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ABSTRACT: Regular detection of blood glucose levels is a critical indicator for effective diabetes 

management. Owing to the intrinsic highly sensitive nature of enzymes, the performance of enzymatic 

glucose sensors is typically impacted by unwanted dependencies on pH, temperature and humidity. 

Correspondingly, the development of robust enzyme-free glucose sensors is desired due to their 

potential to improve upon the operational flexibility of traditional systems. In this study, a new 

Coordination Polymer (CP) incorporating melamine (Mel), biphenyl-4,4′-dicarboxylate (BPDC2-) co-

ligands and Zn(II) metal nodes, [Zn2(BPDC)1Mel0.5-Mel0.5]·(DMF0.6) {denoted CP1}, was 

synthesised and characterized for non-enzymatic glucose sensing. Here, the 2D layers are connected 

by hydrogen bond (H-bond) interactions between the interstitial melamine molecules. In addition to 

conventional characterization methods, we also used density functional theory (DFT) calculations 
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and variable temperature Raman spectroscopy to computationally and experimentally explore the H-

bond interactions in CP1. CP1 was deposited onto a glassy carbon (GC) electrode to facilitate its 

incorporation into an electrochemical sensing device. When used as an electrochemical glucose 

sensor, the CP1/GC electrode exhibited accurate clinical performance characteristics, with a wide 

linear sensing range extending from 5.6 µM to 5.56 mM (R2 = 0.9852) with a high sensitivity of 

517.36 μA mM−1 cm−2. Low sample loadings are a further important advantage associated with this 

CP-based non-enzymatic glucose sensor.  

KEYWORDS: coordination polymer, hydrogen bonded framework, density functional theory, 

electrochemistry, glucose sensor 
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1. INTRODUCTION 

Monitoring blood sugar (glucose) concentrations is a requirement for the management of health issues 

such as diabetes.1–3 Due to the intrinsic properties of enzymes, the performance of enzyme-based 

sensors depends on pH, temperature and humidity. 4–7 Therefore, non-enzymatic systems for glucose 

detection have been proposed, and are regarded as being more useful under a wider range of 

conditions and more readily adaptable to device fabrication.8–13 In enzyme-free systems, redox 

couples such as Fe(II)/Fe(III) are used for catalyzing the transformation of glucose into gluconic 

acid.14,15 Recently, many materials have been utilized as electrode surfaces for enzyme-free glucose 

sensing such as graphene, metal nanoparticles, coordination polymers (CPs) and their subclass, metal-

organic frameworks (MOFs). 6,16–22 In the field of coordination chemistry, CPs have been developed 

for both enzyme-incorporated and enzyme-free sensing of glucose.23,24 Apart from some open porous 

CPs, which can concentrate the analyte within their pores, 24–26 attractive features of CPs are their 

diverse chemistry and the tunability of their compositions, which enable the host-guest interactions 

to be modulated.27 

An interesting strategy to develop enzyme-free glucose sensing involves the incorporation of 

melamine (Mel) into a CP to accumulate glucose via hydrogen-bonding interactions. Such 

interactions are well-known to occur between Mel and aminobenzoic acid, for example, during drug 

delivery. 28–31 Our present work reports a new 2D material incorporating Mel, which is itself known 

to be a component of CPs with multiple applications.32,33 The CP CP1 is shown to engage in H-

bonding interactions from both experimental and computational studies, as well as having good 

stability in aqueous systems between pH 7 and 8. Here we demonstrate that the material acts as an 

enzyme-free glucose sensor with a wide linear sensing range compared to previously published 
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materials employing precious metal Au, Pt nanoparticles (AuNPs and PtNPs) and other MOF related 

materials.23,27,34–36 Raman and VT-Raman spectroscopy reveal that the highly concentrated hydrogen 

bond network pre-concentrates the glucose, thus efficaciously accumulating the analyte and allowing 

the detection of very low concentrations. We verified the sensing response under various pH 

conditions and compared the sensing properties to those of AuNPs, PtNPs and other materials (coated 

on GC electrodes) which are commonly used to catalyze electro-organic transformations.37, 38, 36 

2. EXPERIMENTAL SECTION 

2.1. Chemicals and Instrumentation. All starting materials were purchased from Sigma Aldrich and 

were used as received without further purification. The solvents were reagent grade. Powder X-ray 

diffraction (PXRD) patterns were recorded with a PANalytical X’Pert MPD (Cu Kα, λ=1.5418 Å) 

within the 2θ range 5-50° at room temperature. Thermogravimetric analysis (TGA) was carried out 

in a nitrogen stream using Hiden-Isochema IGA-002 gravimetric equipment with heating from room 

temperature up to 700 ℃ at a heating rate of 10 ℃·min-1. The electrochemical performance was 

measured with a Bioanalytical Systems (BASi) Potentiostat for cyclic voltammetry (CV) and 

differential pulse voltammetry (DPV). CV and DPV measurements were performed in 0.1 mM 

K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) solution containing 0.5 mM KCl at a scan rate of 100 mV/s (for CV) 

scanning the potential from 0 V to +0.5 V and back to 0 V. The parameters for DPV were: pulse 

width 50 ms, pulse period 200 ms, pulse amplitude 50 mV and step E 4 mV, scanning the potential 

from 0 V to 0.5 V. Additional details of electrodes are provided in Supporting Information. Raman 

spectra were collected using an inVia Renishaw Raman Spectrometer with 785 nm laser excitation 

(Argon ion). In situ variable temperature Raman (VT- Raman spectra) were collected using a Linkam 

stage, the temperature points from 25 to 50, 75, 100, 125, 150, 175, 200, 225, 250 ºC with a rate of 
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~7 ºC /min. All the samples were sealed in glass capillary (diameter 1 mm). Supporting spectra were 

recorded in S5 transmission mode with a frequency range of 600−3500 cm−1. 

