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Glucose oxidase mimicking nickel-based porous structures with organic anchors are developed as cheap and
reliable electrochemical sensors for the quantitative detection of glucose. A series of sterically and electronically
modulated, air— and moisture-stable half-sandwich nickel(II) NHC complexes were prepared and characterized.
Under the optimized electrocatalytic conditions, the nickel complex immobilized glassy carbon electrodes
(GCEs) displayed high sensitivity (0.663, 1.280, 1.990 and 0.182 pA/uM) towards glucose detection, which is
much higher than that of 3D porous nickel networks. The limit of detection of modified GCEs is found in the

range 1.56-2.09uM with much wider linear sensing range, and having a catalytic rate constant of
0.273 x 10*M ™~ !s~ 1, Finally, the selectivity of the modified GCEs towards glucose in presence of other blood

constituents was also evaluated.

1. Introduction

The first enzyme based biosensor was designed, patented and
commercialized by Clark and Lyons in the year 1962 (Clark and Lyons,
1962), which consist the enzyme, glucose oxidase, coupled with signal
transducers that can behave as glucose sensors. However, they carry
disadvantages pertaining to the electrochemical response and dena-
turation of the enzyme (Wang and Zhuang, 2017). The non-enzymatic
glucose sensors have been fabricated with an intension to address the
drawbacks pertaining to enzymatic sensors. It is however, essential to
design and fabricate cost-effective, stable, robust and sensitive non—e-
nzymatic electrochemical sensor, which mimic the functions of glucose
oxidase enzyme. Off late, nanomaterial supported metal and metal
oxides have been largely explored, particularly, bulk nickel and nickel
nanoparticles-based electrocatalytic materials displayed promising
sensing abilities (Niu et al., 2016). However, a major disadvantage of
using a nanocatalyst is its quantification and poor selectivity. A mole-
cular catalyst, on the other hand, is quantifiable and more importantly
the uniform modification of the electrode is possible using its homo-
genous solution. In this regard, NHC complexes in particular have been
used as electrochemical sensors (Prathap et al., 2013), while their
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structures can be fine-tuned to further improve the catalytic efficiency.
In spite of having significant advantage of being cheap, easy to prepare
and convenient to be used as catalysts, Ni(I[)-NHC complexes are re-
latively less explored. This work—-gap motivated us to pioneer the work
involving CpNi(I)-NHC complexes as possible electrocatalysts.

2. Results and discussion

2.1. Synthesis and characterization of imidazolium salts and CpNi-NHC
complexes

Mesityl and coumarin substituted imidazolium bromide salts, 4, 5,
10 and 11, were prepared conventionally by the reaction of
1-mesityl-1H-imidazole (Liu et al., 2003) with the substituted 4-bro-
momethylcoumarin (Kulkarni and Patil, 1981) derivatives in 1,4-di-
oxane at refluxing temperature for 24 h (Schemes SI1 and SI2). Bromide
salts were further subjected to salt metathesis using potassium hexa-
fluorophosphate to obtain the corresponding hexafluorophosphate
salts, 6, 7, 12 and 13, as off-white solids in excellent yields
(62.4-89.4%). Half-sandwich Ni—NHC complexes, 15-18, were pre-
pared from the imidazolium bromide salts following direct nickellation
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Scheme 1. Synthesis of half sandwich nickel(IN-NHC complexes 15-18.

protocol outlined in Scheme 1. Dicyclopentadienylnickel(II) was treated
with imidazolium bromide salts in thf at reflux condition for 6 h under
nitrogen atmosphere resulted in formation of analytically pure 15-18
in 67.2-71.8% yield after simple workup followed by column pur-
ification.

In the "H NMR spectra of salts was observed a characteristic singlet
peak in the range § 9.3-9.6 ppm, attributed to the resonance of C2
proton (N—CH=N). While, in the *C{'H} NMR spectra, a diagnostic
peak at ca. 8 140 ppm corresponding to the C2 resonance, which is a
key indication for the formation of desired salts. In the 'H NMR spectra
of 15-18, the investigative singlet peak for the resonance of C2 proton
was missing, indicating the successful formation of title complexes upon
in situ deprotonation. The Cp protons were resonated as a typical singlet
at ca. 6 4.2-5 ppm (Ritleng et al., 2010) and a broad peak was observed
at ca. 8 6.35-6.60 ppm exhibited diastereotopic NCHy—coumarin pro-
tons. The carbene carbons in 15-18 resonated at ca. 8 160-165 ppm in
the corresponding 13C NMR spectra (Li et al., 2014). While, the Cp
carbons resonated at ca. 8 87-93 ppm, indicating that the complexes are
neutral and possessing asymmetrically substituted NHC ligands.
ATR-IR spectra of salts and CpNi complexes displayed two strong bands
ca. 1712-1726, 1548-1570 cm ™! and 1721-1729, 1552-1569 cm ™%,
ascribed to the stretching vibrations of C=0 and C=N modules, re-
spectively.

