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Zn- and Cd-based coordination polymers with a
novel anthracene dicarboxylate ligand for highly
selective detection of hydrogen peroxidef

Angela Aleksovska, Peter Lédnnecke @ and Evamarie Hey-Hawkins @ *

A one-dimensional {[Zn(L)(DMF),l}, (1) and a three-dimensional {[Cd(L)(DMF)]-DMF}, (2) coordination
polymer based on the novel anthracene derivative H,L (H,L = 4,4'-(9,10-anthracenediyl)dicinnamic acid)
were obtained by solvothermal synthesis and charaterised by single-crystal and powder X-ray diffraction,
thermogravimetry, and infrared spectroscopy. The anthracene derivative H,L and coordination polymers 1
and 2 were used to modify a glassy carbon electrode and as such served as an active material for detec-
tion of H,O,. Cyclic voltammograms in the potential range from 0 to —0.5 V revealed concentration-
dependent cathodic current in all three cases with a lower detection limit of 200 pM. The electrode
modified with compound 2 showed the best performance towards hydrogen peroxide detection. The
results suggest that the development of electrodes modified with inorganic polymers based on highly
conjugated ligands can serve as potential electrocatalytic materials.

1. Introduction

Over the past few decades, materials with excellent electrical
and electrocatalytical properties for manufacturing of efficient
electronic devices have been subjects of extensive studies.'
Therefore, conducting materials,” metal nanoparticles,’
carbon nanotubes and nanowires,” graphene® and other
potential electrocatalytic materials have been widely investi-
gated. Furthermore, electrocatalytic materials for modifying
electrodes for the detection of important biological and chemi-
cal compounds have received much attention.

With the ubiquitous success in a wide range of appli-
cations, metal-organic frameworks (MOFs) and coordination
polymers became one of the most prolific research areas of in-
organic chemistry and crystal engineering in the last few
decades. These crystalline materials consist of metal ions or
clusters coordinated by organic, often rigid, ligands. The
organic part of the frameworks or coordination polymers is
usually responsible for the properties and behaviour of the
framework. While a few reports on the investigation of the
electrochemical behaviour of MOFs and coordination
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polymers®’ and their electrochemical synthesis® have been
presented, the literature on the utilisation of these materials
for modification of electrode surfaces is scarce.’

Hydrogen peroxide as the simplest peroxide and an impor-
tant industrial chemical has been widely utilised in a broad
variety of applications. It is a major reactive oxygen species
that participates in various cellular metabolic pathways, gener-
ated by most oxidases in mitochondria. However, abnormal
levels can lead to several bodily disorders such as myocardial
infarction,'® atherosclerosis,'* Alzheimer’s disease,'* cancer,"?
etc. Furthermore, it is one of the most versatile, reliable and
environmentally compatible oxidising agents, opening various
applications in wastewater treatment, water recycling, air pol-
lution control, etc.'"* Consequently, fast and accurate detection
of H,0, is of paramount importance in environmental and
medicinal fields and has become a research hotspot."®

Among different methods for hydrogen peroxide detection,
electrochemical methods have many advantages such as sim-
plicity, portability, good selectivity and high sensitivity. Most
of the modified electrodes for hydrogen peroxide detection
reported in the past few decades are enzyme-based, although
their high cost and their difficult immobilisation limit their
widespread use. Recently, also coordination polymers and
metal-organic frameworks were employed as electrode-modify-
ing materials for hydrogen detection.'® The synergistic cataly-
sis in these materials is based on a mechanism that includes
oxidation of the metal centre and simultaneous reduction of
hydrogen peroxide. Herein, we present an electrochemical
sensor for hydrogen peroxide, where the organic part of the
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coordination polymers and the structure are responsible for
the sensing activity.

Fused aromatic structures alone have been used as a plat-
form to develop efficient electrocatalysts,"” but also as building
blocks for coordination polymers and metal-organic frame-
works. Literature shows several examples of employing dicar-
boxylate anthracene ligands as building blocks for coordi-
nation polymers, complexes and metal-organic frameworks,
offering interesting luminescent and electroluminescent pro-
perties.'® Here, we present the synthesis of a novel ditopic
anthracene-based ligand and its further use as a building
block for a one-dimensional Zn-based and a three-dimensional
Cd-based coordination polymer. Furthermore, we present a
sensor based on a glassy carbon electrode modified with crys-
talline material of the above-mentioned compounds.