2.2. Synthesis of CP1. Zn(CH3COO)2·2H2O(0.4 mM, 87.8 mg), 1,3,5-triazine-2,4,6-triamine (0.4 

mM, 47.3 mg) and biphenyl-4,4′-dicarboxylic (0.6 mM, 145.3 mg) were added to a mixture of DMF 

and MeOH (in a ratio of 4:1=v/v, 10 ml) before the addition of 1% H2O. The mixture was heated in 

the oven to 90 °C for 72 hours. The solution was cooled down to room temperature and the yellow 

hexagonal crystals were collected and sorted in DMF. Additional details of the synthesis and 

crystallographic data are provided in the Supporting Information. Crystal structure data can be 

obtained from the Cambridge Crystallographic Data Center (CCDC 2036487). 

2.3. Electrochemical Sensing and Fabrication of modified GC Electrodes. The ground CP1 (10 

mg) was dispersed in DMF (1 mL) to achieve a 10 mg/mL suspension and was sonicated for 5 minutes 

to form a homogeneous dispersion. The GC electrode (3 mm diameter) was polished with 0.3 um 

Al2O3 slurry, then sonicated in ethanol/water (1:1, v/v) solution 1 minute for 3 times. 10 μL of the 

suspension was drop-casted onto the surface of the GCE overnight and left to dry in air. Additional 

details of the electrode fabrication are provided in the Supporting Information.  

2.3. Theoretical analysis of hydrogen bonding. H-bonding was studied using ab-initio density 

functional theory with the VASP program including the DFT-D3(BJ) empirical approximation to Van 

der Waals interactions, further details are provided in the Supporting Information. 39–44  

3. COMPUTATIONAL STUDIES 

The refined crystal structure model indicates the presence of significant H-bonding in the framework. 

In order to gain further insight into the mechanism of H-bond interactions, we further studied H-
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bonding at the atomic scale using ab-initio calculations. We applied ab-initio DFT-D3(BJ) 

calculations which include an empirical approximation to the Van der Waals force to simulate H-

bonding in the intermolecular interactions. Further details are provided in the Supporting Information. 

39–44 

 

Figure 1. (a) Computational model of relaxed CP down the a-axis (left), down the c-axis (right). (b) 

Differential charge densities at an iso-level of 0.00094 electrons/Å3 down the a-axis (left), down the 

c-axis (right). Yellow areas exhibit the charge accumulation. Blue areas exhibit the charge depletion 

upon connecting the layers together with interstitial melamine molecules as described in text. The 

visualized differential charge per layer of coordinated melamine and interstitial melamine shows that 

the framework layers were linked together by H-bonds. 

 

The CP1 experimental structure was used as the starting point for calculations which contained dual 

layers of ZnBPDCMel 2D network and interstitial melamine molecules (Figure 1a), with a total of 

a
 

b
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456 atoms in 1 × 1 × 1 supercell (Figure S6). This structure also included the experimentally measured 

interstitial melamine which we investigated using ab-initio calculations to determine if it was H-

bonded to the framework atoms. The geometry was relaxed according to the procedure in the 

Supporting Information and the details of bonding were analyzed using differential charge density 

and the electron localization function (ELF).  

The geometry-optimized CP1 module showed an interplanar distance of 6.4 Å which is similar to the 

6.7 Å distance from the experimental model, when measured between neighboring benzene molecules 

between layers. The geometry optimized structure was very similar to the experimental structure and 

confirmed the presence of N-H⋯N H-bonding between the interstitial melamine and the 

Zn(BPDC)Mel 2D framework. We identified three different types of N-H⋯N H-bonding as indicated 

in Figure 2c (with distances shown in Table S1, which also show the comparison to the experimental 

values). This shows that each interstitial melamine molecule is H-bonded to its neighbor with two H-

bonds (H52⋯N27, H51⋯N28) to form a dimer and is also H-bonded to the framework via the 

coordinated melamine with single H-bonds on opposite sides (N20⋯H68 and N19⋯H67, N71⋯H3 

and N72⋯H4, N79⋯H23 and N80⋯H24). The interstitial melamine molecules are not connected to 

the Zn(BPDC)Mel layers though coordination bonds. These length values show good agreement 

between the calculated and experimental N-H⋯N hydrogen bonding distances and are in good 

agreement with the range of conventional H-bond interactions.  
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Figure 2. The geometry optimized model of CP1 CP using VASP5.4.4 showing an environment of 

the N-H⋯N H-bonds which attach the free melamine to the CP framework as labeled in the diagram. 

