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Abstract 

Urea groups are known to form strong hydrogen bonds with molecules containing atom(s) that can act 

as hydrogen bond acceptor(s). Thus, urea is a particularly interesting building block for designing 

receptors for neutral or charged guests. In the quest for new sensors with enhanced performance for the 

detection of nitro-substituted compounds, two pillared metal-organic frameworks containing urea 

functional groups were synthesized and structurally characterized.  The sensing properties of these 

frameworks toward nitro-analytes was investigated and compared to each other. The study clearly 

reveals the importance of urea groups orientation inside the pore cavity of MOFs, as well as the 

supramolecular interactions between the interpenetrated networks. This work is interesting as it 

represents the first example of urea-functionalized MOFs for nitro-analytes recognition. 

 

 

 

 



Introduction  

Metal-organic frameworks (MOFs) are a class of porous materials with great potentials in catalysis,1 

gas storage2 and sensing.3 An important feature of MOFs over other porous materials is the ability to 

tune their pore size, topology and functionality by the deliberate design and selection of organic and 

inorganic molecular building blocks from which the network is constructed.4 Taking advantage of this 

feature, chemists have tried to design and synthesize novel MOFs having particularly desired and 

predetermined functions and properties. In this regard, recently, many efforts were focused on the 

selective molecular recognition and detection of small molecules,5 cations6 and anions7 by MOFs. 

Much attention has been given in recent years to the selective sensing and removal of nitroaromatic 

compounds (NACs) owing to security, environmental and humanitarian issues.8-11 Thus, exploring 

novel sensors for the detection of NACs, such as nitrobenzene, 2,4-dinitrotoluene (2,4-DNT) and 

2,4,6,-trinitrotoluene (TNT) has become an urgent issue and is the subject of intensive research.12-13 

More interestingly, it has been shown that incorporating supramolecular recognition units into the 

MOF backbone has enabled the docking of specific guests and is advantageous to create specific 

responses.14-15Among the MOFs reported to date, MOFs containing urea, thiourea and squaramide 

groups are currently in the spotlight due to their potential use as a promising biomimetic alternative to 

Lewis acid catalysis.16-21 The appealing idea of incorporating a double hydrogen-bond donating (HBD) 

site that is prone to self-quenching into MOFs was proposed by Farha, Hupp, Scheidt and co-

workers.22-23 They have investigated the catalytic activity of the urea-based MOF for the Friedel–

Crafts reaction between pyrroles and nitroalkenes. Soon after this report, supramolecular chemists 

became more interested in hydrogen-bonding organocatalysts immobilized on MOFs aiming to the 

development of hydrogen-bonding organocatalysts for complicated chemical transformations. 16-20, 24-25  

Urea groups are known to form strong hydrogen bonds with the molecules containing atom(s) that can 

act as hydrogen bond acceptor(s).26-27 Thus, urea is a particularly interesting building block for 

designing receptors for neutral or charged guests.28-30 In the quest for new sensors with enhanced 

performance for the detection of NACs, we are currently interested in evaluating the potential of urea-

MOFs as hydrogen bond donating receptors. Herein, we introduce two urea-containing MOFs, TMU-

31 and TMU-32, which are formed by using the 4,4'-(carbonylbis(azanediyl))dibenzoic acid (L1), 1,3-

di(pyridin-4-yl)urea (L2) ligands and 4,4′-oxybis(benzoic) acid (H2oba), 1,3-di(pyridin-4-yl)urea (L2) 

ligands, respectively, and Zn(NO3)2·6H2O under solvothermal conditions. The sensing properties of 

these two frameworks toward nitro-analytes were investigated and compared to each other. The study 



reveals the importance of urea groups orientation inside the pore cavity of MOFs, as well as the 

supramolecular interactions between the interpenetrated networks. 

Experimental Section 
Synthesis 

L1 and L2 were synthesized according to the procedures described in the supporting information, 

Figures S1 and S2. 

