm (for 20 seconds) 16.42 pm and 14.7 pm (for 40
seconds) accordingly, which confirmed the average roughness
and thickness were time-dependent. Moreover, it was clear that

This journal is © The Royal Society of Chemistry 2012
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the MOF films featured epitaxial growth with time increasing
(Fig. S5).
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Fig.3 SEM images of MOF films (top-view) prepared at (a) 0.5V, (b) 1.0V, (c) 1.5
V, and (d) 2.0 V for 60 seconds, respectively; the corresponding SEM images of
cross-section-view at 45° (e, f, g, h).
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Fig.5 (a) Quenching percentage of MOF films for different nitro explosive
detection (0.5 ppm) in ethanol (Excited and monitored at 327 nm and 362 nm,
respectively); (b) Theoretical HOMO and LUMO energies for some nitro
explosives (Calculated by GAUSS; *reported in literature).

Fig.4 SEM images of MOF films (top-view) prepared at 2 V for 10 seconds (a), 20
seconds (b), 40 seconds (c); the corresponding side-view (d, e, f) SEM images.

The detectable fluorescence and controllable morphology of as-
prepared MOF films are promising for their potential usage as
sensors. Detection of nitro explosives using as-prepared MOF
films has thus been investigated. Nitrobenzene was firstly
investigated in ethanol to determine the detection time. As
shown in Fig. S6, the MOF films can detect nitrobenzene (100
ppm) after soaking in ethanol for ten seconds. Then, various
solvent systems for nitrobenzene (a model nitro explosive)
detection, such as ethanol, acetonitrile, cyclohexane, DMF and
isopropanol, were investigated to determine the optimized
detection condition (original emission spectra see Fig. S7-S11).
Fluorescent emission spectra of the MOF films in five solvent
systems showed different quenching percentage after soaking
for ten seconds (quenching percentage= (I, — 1)/1y><100%, I,
and / are fluorescence intensity of films before and after
exposure to the nitro explosives), due to the difference of

solvent polarities and their abilities of hydrogen bond formation.

The ethanol system gave the highest quenching percentage to
the fluorescent MOF films (Fig. S10). Therefore, ethanol was
chosen as solvent in following nitro explosive detection
reactions of fluorescent MOF films prepared at 2 V for 40
seconds (optimized condition for a compact and uniform film
preparation).

This journal is © The Royal Society of Chemistry 2012

Fluorescence quenching percentage of MOF films for different
nitro explosives (at 0.5 ppm) in ethanol was measured after
soaking for ten seconds and plotted in Fig. 5a (original
emission spectra see Fig. S13-S17). 1,3-dinitrobenzene (1,3-
DNB) and 2,4,6-trinitrotoluene (TNT) exhibited significant
quenching effect to fluorescent MOF films with quenching
percentage of 18.3% and 13.5%, respectively, whereas 2,3-
dimethyl-2,3-dinitrobutane (DMNB) showed minor quenching
effect as low as 0.21%. Other aromatic nitro explosives, such as
4-nitrotoluene (4-NT) and nitrobenzene (NB), displayed
and 2.99%,
respectively. For the overall quenching of nitro explosives (200

moderate quenching percentage of 3.80%

ppm), 1,3-DNB showed the highest quenching percentage
(65.6%), whereas DMNB displayed the lowest quenching
percentage of 21.0%. Other nitro explosives, such as TNT, NB
and 4-NT, exhibited quenching percentage of 62.2%, 61.9%
and 54.1%, respectively. The efficient fluorescence quenching
of aromatic nitro explosives can be ascribed to the =n-m
interactions that favor the interactions between nitro explosives
and host materials, which trap effectively the nitro explosives
on surfaces, and quenching happens within the system
involving electron transfer from the excited MOF microcrystals
to electron-deficient nitro aromatic nitro explosives.21 Unlike
the aromatic nitro explosives, however, the weak quenching
effect shown by DMNB may be ascribed to the surface self-
adsorption that induces electron transfer from the excited
Zn3(BTC), microcrystals to the electron-withdrawing DMNB.?!
Generally, the lowest unoccupied molecules orbital (LUMO)
energy levels of electron deficient nitro explosives lies lower
than the conduction band of the electron rich MOF. Electron
from the conduction band transfers to LUMO of nitro
the
quenching.?* As indicated from theoretical calculations of the

explosives upon excitation, leading to fluorescence
LUMO energies,? the electron accepting ability of the chosen
nitro explosives follows an order of TNT > 1,3-DNB > 4-NT >
NB > DMNB (Fig. 5b, Fig. S18).%**?* However, the theoretical
calculations are not entirely in agreement with the experimental
results (for TNT). The discrepancy may be resulted from either
the different LUMOs energy levels of nitro explosives to
contact with the surface of MOF films or their ability to enter
into the spaces among microcrystals on the MOF films, which
are related to the substituents and molecular sizes of nitro