2. Experimental

2.1. General methods

9,10-Dibromoanthracene'® and 4-methoxycarboxyvinyl phenyl-
boronic acid®® were prepared according to the literature. All
other chemicals are commercially available and were used
without further purification. "H NMR and >C NMR spectra
were recorded at room temperature with a Bruker AVANCE DRX
400 spectrometer; chemical shifts are given in parts per
million (ppm) at 400.13 MHz ("H NMR) and 100.63 MHz (*C
NMR). Internal standard was tetramethylsilane (TMS). Melting
points were determined with a Gallenkamp MPD350.BM2.5
device. The XRD patterns were recorded using a STOE STADI-P
diffractometer system equipped with a sealed Cu X-ray tube
and a germanium (111) monochromator crystal [A(Cu-Kal) =
154.060 pm], with a step size of 0.05°. The samples were
measured in transmission mode in capillaries (Hilgenberg,
0.5 mm). Thermogravimetric (TG) and differential thermal
analysis (DTA) were performed with a Netzsch STA 449 F1 ther-
moanalyser in a dynamic argon atmosphere combined with an
Aeolos QMS 403 D mass spectrometer (heating rate 10 °C
min~?, flow rate 25 mL min~', aluminium oxide crucible,
mass 20 mg), and temperature range from room temperature
to 600 °C. Solvothermal/temperature-controlled reactions were
conducted in Memmert ovens models UFE400 and UNE600.
Elemental analyses were performed with a Vario El-Heraeus
analyser. Infrared spectra were obtained with a Bruker
TENSOR 27 (equipped with a MIRacle ZnSe ATR accessory
from PIKE Technologies).

2.2. Synthesis of 4,4'-(9,10-anthracenediyl)dicinnamic acid
(H,L)
2.2.1. Synthesis of 4,4'-(9,10-anthracenediyl)dicinnamic

acid methyl ester. 120 mL degassed dioxane was added by
cannula to a mixture of 2.00 g (5.95 mmol) 9,10-bromoanthra-
cene, 3.67 g (17.82 mmol) 4-methoxycarboxyvinyl phenyl-
boronic acid, 3.78 g (35.75 mmol) Na,CO; and 0.13 g
(0.11 mmol) tetrakis(triphenylphosphine)palladium(0). The
mixture was refluxed under nitrogen for 72 h. After cooling to
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room temperature the solvent was removed under vacuum and
the remaining solid was dissolved in dichloromethane. This
solution was extracted with water, and then the organic phase
was separated and dried over MgSO,. The solvent was evapor-
ated and the remaining product was recrystallised from
acetone (2.37 g; yield 85%). M.p.: decomp. at 230 °C without
melting. "H NMR (CDCl,): § = 3.81 (s, 6H, Me), 6.58 (d, J =
16.0 Hz, 2H, vinyl H), 7.29-7.31 (m, 4H, arom. CH), 7.38 (d, J =
8.1 Hz, 4H, arom. CH), 7.45 (d, J = 8.3 Hz, 4H, arom. CH),
7.62-7.65 (m, 4H, arom. CH), 7.81 (d, J = 16.0 Hz, 2H, vinyl H)
ppm. *C{*H} NMR (CDCl,): § 51.9 (CH3), 117.2 (vinyl C), 126.5
(arom. C), 127.9 (arom. C), 128.4 (arom. C), 131.6 (arom. C),
132.7 (arom. C), 133.2 (arom. C), 142.2 (arom. C), 143.1 (arom.
C), 144.2 (vinyl C), 167.4 (COO) ppm. Anal. caled (%) for
C34H,604: C, 81.91; H, 5.26; found (%): C, 81.77; H, 5.37.