 

Synthesis of TMU-31 

0.298 g of Zn(NO3)2.6H2O (1 mmol), of 0.3 g L1 (1 mmol) and 0.214 g of synthesized L2 (1 mmol) 

were dissolved in 15 ml of N,N΄-Dimethylformamide (DMF). The mixture was then placed in Teflon-

lined stainless steel autoclaves and heated to 100 °C for 3 days. The mixture was then gradually cooled 

to room temperature over 48 hours. Colorless crystals were formed on the walls of the container with a 

45% synthesis yield. FT-IR data (KBr pellet, cm-1): selected bands: 3359 (w),  2929 (w), 1665 (vs), 

1599 (s), 1518 (s), 1382 (m), 1303 (w), 1182 (m), 1022 (w), 841 (w), 783 (w), 535 (w). Anal. calcd for 

C29H27N7O7Zn: C, 53.51; H, 4.18; N: 15.06, found: C, 53.58; H, 4.32, N: 15.14. 

The trapped guest molecules can be removed by exchanging TMU-31 with acetonitrile followed by 

heating to get the guest-free form. The activation is confirmed by FT-IR spectroscopy, elemental 

analysis and powder X-ray diffraction. The absence of the peak at 1665 cm–1 in the FT-IR spectrum of 

activated sample confirms the removal of DMF molecules after activation. 

FT-IR data (KBr pellet, cm-1): selected bands: 3359 (w),  2929 (w), 1599 (s), 1518 (s), 1382 (m), 1303 

(w), 1182 (m), 1022 (w), 841 (w), 783 (w), 535 (w). Anal. calcd for C26H20N6O6Zn: C, 54.04; H, 3.49; 

N: 14.54, found: C, 53.92; H, 3.54, N: 14.48. 

 

Synthesis of TMU-32 

0.298 g of Zn(NO3)2.6H2O (1 mmol), 0.258 g of H2oba (1 mmol) and 0.214 g of L2 (1 mmol) were 

dissolved in 15 ml of N,N΄-Dimethylformamide (DMF). The mixture was then placed in Teflon-lined 

stainless steel autoclaves and heated to 100 °C for 3 days. The mixture was then gradually cooled to 

room temperature over 48 hours. Colorless crystals were formed on the walls of the container with a 

38% synthesis yield. FT-IR data (KBr pellet, cm-1): 3287 (w), 2928 (w), 1738 (m), 1675 (s) 1597 (vs), 

1513 (s), 1387 (m), 1292 (m), 1237 (w), 1181 (vs), 1020 (m), 833 (m), 657 (w), 532 (w). 



Anal. calcd for C31H34N6O9Zn: C, 53.19; H, 4.90; N: 12.01, found: C, 53.14; H, 4.96, N: 11.95. 

The trapped guest molecules can be removed by centrifuging several times with toluene followed by 

heating to get the guest-free form. The activation is confirmed by FT-IR spectroscopy, elemental 

analysis and powder X-ray diffraction. The absence of the peak at 1675 cm–1 in the FT-IR spectrum of 

activated sample confirms the removal of DMF molecules after activation. 

FT-IR data (KBr pellet, cm-1): 3290 (w), 2927 (w), 1740 (m), 1597 (s) 1516 (s), 1389 (m), 1293 (m), 

1237 (w), 1181 (vs), 1021 (m), 833 (m), 658 (w), 530 (w). 

Anal. calcd for C25H18N4O6Zn: C, 56.04; H, 3.39; N: 10.46, found: C, 56.12; H, 3.48, N: 10.42. 

 

Results and Discussion 

Crystal structure analysis of TMU-31 and TMU-32 

TMU-31, [Zn(L1)(L2)]•DMF, was synthesized by combining Zn(NO3)2·6H2O, the L1 and L2 urea-

based ligands using the solvothermal method at 100°C for 72 h to give X-ray quality crystals. X-ray 

crystallography reveals that TMU-31 crystallizes in the monoclinic P21/c space group. In this 

compound, the coordination geometry around the Zn(II) can be described as distorted square 

pyramidal with the five coordination sites occupied by three oxygen atoms of carboxylate groups from 

two different L1 ligands with different coordination modes (κ1O and κ2 O,O’) and two pyridyl nitrogen 

atoms from two different L2 ligands. One of these pyridyl nitrogen atoms is located in the apical 

position, while the remaining pyridyl nitrogen atom and carboxylate oxygen atoms form the basal 

plane, Figure S1. An ORTEP view with labeling scheme showing the asymmetric unit and 

coordination environment about Zn1 is reported in Figure S3. Each Zn(II) center can be taken as a 4-

connecting node being coordinated to four other Zn(II) atoms through two L1 and two L2 bridging 

ligands.  