(a) The orientation of the melamine network to the Zn(BPDC)Mel 2D framework down the c-axis 

and, (b), down the a-axis. (c) A section of the melamine H-bonding network looking down the c-axis. 

 

Table S1 shows 4 types of simulated H-bond lengths which are 1.8 Å (H52⋯N27, H51⋯N28), 1.9 Å 

(H68⋯ N20, H67⋯ N19), 2.2 Å (H3⋯ N71, H4⋯ N72) and 2.06 Å (H23⋯ N79, H24⋯ N80) (Figure 

2c). The differential charge density shows how electrons are increased when interacting and forming 

H-bonds and was calculated as follows (see Figure 1b). The charge density of each of the four 

individual interstitial melamine and the Zn(BPDC)Mel 2D network were separately calculated and 

summed to form a charge density without interlayer bonding. This was then subtracted from the 

original charge density to produce the differential charge density. The latter shows the charge density 

rearrangement connecting the 2D sheet layers and interstitial melamine molecules together, and helps 

to identify bond formation and/or interactions.45,46 Figure 1b shows the accumulation of electron 

density around the nitrogen atoms and depletion around hydrogen atoms, providing strong evidence 

a
 

c
 

b
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of the H-bond interaction. The change in charge density is mostly concentrated on the N atoms of 

both coordinated and interstitial melamine without the NH2 functional groups. The differential charge 

densities along with the bond distances show that the 2D sheet layers of the CP are more strongly 

held together by the N-H⋯N hydrogen bonds.  
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Figure 3. Comparison between 3D model and interstitial melamine cut plane figure for charge density 

(a, d and g), differential charge density (b, e and h) and Electron Localization Function (c, f and i). A 

section of the melamine H-bonding looking down the c-axis (d, e and f). Cut plane through the one 

of the two interstitial melamine molecules (right) in the crystal (g, h and i). The blue/red represents 

low/high values of 2D slides of charge density, differential charge density and ELF respectively, 

which are restricted by construction in the region of [0, 1]. Black circles (a, b, c, d, e, and f) indicate 

all the hydrogen bonding and white circles (g, h and i as white arrow indicates) indicate hydrogen 

bonding on the cut plane of the right interstitial melamine molecule. 

 

Furthermore, the ELF is widely applied to analyze intermolecular interactions and bonds.47 This 

method provides an accurate theoretical method for analyzing these interactions as it provides 

visualization of the Pauli exclusion principle and kinetic energy for electron localization.48 We 

therefore focused on investigating the N-H⋯N bond using the ELF; this provides additional 

information on the charge density, which reveals electron localization, and the differential charge 

density, which indicates the extent of electron transfer.  

As can be seen in the cut plane of the CP1 in Figure 3i, the bonds between the two interstitial 

melamine molecules and between the coordinated and interstitial melamine molecules are bound 

through H-bonds. All of these bonds exhibit the features of both electron localization and partial 

electron delocalization. Specifically, at the bonds between melamine dimers (1.8 Å, H52⋯N27, 

H51⋯N28, indicated at white circles in Figure 3i), the blue gap indicates electron localization (i.e., 

no direct covalent bond is observed) between the nitrogen atom in the triazine and the hydrogen in 

the NH2 group. The ionic nature of the N-H⋯N hydrogen bonds is also clearly seen as the electrons 
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are highly localized at the hydrogen nucleus. However, some additional electron delocalization of 

these hydrogen and nitrogen bonds can also be clearly seen by comparing them with the fully 

unbonded NH2 group on the right (Figure 3i, orange circle): the degree of localization decreases 

significantly when hydrogen bonded to its neighbor. Also, the nitrogen-hydrogen bonds show a trend 

of electron accumulation around the nitrogen atom. Therefore, it was observed that the electrons of 

the hydrogens on the melamine molecules were attracted to the nitrogen atoms in the triazine ring of 

the neighboring melamine via H-bonding. Here, the result of ELF further supports the presence of a 

bridging N-H⋯N hydrogen bond between neighboring melamine molecules.  

4. RESULTS AND DISCUSSION 

4.1. Structural description. Hexagonal prism-shaped crystals of CP1 were obtained as detailed in 

SI section 2. Single-crystal X-ray analysis revealed that this CP1 crystallizes in the orthorhombic 

space group Abm2. The material displays a 2D sheet structure with Mel hydrogen-bonded within the 

framework unit. The asymmetric unit consists two Zn(II) ions, two BPDC2- ligands, two Mel ligands 

and one interstitial Mel molecule. Both Zn(II) ions are five-coordinate and are bound by four 

carboxylate oxygen atoms from BPDC ligands and one nitrogen atom from melamine molecule. The 

Zn(1)–O bond lengths are in the range of 2.018(5) to 2.040(4) Å and the Zn(2)–O bond lengths are 

in the range 2.032(4) to 2.060(4) Å. The Zn(1)-N bond length is 2.027 Å and the Zn(2)-N bond length 

is 2.026 Å. The Zn(II) centers exhibit a paddle wheel-shaped dinuclear {Zn2(COO)4} sub-unit with 

four bis-monodentate carboxylate groups of BPDC2- ligands, capped by two coordinated Mel 

molecules. These sub-units are bridged together by BPDC2- forming a 2D sheet in the bc-plane (Figure 