J. Name., 2012, 00, 1-3 | 3
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explosives.100 Moreover, the molecular size of TNT is larger

than that of 1,3-DNB (Fig. S19), which restricts TNT molecules
to enter into the spaces among the microcrystals on the MOF
films. Although TNT has a lower LUMO level than 1,3-DNB
according to the theoretical calculations, the electron transfer to
TNT was somewhat difficult due to the insufficient diffusion of
TNT into MOF films. On the other hand, it is remarkable that
the distinguishable detection concentration of various nitro
explosives in the current system is as low as 0.5 ppm;
meanwhile, the detection of trace amount of nitro explosives is
superior to most of other MOF materials for fluorescence
quenching based on guest capture (reported detection limit for
existing MOF materials in a disperse system or spin-coating
MOF films varies from tens to hundreds of ppm) (Fig.
$20),%0:94:222.220.24.25
Additionally, the
percentage of each nitro
fluorescence quenching titration upon adding different nitro

concentration-dependent quenching

explosive was recorded via
explosives into ethanol solutions where MOF films present
(Fig. 6a). It has been found that the on-site fluorescence
quenching percentage increases progressively while increasing
the concentration of nitro explosives. The quenching efficiency
has been analyzed using the Stern-Volmer (SV) equation, (7, /
1) = K [Q] + 1, where I, and [ are the fluorescence intensity
before and after the addition of nitro explosives, respectively,
[Q] is the molar concentration of nitro explosives, and Kj, is the
quenching constant (M™'). The S-V plots for aromatic nitro
explosives are nearly linear with K, of 3.9 x 10> M (for 1,3-
DNB, regression coefficient, r is 0.940), 7.4 x 10° M™ (for
TNT, r=0.988), 5.6 x 10> M (for 4-NT, r=0.992), and 7.6 x
10° M (for NB, r= 0.988) (Fig. 6b). These results indicate that
aromatic nitro explosives are capable of quenching effectively
the The
fluorescence quenching related to aromatic nitro explosives

fluorescence of the as-prepared MOF films.

might be either a static or dynamic process.”** Absorption
spectra verify that it is a dynamic process since collisional
quenching only affects the excitation states of the fluorophores,
and thus no new characteristic appears to the absorption spectra
during the quenching progress (Fig. S21).2° On the contrary, the
non-linear feature of S-V plot for DMNB indicates that the
quenching shown by DMNB is not a dynamic process. A
possible quenching mechanism for DMNB is based on surface
self-adsorption, which induces electron transfer from MOF
films to DMNB molecules and leads to a decrease of emission
intensity of the host framework.?! Modified Stern-Volmer
equation, 1g(Z,/I-1))=1gKsv-+nlg[Q], is also used to differentiate
between dynamic and static quenching, where n is the number
of association points between MOF film and nitro explosives,
the slope of lg(/,/I-1) against 1g[Q] defines the association
constant.”” The modified SV plots show that the association
points and association constant are 0.222 and 0.212 for 1,3-
DNB, 0.328 and 0.138 for TNT, 0.617 and 0.028 for 4-NT,
0.537 and 0.128 for NB (Fig. S22). The results indicate the
association constants are small and the association points are
below 1.0 which indicates the quenching process is a dynamic
process.

4| J. Name., 2012, 00, 1-3
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Fig.6 (a) The concentration-dependent quenching percentage of different nitro

explosives; (b) Stern-Volmer plots of different nitro explosives (Excited and
monitored at 327 nm and 362 nm, respectively).