Structural analysis reveals that the urea N-H groups of L2 ligands form bifurcated hydrogen bonds 

with a carboxylic oxygen atom of each L1 ligand (N1···O7=2.870 Å; N2···O7=2.888 Å). In contrast, 

the urea N-H groups of L1 ligands are involved in N-H⋯O hydrogen bonds with the oxygen atom of 

the guest N,N-dimethylformamide (DMF) molecules (N4···O5=2.776 Å; N5···O5=2.872 Å). 

TMU-32, [Zn(oba)(L2)]•2DMF•H2O (H2oba: 4,4’-oxydibenzoic acid; L2=1,3-di(pyridin-4-yl)urea), 

was synthesized by combining Zn(NO3)2·6H2O, the H2oba ligand and L2 urea-based pillaring ligand 



using the solvothermal method at 100°C for 72 h to give suitable X-ray quality crystals. TMU-32 

crystallizes in the triclinic system, space group Pī. The asymmetric unit contains two oba ligands, two 

L2 ligands and two zinc atoms (Zn1 and Zn2). Zn1 has a distorted tetrahedral environment 

coordinating two different L2 ligands via the pyridyl groups, and two different oba ligands via the κ1O 

carboxylate groups. Zn2 is pentacoordinate interacting with the second nitrogen atoms of the two L2 

ligands and with the second carboxylate groups of the same two oba anions, one as unidentate (κ1O) 

and the other as chelating (κ2OO’). An ORTEP view with labeling scheme showing the asymmetric 

unit and coordination environment about Zn1 and Zn2 is reported in Figure S4. 

Although the reactivity of H2oba in combination with bridging pyridyl ligands has been largely explored 

no structures of mixed oba/L2 ligands are known. On the other hand mixed carboxylic/1,3-di-

4pyridylurea ligands are very few and only two coordination networks have been found in the CSD 

containing L2 and dicarboxylate anions. These are [Zn{4-carboxylatobenzoyl)amino]benzoato}(1,3-

dipyridin-4-ylurea)] (refcode: SOPLIU) and  [Zn(biphenyl-4,4'-dicarboxylato)(1,3-dipyridin-4-ylurea)] 

(refcode: SOPLOA) showing  3D 4-fold interpenetrated dia networks.31  

 

Topological Analysis of TMU-31 and TMU-32 

Topological analysis of the resulting 3D framework of TMU-31 reveals that it is an 8-fold 

interpenetrated diamondoid (dia) network. The distorted diamondoid cage of a single dia network, 

illustrated in Figure 1, shows elongation along the crystallographic a axis. The intracage Zn···Zn···Zn 

angles deviate from the ideal value of 109.5˚ and are spread in the range 90.7˚ - 125.3°, while distances 

between opposite Zn···Zn atoms are comprised in the range 23.5-46.4 Å.  The huge void space 

comprised in a single diamondoid cage support the interpenetration of eight equal nets. The topology 

of interpenetration show class IIIa for TMU-31, that is four nets are related by translation along [1 0 0] 

while a center of inversion double the set resulting in 4+4 = 8-fold, Figure 2. Despite that dia 

underlying topology is the most commonly observed in coordination networks only 22 8-fold 

structures are known to ToposPro database,32 moreover only two structures show interpenetration of 

class IIIa.33-34 

The structure of TMU-32 is a 2D layer that can be described as formed by the superposition of two 

hexagonal layers of composition Zn1Zn2(oba)3(L2)2 interconnected by coordination of one type of L2 



ligand to the Zn1 and Zn2 atoms of the two hexagonal layers. From a topological point of view the 2D 

net is uninodal 4-connected with point symbol (43.63), topological type (6,3)Ia (see Figure 3).35-36 

The thickness of a single layer, evaluated as the Zn1-N5···N8-Zn2 distance supported by the pillaring 