2.2.2. Synthesis of H,L. H,L was obtained by saponifica-
tion of 4,4'-(9,10-anthracenediyl)dicinnamic acid methyl ester
with 4 g NaOH (20 eq.) in water/tetrahydrofuran/methanol (v/v/
v =1:1:1). The mixture was stirred under reflux for 24 h. The
organic solvents were removed, and the aqueous phase was
acidified with HCI (6 M). The product precipitated as a bright
yellow powder and was isolated by filtration, washed with hot
water and dried in vacuum at 140 °C for several hours (2.2 g,
yield 94%). M.p.: decomp. at 210 °C without melting. "H NMR
(de-DMSO): 6 = 6.81 (d, J = 16.0 Hz, 2H, vinyl H), 7.42 (m, 4H,
arom. CH), 7.58 (d, J = 8.2 Hz, 4H, arom. CH), 7.75 (m, 4H,
arom. CH), 7.78 (d, J = 8.2 Hz, 4H, arom. CH), 8.02 (d, J = 16.0
Hz, 2H, vinyl H), 12.12 (br s, 2H, COOH). “C{'"H} NMR (d,-
DMSO): § = 116.5 (vinyl C), 125.0 (arom. C), 125.3 (arom. C),
126.1 (arom. C), 130.5 (arom. C), 132.1 (arom. C), 132.4 (arom.
C), 132.7 (arom. C), 133.9 (arom. C), 137.0 (arom. C), 144.3
(vinyl C), 171.6 (COOH). Anal. caled (%) for C3,H,,0,: C, 81.69;
H, 4.71; found (%): C, 81.37; H, 4.97.

Yellow needle-shaped crystals of H,L suitable for single
crystal X-ray structure determination were obtained by slow
evaporation of a solution of H,L in THF/DMF (molecular struc-
ture is given in Fig. 1A). Crystal structure parameters for H,L
are given in Table S1 (ESI{).

2.3. Synthesis of {{Zn(L)(DMF),]}, (1)

0.012 g (0.027 mmol) H,L and 0.02 g (0.06 mmol)
Zn(NO3),-6H,0 were dissolved in 2 mL DMF and a drop of
HCOOH in a 4 mL vial. After 10 min of ultrasonication the vial
was slowly heated to 110 °C during 4 h. After 48 h of heating at
110 °C, the mixture was cooled to room temperature by redu-
cing the temperature by 5 °C each hour. After the reaction,
yellow crystals suitable for single crystal X-ray structure deter-
mination were obtained. For further analysis the crystalline
material was washed twice with methanol and dried at 200 °C.
Anal. caled (%) for C33H34N,06Zn: C, 67.11; H, 5.04; N, 4.11;
found (%): C, 67.03; H, 5.17, N, 4.01. The IR spectrum (Fig. S9)
and powder XRD data (Fig. S6) are given in the ESL.}

2.4. Synthesis of {{Cd(L)(DMF)]-DMF},, (2)

0.015 g (0.03 mmol) H,L, 0.02 g (0.06 mmol) Cd(NO3),-4H,0
and 0.005 g (0.04 mmol) 1,4-diazabicyclo[2.2.2]octane

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Solid-state structures of (A) H,L, (B) one-dimensional coordi-
nation polymer {[Zn(L)(DMF),l}, (1) and (C) a three-dimensional metal—
organic framework {[Cd(L)(DMF)]-DMF},, (2) based on 4,4'-(9,10-anthra-
cenediyl)dicinnamic acid (H,L). Solvent molecules and hydrogen atoms
were omitted for clarity. Colour code: C, black; O, blue; Zn, purple;
Cd: pink.

(DABCO) were dissolved in 2 mL DMF and a drop of HCOOH
in a 4 mL vial. After 10 min of ultrasonication the vial was
slowly heated to 110 °C during 4 h. After 48 h at 110 °C, the
mixture was cooled to room temperature by reducing the temp-
erature by 5 °C each hour. After the reaction, yellow crystals
suitable for single crystal X-ray structure determination were
obtained. Anal. caled (%) for C33H3,CdN,O¢: C, 62.77; H, 4.71;
N, 3.85; found (%): C, 62.79; H, 4.83, N, 3.91. The crystalline
material was washed twice with methanol and dried at 200 °C;
then elemental analysis was repeated. C3;sH,sCdNOs calcu-
lated: C, 64.38; H, 4.01; N, 2.26; found (%): C, 64.58; H, 4.13;
N, 2.20. The IR spectrum (Fig. S10) and powder XRD data
(Fig. S7 and S8) are given in the ESL¥

