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Two fluorescent metal-organic frameworks (MOFs) [Zn(dcbpy)(DMF)]·DMF and [Dy(dcbpy)(DMF)2(NO3)] (dcbpy = 2,2’-

bipyridine-4,4’-dicarboxylate) were synthesised solvothermally and structurally characterised. Uniform shape and sized mi-

crocrystals of [Zn(dcbpy)(DMF)]·DMF were also produced using microwave synthesis. The frameworks give organic linker-

based fluorescence emission and demonstrate very different detection capabilities towards the explosive taggant 2,3-dimethyl-

2,3-dinitrobutane (DMNB) and trinitrotoluene (TNT) derivatives; 2,4-dinitrotoulene (2,4-DNT), nitrobenzene (NB) and para-

nitrotoluene (p-NT). These differences are attributed to the variation in the overall framework architecture between the two

MOFs. This paper reiterates the key importance of MOF porosity in sensing applications, and highlights the value of uniform

microcrystals to sensitivity.

1 Introduction

The increase in terrorism related explosive attacks in recent

years has led to the urgent need in detection methods that

successfully identify explosives or explosive related materi-

als on a person, surface or as a vapour.1 Particularly desired

are vapour phase detection methods that have good sensitiv-

ity, selectivity, reproducibility, rapid response times and in-

strumental portability and stability.2 The difficulty in the de-

tection of explosives arises from their extremely low vapour

pressures, especially in the case for commercial explosives

such as 2,4,6,-trinitrotoluene (TNT). As a result, explosive

sensing methods frequently detect precursors or derivatives

of explosives.3 2,4-dinitrotoluene (2,4-DNT), an unavoidable

by-product in the manufacturing of TNT, has a much higher

vapour pressure than its parent compound, and thus is often

a focal point for TNT sensing (Table 1). Other precursors for

TNT include 2,6-dinitrotoluene, para-nitrotoluene (p-NT) and

nitrobenzene (NB), all of which are markers of the presence of

explosive materials. Furthermore, dinitrotulenes and nitroben-
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zene are known toxic, organic pollutants that are frequently

discharged into the environment by industrial production pro-

cesses, and the detection of these materials is of paramount

importance.4 Another taggant of interest is 2,3-dimethyl-2,3-

dinitrobutane (DMNB).5 This material is mandated by law to

be included in military plastic explosives formulations for de-

tection purposes.6

Traditional explosive detection methods include sniffer

dogs,7 as well as instrumental techniques such as gas

chromatography-mass spectrometry,8 ion mobility spectrom-

etry and Raman spectroscopy.9,10 Although such instrumen-

tal methods have proven extremely effective, they are of-

ten very expensive and not readily portable. New chemical

sensing tools are therefore being explored for the detection

of explosives in the field. Chemical sensors such as elec-

tronic noses,11,12 biological assays and colorimetric sensors

have attracted particular attention.13,14 In addition, numer-

ous fluorescent-based chemical sensors have recently been ex-

plored.15–17 Fluorescent conjugated polymers have dominated

this field, producing some of the technologies used by the se-

curity industry.18

Metal-organic frameworks (MOFs), a relatively new class

of porous and crystalline materials,19 have demonstrated

promise in a number of applications including gas storage and

separation,20–22 catalysis,23–25 and drug delivery.26–30 More

recently MOFs are emerging as auspicious candidates for

fluorescence-based explosives detection owing to their ease

of synthesis, tuneability of pore size and functionality, high

surface areas and surface chemistry, all of which make MOFs

excellent luminescent explosives-detecting materials.31–34
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Table 1 Table of explosive vapour pressures