4c). The 2D sheets are connected via the coordinated Mel through H-bonding to uncoordinated Mel 

molecules, which stabilize the multi-layer structure of this CP. 
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Figure 4. (a) View of Zn(II) coordination environments in CP1, showing the dinuclear paddle wheel 

unit. (b) View of additional interstitial Melamine molecules in the pores of CP1 (green) which form 

strong H-bonds with Zn(BPDC)Mel 2D framework (shown in blue) and assist in stabilizing the 

overall structure. (c) View of the 2D sheets of BPDC2- co-ligands and Zn(II) nodes.(d) View of the 

rendered structure shows the position of additional interstitial Mel between Zn(BPDC)Mel 2D sheets 

down the c-axis. For (a), (c) and (d), grey = carbon, red = oxygen, yellow = zinc, blue = nitrogen. For 

all images hydrogen atoms were omitted for clarity. 

 

Considering the intended application of this material as a glucose sensor, the stability of CP1 in water 

and weak base and acid was studied. Figure 5 shows the normalised PXRD patterns of unsoaked CP1 

(Figure 5, grey line i), the material immersed in water for 7 days (Figure 5, green line ii) and 14 days 

(Figure 5, yellow line iii), the material immersed in a weak base (pH 8, Figure 5, deep blue line iv) 

a
 

b
 

c d 
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and weak acid (pH 6, Figure 5, red line v) for 2 hours. The patterns show the same diffraction peaks, 

supporting the stability of the framework in water and weak base where the result shows its capacity 

to be applied in aqueous phase electrochemical sensing under weak base condition. 
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Figure 5. Comparison of PXRD patterns for (i) CP1, (ii) immersed in water for 7 days, (iii) and 14 

days; (iv) immersed in weakly base solution for 2 hours (pH 8). 

 

4.2. Raman Spectroscopic Studies. Despite a number of published detection methods including 

Raman spectroscopy (room temperature) for interlayer H-bond characterization in CPs,12,18−20 there 

are still some barriers to direct H-bond characterization in CPs. Due to the presence of H-bonding 

interactions, we investigated the Raman shift of peaks associated with functional groups that were 

directly involved in these interactions. According to published studies on amide contained materials 

studies,38−40 owing to the N−H bond order increasing as the result of hydrogen bonding disruption at 

high temperatures, the frequency of N−H shifts to lower wavenumbers (i.e., a red shift). Thus, the 

variable temperature Raman analysis (VT-Raman, Figure 6a) was applied to directly analyze these 

H-bonding interactions in the crystal. In the present VT-Raman analysis, data were collected 
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following the temperature range from 25 °C (room temperature) to 250 °C. As the sample was heated, 

the vibrational frequency that corresponds to the amide N−H shifted to lower frequency (Figure 6a) 

with no effect on the other vibrational peaks in the spectrum. At 25 °C, the amide N−H vibrational 

peak（δNH2）of CP1 appears at 1609 cm−1 (position 1, Figure 6a). When the temperature reaches 

250 °C, the peak has shifted to 1603 cm−1 (position 2) with an overall shift of 6 cm−1 (Figure 6a), and 

has also broadened with the FWHM changing from 1609 cm−1 at 25 °C to 1603 cm−1 at 250 °C. This 

temperature dependent shift could due to the formation of free N−H sites leading to an increase in the 

N−H bond order and the disruption of H−bonding.  

 

Figure 6.  (a) Variable temperature Raman spectra of a single crystal of CP1, showing the expanded 

amide N−H stretching region. The red arrow indicates the shift in the peak at 1609 to 1603 cm-1. (b) 

Raman spectra of CP1 immersed in D2O (red) and H2O (black) as solvents for glucose solution in the 

high frequency region. The weak broad band due to hydrogen bonding vibrations from water was 

also shifted to lower frequencies. 
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In a further study, we analysed original and deuterated Raman spectra of CP1 crystals immersed in 

glucose solution with either H2O or D2O as solvent. Spectra in the higher frequency region are 

presented in Figure 6b. It can be seen that all bands are shifted for the crystal in D2O-glucose solution, 

except the stretching vibrations from CH bonds where the hydrogen atom was not replaced by 

deuterium (Figure 6b). The assignment of the weak but broad band to vibrations of water in the 

hydrogen bond was confirmed by its shift in the deuterated composite.49–51 These modes depend on 

the moment of inertia which is approximately two times larger for D2O solution than for H2O, such 

that the frequency of the band of D2O is reduced by a ratio of approximately 1.414. The ratio of 

frequency for two vibrations in D2O and H2O solution is about 1.14. These observations provide 

further convincing evidence that the material H-bonds with glucose in the aqueous phase, and that 

water molecules are a part of the crystal matrix in the solution. 