L2 ligand, is 14.3 Å. The irregular hexagonal windows show three different Zn1···Zn2 edges as a 

consequence of the different bridging ligands and their respective conformations. In particular, two 

edges are defined by the bridging L2 ligands (Zn1-N1···N4-Zn2) and are of 14.1 Å, a value similar to 

the thickness distance, showing similar conformations for the two different L2 ligands (the dihedral 

angles between the phenyl rings within each ligand are 15.2° and 2.4° for the edge and the pillaring L2 

ligands, respectively).  The other four Zn1···Zn2 edges are equal two by two and correspond to 13.9 Å 

and 14.8 Å being supported by bridging bis unidentate  (μ- κ1O, κ1O’ ) and unidentate-chelating (μ-  

κ1O κ2O’,O’’) oba ligands, respectively. The corresponding dihedral angles between the phenyl rings 

within each ligand are 83.9° and 86.9° (see Figure 3a). The layers are perpendicular to [1,-2,0] 

direction and, interestingly, are polycatenated in a parallel fashion to give an overall 3D array. Every 

thick layer result to be catenated with four other adjacent layers, two above and two below giving a 

Density of catenation (Doc) of 4 and an Index of separation (IS) of 2 (see Figure 4).37 

Although this topological type has been found in many structures (163 coordination networks 

according to ToposPro database),  entangled structures of (6,3)Ia layers are quite rare and to the best of 

our knowledge only two cases have been reported.37 Among the 163 not entangled examples one of the 

first recognized (6,3)Ia coordination layers was found in [RuCl2(pyz)4Ag](SO3CF3) (pyz = pyrazine; 

Refcode: XOHTOD), reported by some of us in 2002,38 while one of the oldest examples recognized 

by TOPOS can be found in the crystal structure of cadmium maleate dihydrate published in 1974 

(refcode: CDMALD).39  The two known examples of entangled (6,3)Ia layers are {[Zn2(TPOM)(1,4-

chdc)(NO3)2](H2O)2}n (TPOM =tetrakis(4-pyridyloxymethylene)methane, chdc=1,4-

cyclohexanedicarboxylic acid, refcode: QOVDAI)40 and [Cd2(hydeten)2Ag4(CN)8].H2O (hydeten: N-

(2-hydroxyethyl)ethylenediamine, refcode: TOMBUU),41  the first showing two fold interpenetration 

and the latter parallel polycatenation as the structure reported here but with a simpler entangled pattern 

with Doc=2 and IS=1.  A comparison between the two parallel polycatenated structures (TOMBUU 

and the present structure) provides some differences mainly concerning the thickness, significantly 

shorter in TOMBUU being 10.8 Å, and the shape of the hexagonal windows that are rectangular with 

lateral size of 10.8×21.6 Å. These differences can account for the lower Doc and IS values found in 

TOMBUU. It should be noted that parallel polycatenation with Doc=4 and IS=2 is a quite rare 



entanglement observed in only a handful of examples.36  All the topological analysis has been done 

with ToposPro.32 A deeper structural analysis for TMU-32 also shows bifurcated hydrogen bonds 

between the two N-H bonds of the urea fragment of L2 ligands and the carbonyl groups of μ-κ1Oκ1O’ 

oba ligands (N3···O7=2.858 Å; N2···O7=2.745 Å; N6···O10=2.818 Å; N7···O10=2.860 Å).  These 

hydrogen bonds involve adjacent layers of the polycatenated array and if taken into account give a 

unique complex 3D supramolecular network. 

 

Thermal analysis, activation and porosity of TMU-31 and TMU-32 

TMU-31 shows limited porosity with the calculated void space per unit cell for guest-free framework 

of 25.1% (758.3 Å3).42 Also, the BET measurement showed that this compound is nonporous toward 

N2. Thermogravimetric analysis (TGA) reveals that the hydrogen bonded DMF molecules are released 

from the network upon heating to about 230˚C, which causes ~11.5% weight loss of the material. The 

second weight loss observed starting at 250˚C corresponds to the decomposition of the framework, 

Figure S5. In order to activate the potential interacting sites of TMU-31, the DMF molecules within 

the porous structure could be exchanged with acetonitrile molecules, which are more easily removed.  

The activation process consists of immersing the as-synthesized crystals in acetonitrile for 3-days. 