Name Class Vapour

Pressure at

25 ◦C/Torr

2,4,6-

trinitrotoluene

(TNT) 35

nitroatomatic military

explosive

5.5 x 10−6

2,4 dinitrotoluene

(2,4 DNT) 35
nitroaromatic TNT

derivative / toxic organic

pollutant

2.6 x 10−4

2,6 dinitrotoluene

(2,6 DNT) 35
nitroaromatic TNT

derivative / toxic organic

pollutant

6.2 x 10−4

para-nitrotoluene

(p-NT)35
nitroaromatic TNT

derivative / proposed toxic

organic pollutant

4.9 x 10−2

nitrobenzene

(NB)35
nitroaromatic TNT

derivative / toxic organic

pollutant

3.1 x 10−1

2,3-dimethyl-2,3-

dinitrobutane

(DMNB) 6

nitroaliphatic explosives

taggant

2.1 x 10−3

A number of MOFs have demonstrated successful detec-

tion of explosives based on fluorescence-quenching.36 The

high fluorescence intensities of certain MOFs attenuate on ex-

posure to explosives or explosive-related analytes, yielding

a detectable intensity change. Pioneering work within this

field was performed by Li et al. who demonstrated the sensi-

tive detection of DMNB and 2,4-DNT in the vapour phase.37

This work inspired a number of other researchers who sub-

sequently demonstrated the successful detection of explo-

sives, with some selectivity, using zinc,38–43 cadmium,44–46

lithium,47 indium,48 europium,49–52 and terbium containing

metal-organic frameworks.53 However, the majority of the

published research reports the detection of explosives using

MOFs through solution-based titrations. Although this allows

for excellent proof-of-concept experiments, it limits the use of

these materials for portable in-field detection of explosives.

Here we report two novel highly fluorescent metal-

organic frameworks [Zn(dcbpy)(DMF)]·DMF (1) and

[Dy(dcbpy)(DMF)2(NO3)] (2) (dcbpy = 2,2’- bipyridine-

4,4’- dicarboxylate; DMF= dimethylformamide) for the

vapour-phase detection of explosive derivatives and related

compounds.

Owing to the constantly evolving explosive threat, we be-

lieve that the ease at which MOFs can be tailored (through

judicial choice of organic linker and metal), for the potential

targeting of a system towards a particular analyte, adds great

value to their use within the security industry. Thus, we have

explored how alteration of one component of our particular

MOF system can affect its sensing towards specified nitroaro-

matic and nitroalipatic compounds. MOFs 1 and 2 have both

been constructed from the same electron rich organic ligand

H2dcbpy, but vary in metal composition. As a consequence,

the frameworks demonstrate different architectures and sens-

ing towards nitroaromatic and nitroaliphatic explosive ana-

lytes. The use of a lanthanide was employed with aim to in-

crease the system’s luminescence. This is to our knowledge

the first dysprosium-based MOF reported for the successful

sensing of explosives related analytes. Finally we demonstrate

a rapid syntheses of uniform [Zn(dcbpy)(DMF)]·DMF micro-

crystals (1M) via microwave synthesis, and show how these

homogenous microcrystals give increased sensing sensitivities

compared to their solvothermally synthesised counterparts.

2 Experimental

2.1 Synthesis

Synthesis of [Zn(dcbpy)(DMF)]·DMF (1)

MOF 1 was synthesised via a typical solvothermal method.

Zn(NO3)2·6H2O (0.4 mmol, 119.0 mg) and H2dcbpy

(0.4 mmol, 97.8 mg) were dissolved in DMF (15 mL) with

stirring in a glass vial. The vial was sealed and placed in an

oven set to 100 ◦C for 6 days, affording the colourless rectan-

gular plate-like crystals of 1.

Microwave synthesis of [Zn(dcbpy)(DMF)]·DMF (1M)

Zn(NO3)2·6H2O (0.2 mmol, 60.0 mg) and H2dcbpy (0.4

mmol, 48.8 mg) were dissolved in DMF (12 mL) in a glass

vial under stirring and a low heat of approximately 40 ◦C for

approximately 10 minutes. After the majority of the contents

had dissolved, 3 mL of the cloudy reactant solution was sy-

ringed into a new glass vial, this glass vial was sealed and

placed in a 700 W microwave operating at 40% power out-

put. The sample was irradiated initially for 30 s, followed by

three more 30 s cycles. This afforded a clear solution and a

microcrystalline MOF precipitate (†ESI).

Synthesis of [Dy(dcbpy)(DMF)2(NO3)] (2)

Metal-organic framework 2 was synthesised solvothermally as

for 1. Dy(NO3)3·5H2O (0.4 mmol, 175.6 mg) and H2dcbpy

(0.4 mmol, 97.9 mg) were dissolved in DMF (15 mL) with

stirring in a glass vial. The vial was sealed and placed in an

oven set to 100 ◦C for 6 days, affording pale pink rhomboidal

crystals of 2.

2.2 Washing regimes to afford active MOFs

The crystals of MOFs 1, 1M and 2 were immersed in solutions

of methanol, followed by dichloromethane and subsequently
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Fig. 1 (a) Representation of the cyclic 8-membered ring secondary building units (SBUs) located in MOF 1. (b) Illustration of the overall 3D

topology of MOF 1 as viewed along the crystallographic a-axis. Solvent molecules and hydrogen atoms have been omitted for clarity. (c)

Representation of the SBUs found in MOF 2. (d) Overall topology of MOF 2 as view along the crystallographic a-axis. Hydrogen atoms have

been omitted for clarity. In the crystallographic representations of the MOFs, oxygen atoms are denoted by the colour red, carbon atoms grey,

nitrogen atoms blue, zinc atoms pink and dysprosium atoms are green.

dried under vacuum, yielding ‘active MOFs’ 1’, 1M’ and 2’.