4.3. Glucose sensing. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were used 

to monitor the formation of the CP1 layer on the glassy carbon (GC) electrode and gain insight into 

the corresponding electron transfer reaction (Figure 7). Note here that DPV was employed owing to 

its high sensitivity as an electrochemical measurement technique.52 K3[Fe(CN)6]/K4[Fe(CN)6] (1:1, 

0.1 mM) was also introduced in KCl solution as an electron mediator in the buffer system as described 

in section 2.1, with pH 7.5 determined as the most appropriate pH (Figure 8b). Figure 7a shows the 

comparison of a bare GC electrode (black) and the modified electrodes. The CV response of CP1/GC 

was significantly lower than that of the bare electrode, indicating that the CP1 had formed a film on 

the electrode surface. DPVs demonstrating glucose detection at various concentrations are shown for 

the modified electrode in Figure 7b.  
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Figure 7. (a) CV characterization of the modified electrode in K3[Fe(CN)6]/K4[Fe(CN)6] solution 

containing 0.5 mM KCl at pH 7: bare electrode (i, red), CP1/GC (ii, black), scan rate 100mV/s; (b) 

DPV performance of CP1 modified electrode from 0 mM to 55.56 mM in K3[Fe(CN)6]/K4[Fe(CN)6] 

solution containing 0.5 mM KCl at pH 7.5 for glucose detection; (c) Plots of the current density versus 

the concentration of glucose (cglucose); (d) the curve of the linear current density on the log value of 

cglucose, R2 = 0.9852) with the linear range from 0 to 5.56 mM; error bars denote standard deviation 

for 3 measurements.  

 

c 

a b 

d
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CV was applied for monitoring the fabrication of the adsorption layer on GC electrode corresponding 

the electron transfer. Figure 7a shows the different response between the bare electrode and CP1/GC 

in K3[Fe(CN)6]/K4[Fe(CN)6] solution containing 0.5 mM KCl. The bare electrode shows a higher CV 

response than CP1/GC, indicating, as noted in previous works, that CP1 formed a thin layer on the 

electrode surface.53 Figure 7b shows a series of DPVs for glucose over the concertation range from 

0.00 mM to 55.56 mM containing the [Fe(CN)6]3/4- couple at 0.1 mM KCl solution at pH 7.5.11 The 

electrochemical peak current for CP1/GC displayed a linear relationship with log10 cglucose (Figure 7c, 

d) from 5.6 µM to 5.56 mM with a high sensitivity of 517.36 μA mM−1 cm−2 (R2 = 0.9852), and a 

detection limit of 0.56 µM. Table 1 illustrates the different performance of MOF based material and 

metal nano particles composite for electrochemical glucose sensing. 32,50–60 As can be seen, apart from 

the graphene/PtNP based sensor with extremely high conductivity54, Table 1 clearly shows that the 

CP1 based electrochemical sensor demonstrates a wider linear range with a good limit of detection 

(LOD) compared with other enzymic-free glucose sensors based on pristine MOFs, MOF/carbon 

material composites and MOF/metal nano particles/carbon material composites. Our CP1 exhibits a 

better linear range without the need for addition of highly conductive materials. 
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Table 1. Comparison of different materials (MOF, MOF composite and other materials) used as 

electrodes, and the analytical performance obtained for non-enzymatic glucose sensing. 

Modified material Linear range (µM) LOD (µM) Ref. 

GOx/PtNP/PANI/Pta 10–8000 0.7 54 

GOx/MOFs/PtNPSb 5–1400 5 55 

Cu-in-ZIF-8/SPCEc 0–700  2.76 36 

CoII-MOF/Acb-0.2%/GCEd 5–1000  1.7 56 

Ni-MOF/Ni/NiO/C 4–566 0.8 57 

Ni-MIL-77 1–500 0.25 58 

Eu-pydce 10-1000 6.9 59 

MOF-71 50-1000 15.61 60 

Ni-BDC MOF 10-800 6.68 61 

ZIF-67 5-3300, 3300-42100 0.96 62 

ZIF-74 1-1000 0.41 63 

Mn2{Ni(C2S2(C6H4COO)2)2}(H2O)2 2-2000 0.1 64 

CP1f/GC 5-5560 0.56 This work 

*a Pt nanoparticles (PtNPs), polyaniline (PANI);b Pt nanoparticles (PtNPS);c screen-printed carbon 

electrodes (SPCE);d CoII-MOF/acetylene black (CoII-MOF/Acb);e pydcd-2,5-pyridinedicarboxylic 

acid; f Zn(BPDC)Mel: melamine (Mel) ligands, biphenyl-4,4′-dicarboxylic acid (BPDC2-) 

 

A further challenge for glucose sensing applications is the potential of interference from other 

electrochemically-active analytes within a complex mixture such as human blood. Thus, the DPV 
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responses of the CP1/GC electrodes were tested with common substances in human blood which are 

ascorbic acid (AA), uric acid (UA) and dopamine (DA). The concentration of AA an UA in healthy 

humans is between 0.125 and 0.33 mM,65,66 the concentration of DA in healthy blood is between 

0.12–0.45 mM.67 On the basis of published work, in human blood, the glucose level is 10 times higher 

than the concentration of interference substances.18 The anti-interference performance was 

investigated using 0.56 mM glucose with 0.1 mM AA, 0.1 mM UA and 0.1 mM DA, in order to 

examine the selectivity of the CP1/GC electrode, which were added into the detection cell in order 

(Figure 8a). It was found that the AA, UA and DA substrates produced minimal responses, indicating 

that the CP1/GC electrode maintains good selectivity for glucose. This result is attributed to the 

interaction between Mel and glucose68–70 through H-bonding by assisting the 

K3[Fe(CN)6]/K4[Fe(CN)6] charge transfer and catalysis. The results also indicate that this CP may 

facilitate pre-concentration of glucose from the solution to the electrode surface, thus promoting its 

performance for glucose sensing. 