Quenching percentage ( % )

In order to further understand the mechanism of the quenching
processes, different quenching percentages were recorded upon
addition of nitro explosives (0.5 ppm) into reaction systems of
MOF films with different morphology. Taking 1,3-DNB and
DMNB as examples, it was clear that quenching percentage of
a nitro explosive vary according to the morphology of MOF
films (Fig. 7a). Nonaromatic DMNB showed higher quenching
effect to less dense MOF films (prepared at 2 V for 10 seconds
and 20 seconds, respectively) than to the denser one (prepared
at 2 V for 40 seconds); whereas aromatic nitro explosive 1,3-
DNB displayed higher quenching percentage to the denser
MOF films than less dense ones (Fig. 7a). Generally, DMNB
exhibits lower quenching percentage to denser MOF films,
presumably due to the restricted diffusion of nonaromatic
DMNB molecules into spaces of MOF microcrystals on the
in the case of 1,3-DNB, the
quenching percentage is mainly dominated by efficient n-m

film surface. Nevertheless,

interaction-based surface adsorption, where denser MOF films
display enhanced quenching effect favored by available n-m
interactions. This observation confirms that distinguishable
detection of nitro explosives (non-aromatic versus aromatic
ones) can be possible by appropriate choice of MOF thin films
with different morphology, which is controllable in this context
by reaction conditions (voltage, reaction time etc.).
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Fig.7 (a) Fluorescence quenching percentage of MOF films with different
morphology for DMNB and 1,3-DNB detection; (b) The quenching percentages
recorded for recycling experiments in the system of 1,3-DNB (0.5 ppm) and
Zn3(BTC); films (ethanol solutions; Aex =327 nm, Ae,=362 nm).

B

Durability, recovery and reusability of as-prepared MOF films
(prepared at 2 V for 40 seconds) to the best performing
quencher, 1,3-DNB, at a concentration of 0.5 ppm were tested
for soaking in ethanol for ten seconds. The MOF films showed

This journal is © The Royal Society of Chemistry 2012
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equable quenching percentages of 16.44+0.997% during ten
consecutive cycles (Fig. 7b). PXRD and FT-IR spectra were
collected on the MOF films before and after the detection
experiments and showed identical patterns, respectively, which
demonstrated MOF microcrystals on the films were able to
sustain their structures during the detection experiments (Fig.
S23 and S24). SEM images also confirmed that the morphology
of the MOF films remained unchanged after detection
experiments (Fig. S25). These results indicate that the as-
prepared fluorescent MOF films are promising and effective as
detective materials for nitro explosives in view of their
excellent recovery and reusability.
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Fig.8 The concentration-dependent quenching percentage of NB in water after
soaking for ten seconds. (Aex = 327 nm, Ae;;=362 nm)

In order to extend the usage of MOF films in detecting trace
nitro explosives, detection of NB vapour using as-prepared
MOF films were carried out due to the higher vapour pressure
of NB at room temperature. Emission intensity was recorded to
monitor the fluorescent quenching of MOF films. The emission
intensity of MOF films decreased continuously up to 16.3 %
upon exposure to NB vapour for 500 seconds (Fig. 8a; Fig.
S26). At the same time, detection of NB in aqueous media was
tested in view of the in-filed selective detection of nitro
explosives presenting in soil and ground water.?® The quenching
percentage of MOF films for NB (200 ppm) was as high as
51.1% (Fig. 8b; Fig. S27), which is comparable to the number
in ethanol system (61.9%). These results suggest that the as-
prepared MOF films are promisingly useful for nitro explosive
detection at various and practical testing environment.

Conclusions

A series of fluorescent MOF films (Zn3(BTC),) with
morphology were prepared by a facile
electrochemical plating method and consequently used for nitro
explosive detection. The plating method has been effective in
controlling film morphology via surface engineering, which
provides a platform for the assembly and application of
fluorescent MOF films. Moreover, the as-prepared MOF films
have shown high quenching percentages to aromatic nitro
explosives at detection limit as low as 0.5 ppm. The quenching
mechanism is mainly dominated by electron transfer in a
dynamic quenching process. In this context, the fluorescent
MOF films prepared by electrochemical plating can not only
detect nitro explosives but also distinguish the nitro explosives

by simple adjusting the concentration of quenchers at a

controllable

This journal is © The Royal Society of Chemistry 2012
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practical testing environment, which is superior to the existing
MOF materials in a disperse system or MOF films on a
substrate by spin-coating for nitro explosive detection.
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