2.3 Generation of MOF thin films

Thin films of 1’, 1M’ and 2’ were prepared prior to vapour

phase sensing experimentation. The films were fabricated on

microscope slides, onto which, finely ground crystals of the

MOF were compacted until firmly in place and any excess

residue was tapped from the slides, giving the MOF thin films

of typically 10 µm thickness (†ESI).

2.4 Fluorescence sensing methodology

Each thin film’s fluorescence was measured initially three

times and averaged, giving a stable base line (Intensity = I0),

ensuring that any quenching of the system observed was not a

result of MOF material loss. Then after exposure to the vapour

headspace of a particular analyte for 10 s the fluorescence was

measured (I). The films were further exposed to analytes for

30 s, 60 s, 120 s and 300 s, and the fluorescence intensity

was re-measured after each time period. Analyte vapours of

DMNB, 2,4-DNT, p-NT and NB were generated by deposit-

ing small amounts of the analytes into sealed tubes, creating

a static headspace. The MOF-thin films were rapidly placed

inside the sealed tubes for fixed amounts of time during the

sensing procedure.

2.5 Characterisation Instrumentation

Fluorescence was measured on an Edinburgh Instruments

time-correlated single photon counter (TCSPC) with laser ex-

citation at 405 nm and emission measured between 420 and

750 nm. Powder X-ray diffraction patterns were collected on

an STOE Stadi-P transmission diffractometer system, CuKα
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(λ = 1.54184 Å) radiation source, operating at 40 kilowatts

and 30 miliamperes. SEM images were collected on a field

emission Jeol 6700F FEG SEM operating at 5 kV. Thermo-

gravimetric analyses of the samples were performed on a Net-

zsch Jupiter thermal gravimetric analyser. The samples were

purged with air and ramped from room temperature to 500 ◦C

at 10 ◦C/min. Microwave synthesis was undertaken using a

conventional microwave oven with a 700 W and 2450 MHz

output. The microwave was operated at a 40% power out-

put. Single crystal X-ray diffraction data for MOFs 1 and 2

were collected at 150.0(10) K on a SuperNova, Dual, Cu at

zero, Atlas diffractometer, with CuKα (λ = 1.54184 Å) ra-

diation. Using Olex254, the structures were solved with the

Superflip55 structure solution program using Charge Flipping

and refined with the ShelXL56 refinement package using Least

Squares minimisation.

3 Results and Discussion

3.1 Characterisation

Single crystal X-ray diffraction analysis on

[Zn(dcbpy)(DMF)]·DMF 1 disclosed a three-dimensional

framework belonging to the monoclinic space group P21/n.

The overall architecture of this MOF is governed by the

cyclic secondary building units (SBUs) that are formed. The

eight-membered SBUs located in this MOF are constructed

from the monodentate carboxylates of two dcbpy ligands, two

centrosymmetrically related dcbpy ligands (coordinated to

two zinc metals through the N-donor moieties) and two DMF

solvent molecules. A representation of the SBU is given in

Fig. 1a.

The SBU nodes are further linked to other secondary build-

ing units through the carboxylate and N-donor functionalities

of the dcbpy ligands; the dcbpy ligands act as structural pil-

lars that form the overall 3D topology of this MOF. Figure 1b

shows that ovaloid one-dimensional channels that are approx-

imately 10.0 Å x 8.8 Å wide run throughout the structure of

this framework. From the crystallographic data, it was found

that DMF solvent molecules reside within the cavities of MOF

1 (although these have been omitted from the representation

given in Figure 1b, for clarity).

Single crystal X-ray diffraction confirmed the structure of

3D MOF 2 to be in the triclinic space group P-1. The sec-

ondary building units (SBUs) contained within this frame-

work are significantly different to those of 1, and are con-

structed from three dysprosium metals, the monodentate car-

boxylates of six dcbpy ligands, four DMF solvent molecules

and two nitrate molecules (Fig. 1c). The dcbpy ligands act

as pillars to other SBUs, forming one-dimensional chains that

run throughout the three-dimensional structure of this MOF

(Fig. 1d).
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Fig. 2 (a) An overlay of powder X-ray diffraction patters of the

simulated 1 structure (as obtained from single crystal X-ray

diffraction data), an as synthesised 1 bulk sample, an as synthesised

bulk 1M sample, and washed 1’ and 1M’ samples. (b) An overlay of

PXRD patterns of the simulated MOF 2 structure (as obtained from

single crystal X-ray diffraction data), an as synthesised bulk 2 and

washed 2’ samples.