 

Figure 8. (a) The DPV current density difference (baseline subtracted) of the CP1/GC electrode 

towards the addition of glucose from 0.56 mM up to 5.56 mM glucose with 0.1 mM interference 

a b 
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substances, ascorbic acid (AA), uric acid (UA) and dopamine (DA). (b) Current density (baseline 

subtracted) to a glucose concentration of 0.056 µM under different pH conditions. Here, it was 

established that pH 7.5 was optimal for the highest current responses.  

To further evaluate the performance of CP1/GC, we analyzed the reproducibility of this sensor. The 

current density of 5 mM glucose with the same CP1/GC was measured for 3 times, and the relative 

standard deviation (RSD) was 6.8%; the current density RSD of 3 independent CP1/GC electrodes to 

5 mM glucose was 5.1% (Figure S11a), which indicates its reproductivity. In addition, with 

measurements taken every 15 days, the sensor retains 90.7% of its original value over a month (Figure 

S11b), which indicates its stability.  

4. CONCLUSIONS 

A new triazine-based CP (CP1) constructed from a network of extended 2D sheets, held together by 

H-bonding through free melamine between each layer, was developed in this study for its application 

in non-enzymatic glucose sensing. Due to the specific structure of CP1, the 2D layers were connected 

through both coordinated melamine and interstitial melamine molecules via H-bonding, which 

promotes interlayer interactions in the framework. We computationally and experimentally proved 

the existence of hydrogen bonding interactions in the crystal with VASP calculations and VT-Raman 

experiments. Results from Raman spectroscopy demonstrated that hydrogen-bonding interactions, 

well known to occur between Mel and glucose,68–70 may aid in pre-concentrating the glucose and 

promoting interactions between the redox mediator, K3[Fe(CN)6]/ K4[Fe(CN)6], and glucose (Figure 

S9). The stability of CP1 in weak base and weak acid provides a basis for its application in aqueous 

sensing. An electrochemical non-enzymatic glucose sensing system was successfully fabricated with 

CP1 deposited onto GC, which exhibited excellent sensing characteristics, with a linear detection 
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range from 5.6 µM to 5.56 mM of glucose and a very low loading of CP1 of 80 µg (8 µL, 10 mg/ml). 

The low cost of the ligand and its low toxicity make CP1 a promising platform for further 

diversification into sensing and drug delivery systems. 
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1 General Methods and Instrumentation  

All starting materials were purchased from Sigma Aldrich and were used as received without further 

purification. The solvents were reagent grade. 

1.1. Powder X-ray Diffraction (PXRD): PXRDs 

Powder X-ray diffraction (PXRD) patterns were recorded with a PANalytical X’Pert MPD (Cu Kα, 

λ=1.5418 Å) within the 2θ range 5-50° at room temperature.  

1.2. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was carried out in a nitrogen stream using Hiden-Isochema IGA-

002 gravimetric equipment with heating from room temperature up to 700 ℃ at a heating rate of 

10 ℃·min-1.  

1.3. Electrochemistry 

The electrochemical performance was measured with a Bioanalytical Systems (BASi) Potentiostat 

for cyclic voltammetry (CV) and differential pulse voltammetry (DPV). CV and DPV measurements 

were performed in 0.1 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) solution containing 0.5 mM KCl at a scan 

rate of 100 mV/s (for CV) scanning the potential from 0 V to +0.5 V and back to 0 V. The parameters 

for DPV were: pulse width 50 ms, pulse period 200 ms, pulse amplitude 50 mV and step E 4 mV, 

scanning the potential from 0 V to 0.5 V . All experiments were carried out at room temperature with 

a three-electrode system. The glassy carbon electrode (GC) (3.0 mm diameter) was used as the 

working electrode, a Ag/AgCl electrode (3 M KCl) as a reference electrode, and a platinum wire (0.1 
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mm wire diameter) as the auxiliary electrode (all electrodes were purchased from BASi USA).   

1.4. Raman Spectroscopy and VT Raman Spectroscopy 

Raman spectra were collected using an inVia Renishaw Raman Spectrometer with 785 nm laser 

excitation (Argon ion). In situ variable temperature Raman (VT- Raman spectra) were collected using 

Linkam stage, temperature points from 25 to 50, 75, 100, 125, 150, 175, 200, 225, 250 ºC with a rate 

of ~7 ºC /min. All the samples were sealed in glass capillary (diameter 1 mm).  

1.5. Electrochemical Sensing and Fabrication of modified GC Electrodes.  

The ground CP1 (10 mg) was dispersed in DMF (1 mL) to achieve a 10 mg/mL suspension and was 

sonicated for 5 minutes to form a homogeneous dispersion. The GC electrode (3 mm diameter) was 

polished with 0.3 um Al2O3 slurry for 5 minutes, then sonicated in ethanol/water (1:1, v/v) solution 

for 1 minute, repeat for 3 times. 10 μL of the suspension was drop-casted onto the surface of the GCE 

overnight and left to dry in air. 