Structure of salt 7 (Fig. 1a) is consistent with an imidazolium cation
and a hexafluorophosphate anion (P2;/n system, Table SI1) while, salt
12 (Fig. 1b) comprised of two crystallographically different, but che-
mically same units (P-1 system) having occupied the respective asym-
metric units. In each case, the angle subtended at the C2 carbon atom
by two heteroatoms is in the range 108.81(17)-108.3(5)° (Tables SI2
and SI3) (Achar et al., 2018). Alongside, the bond distances for C1—N1,
C1-N2, C27—N3 and C27—N4 in the imidazole rings are in the range
1.314(8)-1.337(8) A. In the extended structure of salt 7, a feeble n—nt
stacking interactions are observed (Figure SI1) between coumarin rings.
In the structure of half-sandwich nickel(II) complex 18 (Fig. 1c), a
typical asymmetric unit contains one molecule composed satisfactorily
as a Cp and bromido coordinated nickel complex stabilized by a cou-
marin-tethered NHC ligand (P-1 system). Complex 18 attains a
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two-legged piano-stool-like coordination geometry (Luca et al., 2013),
possessing the central nickel atom bound to a Cp ring in a n° co-
ordination mode along with a bromido and a benzocoumarin-tethered
NHC ligand. The bond distances between the central nickel atom and
the Cp carbon atoms are in the range 2.024(6)-2.183(6) A with an
average bond distance of 2.123 A. The bond distances for C1—Nil and
Nil—Brl are found to be 1.873(5) and 2.3393(9) A (Table SI4), re-
spectively. In the supramolecular structure, m—m stacking interactions
(Figure SI2) are observed between coumarin rings of two adjacent
molecules, while Cp rings of two complex molecules (Figure SI3) dis-
played similar interactions.

2.2. FESEM studies

The microscopic image depicted in Fig. 1d displayed a highly porous
structure of 16 at 0.01 M concentration in dichloromethane with pore
diameters ranging from tens of nanometers to 500 nm. While, as con-
centration is reduced to 0.001 M the stacked hexagonal-sheet-like
porous structure (Fig. 1e) was observed with increased pore diameters,
which resembles a honeycomb-like structure. In both the images the
large and small pores connect each other with ample interlocked
bridging branches that in turn resulted in the formation of self--
supported complex architectures. Further, it is assumed that these
stacked honeycomb-like porous structures facilitate the glucose mole-
cules to interact with the active nickel sites, and thus showing pro-
mising activity for glucose sensing. Furthermore, the interlocked brid-
ging scaffolds that connect different pores conserve the robust
mechanical stability of 16 on the electrode surface.

2.3. Electrochemical behavior of the 15-18 modified GCEs

CV experiments of 15-18 modified GCEs depict a couple of well—-
defined redox peaks corresponding to the oxidation of Ni** to Ni** in
the potential range +0.30 to +0.35 V vs. Ag/AgCl. While, a reduction
peak was observed corresponding to Ni®* to Ni?* species in the range
+0.25 to +0.18 V vs. Ag/AgCl. In addition, the difference between the
anodic and cathodic peak potentials (AE,) for 15-18 modified GCEs is
found more than 60 mV, which represents a quasi-reversible redox
behavior, while the half electrode potential (E;,3) is ca. 0.3V vs. Ag/
AgCl. On the basis of similar redox results reported for nano nickel
oxide coated GCEs, it can be demonstrated that the redox couple on the
electrode surface is presumably due to the formation of octahedral Ni**
with hydroxyl ion being the other coordinating ligand, while decoor-
dination of the hydroxyl species during reduction, generated the active
five coordinated Ni* 2 species. Further, bare imidazolium salt 5 did not
show any redox behavior over the same working potential range.