After this, the sample was filtered and vacuum-dried at 60˚C for 4 h. The FT-IR spectroscopy, 

elemental analysis, and powder X-ray diffraction (PXRD) confirmed the removal of guest DMF 

molecules accommodated in the pores of the framework, Figures S6 and S8.  

Thermogravimetric analysis (TGA) reveals that TMU-32 undergoes residual solvent loss between 100- 

120˚C (~2% weight loss) and 120-290˚C (~20% weight loss), followed with the decomposition 

starting at 320˚C, Figure S5. The trapped guest molecules can be removed by exchanging TMU-32 

with toluene followed by heating to get the guest-free form. The activation is confirmed by FT-IR 

spectroscopy, elemental analysis and powder X-ray diffraction, Figures S7 and S9. The calculated void 

space per unit cell for guest-free TMU-32 framework is 33.9% (1081.6 Å3).42 The BET measurement 

showed that this compound is porous toward N2 at 77 K; Brunauer−Emmett−Teller (BET) surface area 

of 432 m2/g], Figure S10. 

Nitro-substituted compounds sensing 



Urea can donate two parallel hydrogen bonds to two oxygen atoms of oxoanions, such as NO3
-,43-47 or 

nitroaromatics, forming an eight membered ring.48-52 TMU-31 and TMU-32 have been designed to 

study the host–guest interactions of the urea functionalized metal-organic frameworks with Y-shaped 

anions or nitro-substituted aromatics. Both TMU-31 and TMU-32 are based on zinc nodes. Similar to 

TMU-31, in TMU-32, the urea NH groups of pillaring linker (L2) are mainly involved in N-H⋯O 

hydrogen bonds with a carboxylic oxygen atom of the oxygen-donating ligand. In contrast, the urea 

group of L1 ligand in TMU-31 is H-bonded to the DMF guest molecules, Figure 5.  

Nitroaromatics are oxidizers due to a low-lying unoccupied π* orbital, which can accept an electron 

from the excited state fluorophore, thus efficiently quenching the fluorescence emission of this 

compound.53  Fluorescence quenching of nitroaromatics based on π-interactions, namely π⋯π stacking 

and C−H⋯π interactions, has been the subject of numerous investigations.54-56 Accordingly, chemists 

have designed a variety of molecular receptors based on aromatic groups, which favor π-π stacking 

interactions between MOF and nitro-analytes.  5, 10, 57-60 In this regard, we have been interested in 

evaluating the potential of urea-functionalized MOFs as hydrogen bond donating receptors for 

nitroaromatics recognition. The fluorescence properties of both compounds were first investigated by 

immersing activated TMU-31 and TMU-32 in six different solvents, namely toluene, benzene, 

dimethylformamide, hexane, acetone and nitrobenzene, Figures S11-S14. As shown in Figures S13 

and S14, benzene and toluene display a negligible effect on the emission of these compounds. Both 

frameworks show complete fluorescence quenching when they are immersed in nitrobenzene, with a 

quenching efficiency of >98% for both compounds. These MOFs exhibit fluorescence at 410 and 390 

nm upon excitation both at 320 nm, for TMU-31 and TMU-32, respectively. Nitrobenzene (NB), 1,3-

dinitrobenzene (1,3-DNB), 2,4-dinitrotoluene (2,4-DNT), 2,4,6-trinitrotoluene (TNT) and 

nitromethane (NM)  were chosen to study the response of TMU-31 and TMU-32 towards 

nitroaromatics, Figures 6(a) and S15-S24. For both frameworks, the quenching efficiency is in the 

order of 1,3-DNB>2,4-DNT>NB>NM>TNT.  