  



5 
 

2 Synthesis 

2.1. Synthesis of [Zn2(BPDC)1Mel0.5-Mel0.5]·(DMF0.6) {denoted CP1}.  

Zn(CH3COO)2·2H2O(0.4 mM, 87.8 mg), 1,3,5-triazine-2,4,6-triamine (0.4 mM, 47.3 mg) and 

biphenyl-4,4′-dicarboxylic (0.6 mM, 145.3 mg) were added to a mixture of DMF and MeOH (in a 

ratio of 4:1=v/v, 10 ml) before the addition of 1% H2O. The mixture was heated in the oven to 90 °C 

for 72 hours. The solution was cooled down to room temperature and the yellow hexagonal crystals 

were collected and sorted in DMF. Anal. Calcd (%) for [Zn2(BPDC)1Mel0.5-Mel0.5]·(DMF0.6) C, 

44.236; N, 18.061; H, 4.641. Found (%): C, 47.010; N, 12.200; H, 3.587. The difference between the 

predicted and calculated elemental analysis results is not uncommon for CPs and reflects the porous 

nature of the materials that are susceptible to adsorption and desorption of guests (S.I. Figure. S2). 

Crystal structure data can be obtained from the Cambridge Crystallographic Data Center (CCDC 

2036487). 

2.2. Synthesis of Gold Nanoparticles (AuNPs). 

The AuNPs were synthesized according to the literature procedure with no modifications.1 According 

to the literature, the size of the nanoparticles was 20 nm.  

 

2.3. Synthesis of Platinum Nanoparticles (PtNPs).  

The PtNPs were synthesized according to the literature procedure with no modifications.2 According 

to the literature, the size of the nanoparticles was 4.1 nm. 

  



6 
 

3 Crystal Structure 

3.1. Single Crystal X-Ray Diffraction 

Table S1. Crystallographic parameters (CCDC 2036487) 

Empirical formula C20H22N12O4Zn 
Formula weight 559.86 
Temperature/K 100.01(10) 
Crystal system orthorhombic 
Space group Abm2 
a/Å 17.5983(4) 
b/Å 24.5934(3) 
c/Å 18.2648(2) 
α/° 90 
β/° 90 
γ/° 90 
Volume/Å3 7905.0(2) 
Z 12 
ρcalcg/cm3 1.411 
μ/mm-1 1.730 
F(000) 3456.0 
Radiation CuKα (λ = 1.54178) 
2Θ range for data collection/° 7.188 to 145.164 
Index ranges -21 ≤ h ≤ 13, -18 ≤ k ≤ 30, -22 ≤ l ≤ 22 
Reflections collected 16740 
Independent reflections 7498 [Rint = 0.0244, Rsigma = 0.0310] 
Data/restraints/parameters 7498/1/342 
Goodness-of-fit on F2 1.036 
Final R indexes [I>=2σ (I)] R1 = 0.0461, wR2 = 0.1255 
Final R indexes [all data] R1 = 0.0482, wR2 = 0.1271 
Largest diff. peak/hole / e Å-3 0.82/-0.53 
Flack parameter 0.28(2) 
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a 

 

b 

 

Figure S1. (a) Image of the unit cell of CP1; (b) ORTEP diagram of CP1. 
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3.2. Powder X-Ray Diffraction 
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Figure S2. The refined PXRD of CP1 pattern in red), the experimental PXRD pattern for CP1 in 

black) and the differences plot in gray. 

The comparation of the simulated and experimental PXRD patterns are shown in Figure S2. The close 

correspondences of peak positions illustrate the structure is correct. The blue (refined) plot of Figure 

S2 indicates an acceptable fitted degree with Rp = 6.648%, wRP = 10.307%, where the Rp and wRP are 

agreement factors. 

Due to the favorable coordination between Zn(II) and carboxylate-based ligands, the IRMOF-10 2D 

sheet structure (CCDC 186896) was initially considered as a structural component. To further confirm 

we incorporated melamine into the crystal structure, we compared the PXRD of pure [Zn(BPDC)] 

(IRMOF-10) with that of our CP. We found that IRMOF-10 decomposed in H2O immediately, but the 

chemical stability of our CP (i.e. stability under aqueous conditions) has been significantly enhanced 

by incorporating melamine into the framework. We envisage that the H-bonding within the 

framework may contribute to the enhanced stability.   
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4 Thermogravimetric analysis (TGA) 

The thermogravimetric analysis (TGA) curve shows a weight loss of 25% from 25 to 250 °C, which 

could be attributed to the loss of the DMF, MeOH and coordinated DMF molecules in the molecular 

unit. After a plateau until 370 °C, the samples begin to decompose with complete collapse at 550 °C.   

 

Figure S3. (a) The TGA of CP1 (under N2, up to 700 °C) shows a multi-step decomposition. The 1st 

decrease between 20-250 could be the solvent (MeOH and H2O) loss before 250 °C; then the 2nd step 

which is in the range between 250-350 °C due to the loss of DMF molecule3; the 3rd step could be the 

collapse of the melamine structure4; and the significant 4th weight loss over the range370-550 °C 

could due to framework collapse. (b) DTG of CP1.  