2.4. Electrocatalytic glucose oxidation using 15-18 modified GCEs

The stacked cyclic voltammetric responses of 15-17 modified GCEs
in the presence of increasing amounts of glucose, i.e., 2.5-142.5 uyM at a
scan rate of 100 mV/s, is depicted in Fig. 2a,b,c. The maximum amount
of glucose added was 142.5 uM as corresponding peak current became
saturated. The CV results indicated that all these electrodes can effi-
ciently catalyze the electro—oxidation of glucose. Fig. 2a,b,c depicts the
increase in the anodic peak current verses the increase in the glucose
concentration with the peak potential shifting forward, while the same
trend was observed for cathodic peak current with lesser shift in the
peak potential. Complex 17 evidenced a maximum anodic peak current
of 320 YA with a highest shift of peak potential to +0.525 V vs. Ag/
AgCl at a glucose concentration of 142.5 uM, which denotes its high
catalytic activity towards electro—oxidation of glucose. Whereas, the
complexes 15, 16 and 18 displayed highest peak currents of 113, 240
and 26 pA, respectively with the shift in the potential range of +0.36 to
+0.47 V vs. Ag/AgCl. On the basis of the current responses, it can be
concluded that among the modified GCEs the catalytic
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Fig. 1. Molecular structure of salts 7 (a), 12 (b) and complex 18 (c). Hexafluorophosphate anion and hydrogen atoms are removed for clarity. FESEM images of

complex 16 at 0.01 M concentration (d); and at 0.001 M concentration (e).

electro-oxidation = of glucose is found in the order;
17 > 16 > 15 > 18. To evaluate the repeatability of these experi-
ments, the GCE was modified with 17 thrice and individual CV ex-
periments were performed over the mentioned potential window at
142.5uM glucose, giving a standard deviation of 4.8%. Furthermore,
the plausible glucose sensing mechanism involves the oxidation of
[CpNiBr(NHC)] to [CpNi(OH)Br(NHC)] on the electrode surface, while
oxidized nickel hydroxyl species subsequently react with glucose to
form glucolactone (Hui et al., 2011) allowing the regeneration of the
catalyst (Figure SI4).

Modified GCEs were studied for their sensitivity towards glucose
considering their CV responses (Equation S(I1)). The calibration curves
plotted for the increase in glucose concentration verses the corre-
sponding anodic peak current at a fixed potential is authenticated by
the high correlation coefficients (R?) (0.953-0.988). Complex 17
modified GCE displayed the highest sensitivity of 1.990 pA/uM, which
is due to its significant electro—catalytic glucose oxidizing property.
However, sensitivity of complex 15, 16 and 18 demonstrated 0.663,
1.280 and 0.182 pA/uM, respectively. Observed sensitivity values are
relatively higher than that of Ni(II) quercetin and graphene film
(0.187 pA/uM) (Sun et al, 2011), copper nanocluster/MWCNT
(17.76 pA/mM) (Kang et al., 2007), whereas lesser than CuS nanotubes
(7.842 pA/mM) (Zhang et al., 2008).

The limit of detection (LOD) for 15-18 towards glucose sensing was
found as minimum as 1.60, 1.56, 1.90 and 2.09uM, respectively
(Equation S(I2)). These values are comparable to that of Ni foil
(1.83 uM) (Toghill et al., 2010), Ni loaded Pt nanoparticles (15.0 uM)
(Scavetta et al., 2007) and bulk Ni (13.0 uM) (Niu et al., 2013). It is
worth mentioning that although 16 and 17 modified GCEs displayed
superior LOD and sensitivity results, respectively, the complex 15
modified GCE exhibited promising electro—oxidation of glucose in terms
of both, the LOD and sensitivity. All fabricated GCEs displayed an ap-
preciable linear range of glucose detection from 2.5 to 142.5uM in CV
experiments, which is comparable to that of Ni nanospheres on RGO
(0.001-0.11 mM) (Wang et al., 2012), core-shell NiO/C nanobelts
(0.0001-0.17 mM) (Yang et al., 2012) and immobilized bienzyme
system (0.0005-0.1 mM) (Cao et al., 2012).
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2.5. Chronoamperometric studies

Chronoamperometric (CA) experiments were performed in 0.1 M
sodium hydroxide solution with the successive addition of glucose as a
function of time at a fixed potential of +0.475 V vs. Ag/AgCl (Fig. 2d).
The figure shows a typical amperometric current response with a
well-defined significant stepwise increase in the corresponding currents
with each increment of 1 mM glucose addition. However, upon addition
of 3.5mM glucose to the electrolytic cell, the electrode surface was
covered by the hydrogen (presumably) bubbles that led to obtain the
current response with noise that made further addition impossible. On
the other hand, CA responses of the same electrode at lesser glucose
concentration ranging from 0.2 to 0.8 mM depicted a typical ampero-
metric current response with the increasing currents against increasing
glucose concentration (Figure SI5). Collectively, this can be concluded
that the CA current responses are linear with the increase in the glucose
concentrations ranging from 0.2 to 3.5 mM.