The Stern−Volmer (SV) quenching constants (KSV) for both compounds were obtained by monitoring 

the fluorescence intensity response of the MOFs at different concentrations of the analytes. For TMU-

31 and TMU-32, the Stern-Volmer plots predict linear dependence on quencher concentrations, with 

KSV of 8.39×103 M-1, 1.18×104 M-1, 1.05×104 M-1, 3.06×103 M-1 and 7.59×103 M-1 for NB, 1,3-DNB, 

2,4-DNT, TNT and NM respectively, for TMU-32. For TMU-31, the KSV values are as follows: 

NB=1.17×104 M-1, 1,3-DNB=2.12×104 M-1, 2,4-DNT=1.31×104 M-1, TNT=5.58×103 M-1 and 



NM=9.01×103 M-1. The higher KSV values in the TMU-31 compared to those in the TMU-32 indicate 

that the fluorescence quenching in the presence of TMU-31 is faster and more efficient than that of 

TMU-32, Figures S25 and S26. The KSV values for nitroaromatics quenching by TMU-31 and TMU-

32 are higher than some reported MOFs, which take advantage of π-interactions for nitro-analytes 

recognition.5, 8, 11, 61-66 The photo-induced electron transfer (PET) mechanism may be involved in 

quenching the fluorescence since a linear fluorescence quenching response/concentration relation is 

obtained and the absorption band of the analyte has no effective overlap with the emission band of the 

fluorophore.11, 67  

Since urea functional group can interact effectively with the hydrogen bond acceptors through chelate 

N-H···O hydrogen bonding, it is interesting to evaluate the nitroaromatics sensing ability of both 

frameworks in a solvent containing a hydrogen bond acceptor group (C=O). To get insight into this 

problem, we studied the fluorescence quenching properties of TMU-31 and TMU-32 toward NB and 

DNB in acetone as a solvent. The results showed a significant decrease of both frameworks responses 

to NB and DNB, Figures S27-S35. Interestingly, in the presence of acetone, TMU-32 responses faster 

and more efficient than TMU-31, with the KSV values of NB= 460 M-1, DNB=1109 M-1 and NB= 837 

M-1, DNB=1133 M-1 for TMU-31 and TMU-32, respectively. It can be concluded that the N-H···O 

hydrogen bonds may be the main host-guest interactions and in the presence of acetone there is a 

competition between solvent and nitroaromatic molecules for the receptor site. PXRD patterns and 

SEM images after nitroaromatics sensing are shown in Figures S8-S9 and S36-S37, indicating the 

retention of the framework of TMU-31 and TMU-32 after the nitroaromatics recognition. The 

inductively coupled plasma (ICP) analysis and Atomic Absorption Spectroscopy (AAS) were also used 

to investigate the framework stability. According to the ICP and AAS analyses, 0.48% of residual zinc 

was identified which significantly confirmed that more than 99% of the zinc metal center does not 

leach into the solution. Also, the fluorescence sensing ability of both frameworks was examined by the 

addition of different organics to the suspension of the complex. As shown in Figure 6b, the 

fluorescence of these compounds quenched effectively by nitroaromatic compounds, while with the 

addition of the same amount of organics (60 ppm in toluene), including benzene, chlorobenzene, 

phenol, anisole, ethanol, chloroform, tetrahydrofuran, acetonitrile and butylamine, the maximum 

change in the emission intensity was negligible, Figure S38. These frameworks was regenerated and 

reused for three cycles by centrifuging the dispersed solution after nitrobenzene sensing and washing 

the dispersed solution after use and washing several times with methanol, Figure 6c. In subsequent 



studies, the applicability of TMU-31 and TMU-32 for the extraction and preconcentration of 

nitrobenzene and nitromethane, followed by their determination by gas chromatography–mass 

spectrometry (GC–MS) was investigated, Figure S39. The results revealed that TMU-31 has greater 

extraction efficiency (ER) (ER for NM=58.0% and ER for NB=42.6%) than TMU-32 (ER for 

NM=27.5% and ER for NB=26.6%), because of the more efficient interactions between TMU-31 and 

nitro-analytes, Table S1.  It is to be noted that the MOF–analyte interaction may be a combination of 

partial entry of the analyte into the MOF pores and surface binding. 