 

  

a b 
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5 Raman spectrum analysis 

Raman spectra were collected using an inVia Renishaw Raman Spectrometer with 785 nm laser 

excitation (Argon ion). In situ variable temperature Raman (VT- Raman spectra) were collected using 

a Linkam stage, with temperature points at 25, 50, 75, 100, 125, 150, 175, 200, 225, 250 ºC with a 

heating rate of ~7 ºC /min. All of the samples were sealed in glass capillaries (diameter 1 mm).  
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Figure S4. Raman spectrum of CP1 at room temperature 

δNH2 
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Figure S5. Raman Comparation of CP1 in D2O and H2O glucose solution at room temprature 
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6 Computational studies of CP1 

Density functional theory (DFT) calculations3–6 were performed with VASP 5.4.4 including Van der 

Walls dispersion corrections using the D3 and Becke-Jonson approximation [DFT-D3(BJ)] 7,8 to 

represent hydrogen bonding. The generalized gradient approximation of Perdew, Burke and 

Ernzerhof (PBE)11 with the projector augmented-wave (PAW) method was used.12,13 The plane-wave 

energy cut-off was set to 410 eV and the energy convergence criteria was 10-6 eV. A single k-point at 

the gamma point9 was employed with the Gaussian smearing method10 and a sigma value of 0.05. The 

CP structure consisted of the as obtained from the single crystal experiment as in Figure S1b and also 

Figure 4a; two sets of alternating Zn(BPDC)Mel 2D net work and interstitial melamine layers with 

hydrogen termination where necessary were selected in Olex2 (Figure 3a in main text).  

Since the framework contains Zn, the commonly used Hubbard U-J correction was employed.16 A 

value for U-J of 16.2 eV was determined using the variational linear response approach method of 

Cococcioni.17 This value is significantly higher than other commonly used values found in the 

literature of 7.5 eV and 12 eV,18–21 which is consistent with literature which predicts the difficulty of 

using this method for determining U-J for atomic species with fully filled electron shells.22 As a result, 

all calculations were repeated with a range of U-J values of from 0 eV to 16 eV in 2 eV steps with a 

few extra U-V values. We found little effect on the final calculated quantities as shown in Figure S9 

and as a result, we used the value of U-J of 16.2 eV for the results presented in the main text. 

Specifically, the relaxed geometries and ELF results were very similar as in Figures S8 and S9. 

The Geometry optimizations were performed to reduce the Pulay stress.23 This method is similar to 

the relaxation scheme used for other CP/MOFs.24 This resulted in a structure where the positions 

were optimized until all forces between atoms were smaller than 1 meV/Å.  
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Figure S6 CP1 backbone in a 1 × 1 × 1 supercell with U = 16.2 eV. grey = carbon, red = oxygen, 

light blue = zinc, blue = nitrogen.   
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6.1 Unit cell parameters as a function of U-J  
 

 
 

Figure S7 The lattice parameter (a) and volume of unit cell (b) in different U values. The 

experimental unit cell volume value is shown by the dashed lines (b). 

 
 
 
 
 
 
 
 
 
 

a b 
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6.2 Geometry optimization with different U values 
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Figure S8. Geometry Optimization with different U values in the Zn based system (strong corelated 

system) (U=0, 2, 4, 6, 8, 10, 12, 14 , 15, 15.7, 16, 16.2).  
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6.3 Electron localization function (ELF) optimization with different U values 
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Figure S9. Optimization of ELF 2d cut plane at face 0,0,1 for different U values for the Zn based 

system (strong corelated system) (U=0, 4, 6, 8, 10, 12, 15, 15.7, 16, 16.2).  
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6.4 Table of bond distances 

Table S1 Comparation of experimental and simulated Hydrogen bond lengths 

 

Bonding Source 
Molecule 

Bonding 
Name 

Experimental 
Bond length (Å) 

Simulated 
Bond length 

(Å) 
Differences %  

Interstitial 
Melamine 

1 

  H68⋯N20 2.22881 1.94044 12.93829443 

  N72⋯H4 2.24942 2.01619 10.36845053 

  N80⋯H24 2.19909 2.06804 5.959283158 

Interstitial 
Melamine 

2 

H52⋯N27 2.15107 1.78657 16.94505525 

N28⋯H51 2.15107 1.78786 16.8850851 

  N79⋯H23 2.19909 2.06782 5.969287296 

  N71⋯H3 2.24942 2.01526 10.40979452 

  H67⋯N19 2.22881 1.94037 12.94143512 
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7 ELECTROCHEMICAL SENSING 

 

Figure S10. Schematic illustration of the sensing mechanism of CP1/GCE for glucose oxidation 
electron transfer. 

 

 
Figure S11. (a) Current densities of CP1/GC to 5 mM glucose for testing of 3 individual CP1/GC 
electrodes. The error bars denote the standard deviations. (b) Stability of CP1/GC to 5 mM glucose 
with 15 days measurement over 1 month. The error bars denote the standard deviations.    

a b 
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