Space filling diagrams of 2 indicated this MOF has minimal

porosity, thus no solvent molecules are able to permanently

reside in the pores of this MOF, unlike in MOF 1 (ESI†).

Powder X-ray diffraction analysis (PXRD) of the synthe-

sised bulk MOF 1 and 2 samples was in good agreement

with the simulated PXRD patterns (as obtained from sin-

gle crystal data), confirming the homogeneity of the synthe-

sised materials (Fig. 2). Additionally the PXRDS of the mi-

crowave synthesised microcrystals of 1M are also in accor-

dance with that of the simulated 1 PXRD pattern, verifying

that [Zn(dcbpy)(DMF)]·DMF was successfully yielded with

microwave synthesis. PXRD patterns of MOFs 1’ and 1M’

demonstrated some distortions in the activated MOF frame-

works as compared to the synthesised 1 and 1M materials,

this is most likely an artefact of DMF solvent loss. MOF 2’

was observed to lose some crystallinity post activation.

Scanning electron microscopy images of the crystalline ma-

terials of 1 and 1M are illustrated in Figure 3. The crystals

present in these solvothermally synthesised sample 1 (Fig. 3a)
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The differences in sensing between these metal-organic

frameworks were rationalized by the different nature of their

overall framework architectures. This research highlights the

importance that the topology of a system plays on its sensing

capabilities. More specifically the importance of porosity on

analyte detection. Through slight variations in one component

of a MOF system, two very different structures can be made,

greatly impacting on the selectivity of these MOFs towards

explosive related compounds.

Further to this, uniform shape and sized microcrystals of

[Zn(dcbpy)(DMF)]·DMF (1M) were synthesised rapidly us-

ing a microwave assisted method reducing syntheses time

from days to minutes. These demonstrated greater sensitivi-

ties of quenching responses when exposed to DMNB and NB

than the non-homogenous microcrystals of 1’. Thus this paper

also draws attention to the need for uniformity in crystals that

are to be used as sensory materials.

The frameworks demonstrated high thermal stabilities and

1’ was proven to be recyclable after regeneration at room tem-

perature. These are both important factors in the application

of these materials for infield detection of explosives.

Crystal Data for C18H20N4O6Zn (M = 454.09 g/mol):

monoclinic, space group P21/n (no. 14), a = 9.3725(2) Å,

b = 14.7643(3) Å, c = 14.7153(3) Å, β = 101.058(2)◦, V

= 1998.47(7) Å3, Z = 4, T = 150.00(10) K, µ(CuKα) =

2.090 mm−1, Dcalc = 1.509 g/mm3, 14313 reflections mea-

sured (8.564 ≤ 2θ ≤ 102.878), 2158 unique (Rint = 0.0590,

Rsigma = 0.0321) which were used in all calculations. The

final R1 was 0.0358 (I > 2σ (I)) and wR2 was 0.0950 (all

data). CCDC 992713 contains the supplementary crystal-

lographic data for this paper. The data is available free

of charge from the Cambridge Crystalographic Data Centre

(www.ccdc.cam.ac.uk/data request/cif).

Crystal Data for C18H20DyN5O9 (M =612.89 g/mol): tri-

clinic, space group P-1 (no. 2), a = 9.2414(5) Å, b =

10.3040(5) Å, c = 12.8291(6) Å, α = 76.388(4)◦, β =

69.431(4)◦, γ = 86.377(4)◦, V = 1111.37(10) Å3, Z = 2, T

= 149.90(15) K, µ(CuKα) = 18.524 mm−1, Dcalc = 1.831

g/mm3, 16503 reflections measured (8.832 ≤ 2θ ≤ 149.79),

4464 unique (Rint = 0.0997) which were used in all calcu-

lations. The final R1 was 0.0557 (I > 2σ (I)) and wR2 was

0.1540 (all data). CCDC 1026241 contains the supplementary

crystallographic data for this paper. The data is available free

of charge from the Cambridge Crystalographic Data Centre

(www.ccdc.cam.ac.uk/data request/cif).
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Microwave synthesis of a new Zn-MOF gives rapid 
synthesis of uniform microcrystals for highly senstive 
detection of explosive taggant DMNB. 
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