Moreover, to further understand the fluorescence quenching properties of both frameworks, the 

frontier molecular orbitals of nitro-analytes and MOFs were calculated using DFT at the generalized 

gradient approximation Perdew-Burke-Ernzerhof (GGA-PBE) level of theory, which has been shown 

to provide excellent descriptions of both molecular and solid state systems. 13, 68 DFT calculations 

confirmed that the conduction band minimums (CBM) of both TMU-31 and TMU-32 are higher in 

energy than the LUMO levels of nitroaromatics and the order of LUMO levels of nitroaromatics is 

TNT>1,3-DNB>2,4-DNT>NB>NM, thus predicting that the excited electron from the CBM of MOF 

is transferred to the LUMO of the nitro-analytes, Figure 7. It is to be noted that the relative quenching 

efficiencies are not fully in accordance with the calculated LUMO energies of nitro-analytes, as it 

cannot account for the effect of interactions between the frameworks and molecules. The interaction 

energies of  the urea group of L1 ligand in TMU-31 in the presence of  nitroanaylytes were also 

studied using DFT method with B3LYP/6-31++G** with diffuse basis functions. The calculated 

counterpoise corrected interaction energies are summarized in Figure S40, showing that the ureaN-

H⋯Oanalyte hydrogen bonding interaction (with the ܴଶ
ଶሺ8ሻ graph‐set motif) energy for ligand L1/NM is 

-13.48 kcal/mol and is higher than L1/NB (-9.09 kcal/mol), L1/1,3-DNB (-6.89 kcal/mol), L1/2,4-

DNT (-7.51 kcal/mol) and L1/TNT (-5.70 kcal/mol) complexes. This shows that, unlike the largest 

energy offset between the LUMO level of TNT and the CBM of these MOFs, the interaction energy is 

minimal. Thus, nitro-analytes recognition and fluorescence quenching by TMU-31 and TMU-32 

results from a combination of both of these factors. Qualitative support can be obtained by comparing 

the electrostatic potential maps of the L1 ligand in the presence of NM, NB, 1,3-DNB, 2,4-DNT and 

TNT. The presence of two electron withdrawing carboxylic acid groups in L1 ligand leads to the 

polarization of urea N-H fragments and as a consequence of which the Hydrogen bond donating 

tendency of receptor is enhanced, Figure S41. The electrostatic potential map shows large 

electronegative region on the oxygen atoms of nitro groups and electropositive region on the hydrogen 



atoms of ureaNH groups, which can be taken as identifiable electropositive and electronegative regions 

in forming ureaN-H⋯Oanalyte complementary hydrogen bonding interactions. Also, the interaction 

between the host and the nitromethane guests was investigated by performing Monte Carlo simulations 

using the adsorption locator module in Accelrys Materials Studio.69 The simulation reveals that the 

probable adsorption site for nitromethane guests in these frameworks is near the urea functional group 

of L1 in TMU-31 and L2 in TMU-32, Figure S42, Table S2. 

It is to be noted that besides ureaN-H⋯Oanalyte hydrogen bonds, the flat structures of nitro-analytes also 

favor π-π stacking interactions with the frameworks. Therefore, it can be suggested that the interaction 

of nitro-analytes with these frameworks may be a combination of ureaN-H⋯Oanalyte hydrogen bonds and 

π-π stacking interactions. As described above, in the case of TMU-32, the urea groups are mainly 

involved in inter-network N-H⋯O hydrogen bonds, which suggest that π-π stacking interactions along 

with the ureaN-H⋯Oanalyte hydrogen bonds are presumed to contribute in analyte-MOF interactions. In 

contrast, it can be stated that urea NH groups of TMU-31 contribute more significantly in the nitro- 

analyte binding.  

 

Conclusion 

Inspired by the previous reports using urea-functionalized MOFs for the activation of nitro groups,20-22, 

25 urea-containing metal-organic frameworks, TMU-31, [Zn(L1)(L2)]•DMF  and TMU-32, 

[Zn(oba)(L2)]•2DMF•H2O,  have been synthesized and structurally characterized by using different 

techniques. The potential of these frameworks toward nitro-analytes sensing was investigated and 

compared to each other. The study reveals that the urea groups, inside the pore cavity of MOFs, could 

be potential binding sites for client nitro-analytes and a combination of ureaN-H⋯Oanalyte hydrogen 

bonds and π-π stacking interactions are presumed to contribute in analyte-MOF interactions. Also, it 

was found that the urea groups orientation inside the pore cavity of MOFs and the supramolecular 

interactions between the interpenetrated networks are important factors in the ability of these 

frameworks for nitro-substituted compounds sensing. 
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