Further, the electro—catalytic rate constant (k.,,) of the reaction was
evaluated (Equation S(I3)) from CA measurements of 16 and it was
calculated to be 0.273 x 10° M~ 's~ . While this rate constant is lesser
than the rate constant found for the porous Ni electrode (1.20 x 10°
M~ 's™") and bulk Ni (0.83 x 10> M~ 's™") (Niu et al., 2013).

2.6. Interference studies

The interference of endogenous blood species (ascorbic acid (AA),
dopamine (D) and uric acid (UA)) was studied. Amperometric responses
of 16 fabricated GCE with glucose and AA, D and UA are presented in
Fig. 2e and f. Initially, the selectivity study was performed with the
addition of 2mM glucose into a constantly stirring 0.1 M sodium hy-
droxide solution to get a prominent current response, while further
addition of 0.2 mM AA to the electrolytic cell resulted in the decreased
current response. Further, the addition of 0.2 mM UA followed by the
same amount of D at a regular time interval resulted in no change in the
current response, indicating that the modified GCE is selective towards
glucose. Furthermore, the same study was conducted by adding 0.2 mM
of AA first followed by the successive additions of UA and D at a regular
time intervals resulted in no or negligible current response, while ad-
dition of 2 mM glucose at the end evidenced significant increase in the
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Fig. 2. CV responses of 15 (a), 16 (b) and 17 (c) modified GCEs. CA responses of 16 modified GCE (d). CA responses of 16 modified GCE with the addition of 2 mM
glucose followed by the successive additions of 0.2mM AA, UA and D (e); CA responses with the successive additions of 0.2mM AA, UA and D followed by the

addition of 2mM glucose (f).

current sensitivity, indicated the exceptional selectivity of modified
GCE towards glucose.

3. Conclusions

In this study, we have presented four new sterically and electro-
nically modulated half-sandwich CpNi NHC complexes as facile and
efficient molecular non-enzymatic glucose sensors. The robust hon-
ey—comb like morphology and readily evolved nickel hydroxyl species
of complexes on the electrode surface facilitated the high catalytic
glucose sensing properties. The modified GCEs displayed high current
sensitivities in the range 0.182-1.990 uA/uM with low limit of glucose
detection (1.56-2.09 uM) at an acceptable catalytic rate constant. These
nickel molecular electrocatalysts displayed high selectivity towards
glucose even in the presence of other blood components.
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Diabetes mellitus is a metabolic disorder in which the pancreas fails
to produce sufficient amount of insulin resulting in high blood glucose
levels over a prolonged period of time. According to the statistics of
World Health Organization (WHO), in the year 2015, globally, around

8.5% people were suffering with diabetes and this percentage is ex-
pected to be increased in the years to come. Therefore, instant mon-
itoring of blood glucose level is important to avoid any severe damage
of the organs. In this perspective, a series of glucose oxidase mimicking
nickel-based porous structures with organic anchors are developed as
cheap and reliable electrochemical sensors for the quantitative detec-
tion of glucose. In this perspective, a series of sterically and electro-
nically modulated air- and moisture-stable half-sandwich nickel(II)
NHC complexes of the type [CpNi(NHC)Br] (NHC: coumarin substituted
N-heterocyclic carbenes) were prepared and thoroughly characterized.
The nickel complex immobilized glassy carbon electrodes (GCEs) dis-
played high sensitivity and selectivity towards glucose detection with a
sensitivity of 0.663, 1.280, 1.990 and 0.182 pA/uM, with the limit of
detection being as low as 1.60, 1.56, 1.90 and 2.09 uM, respectively.
The observed sensitivity values are much higher than that of 3D porous
nickel networks. These enzymeless sensors demonstrated much wider
linear sensing range of 2.5-145uM (by cyclic voltammetric method)
and 0.2-3.5uM (by chronoamperometric method) with an average
catalytic rate constant of 0.273 x 10°M~!s™ . Finally, the selectivity
of the complex towards glucose in presence of other blood constituents
was also evaluated.
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