2.5. Crystal structure determination

The data for H,L, 1 and 2 were collected on a Gemini diffract-
ometer (Rigaku Oxford Diffraction) using Mo-Ka radiation (1 =
71.073 pm) and e-scan rotation. Data reduction was performed
with CrysAlis Pro®' including the program SCALE3 ABSPACK
for empirical absorption correction. The structures were solved
by dual-space methods with SHELXT-2014,>> and the refine-
ment of all non-hydrogen atoms was performed with
SHELXL-2018>> with anisotropic thermal parameters. All
hydrogen atoms are calculated on idealised positions using
the riding model. Structure figures were generated with
DIAMOND-4.>* CCDC 1980173 (1), 1980174 (2) and 1980175
(H,L)t contain the supplementary crystallographic data for
this paper. A summary of the crystal data and relevant refine-
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ment parameters for 1, 2 and H,L are given in Table S1.f Bond
lengths and angles of compounds 1 and 2 are given in Tables
S2 and S3.F

2.6. Cyclic voltammetry

Electrochemical experiments were conducted with a conven-
tional three-electrode system, in which a bare glassy carbon
electrode (GCE) with a diameter of 3 mm was used as working
electrode and an Ag/AgCl (aq. saturated KCI) and platinum (Pt)
wire were used as the reference and counter electrodes,
respectively. All measurements (in the presence and absence
of H,0,) were performed in 0.05 M phosphate buffer solution
(PBS) at pH = 7 and with a prior nitrogen purge at a scan rate
of 50 mv s,

2.7. Preparation of the modified electrode

Three different solutions were prepared: H,L dissolved in
toluene, suspension of 1 in toluene and suspension of 2 in
toluene (concentration 5 mol L™"). The solution or suspension
was spread on the surface of the electrode and then the elec-
trode was dried. The resulting electrodes were immersed in
solutions with different concentrations of H,O,.

3. Results and discussion

3.1. Synthesis

Synthesis of H,L was achieved by a Pd-catalysed Suzuki-
Miyaura coupling reaction between 9,10-dibromoanthracene
and 4-methylcarboxyvinyl phenylboronic acid,'® followed by a
base-catalysed hydrolysis to yield the corresponding carboxylic
acid (Scheme 1).

4,4'-(9,10-Anthracenediyl)dicinnamic acid (H,L) was then
reacted with M(NO3),:6H,0 (M = Zn, Cd) in DMF and a drop of
HCOOH under solvothermal conditions resulting in yellow
crystals of {[Zn(L)(DMF),]}, (1) and {[Cd(L)(DMF)]-DMF},, (2)
suitable for single crystal X-ray structure determination.

3.2. Crystal structures

The single crystal X-ray structure determination of compound
1 revealed the formation of a coordination polymer consisting
of (201)-oriented chains (Fig. 1B).

O, O

NayCO3, [Pd(PPh3)4],

Br dioxane

NaOH

X

HZO THF,
MeOH

O O

Scheme 1 Synthesis of 4,4'-(9,10-anthracenediyl)dicinnamic acid (H,L).
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Fig. 2 Coordination environment of zinc(n) in {[Zn(L)(DMF),l}, (1).
Hydrogen atoms and non-coordinating DMF are omitted for clarity.

Depending on the definition of a zinc-oxygen bond, each
zinc(u) ion is surrounded by either two k'- or k*>-coordinating
carboxylate groups and two DMF molecules (Fig. 2). The
coordination sphere is slightly distorted tetrahedral, if we con-
sider only strong Zn-O bonds in the range of 191.7(3)-204.7(3)
pm (Table S2 in ESIf). Weaker Zn-O interactions are visualised
as dashed lines in Fig. 2 (Zn1-03": 250.9(3)pm; Zn1-02:
295.4(3) pm).

Compound 2 forms a three-dimensional coordination
polymer (Fig. 1C). Each cadmium(u) is octahedrally co-
ordinated by three k'- and one k*-coordinating carboxylate and
one DMF molecule (Fig. 3). Cd-O bond lengths are in the
range of 219.3-243.9 pm (Table S3 in ESIf}).

In 2, two octahedrally coordinated cadmium(u) ions are
edge-linked via O4 and 0O4', whereas the bridging carboxylate
groups (01, O2 and O1, 02/, respectively) connect these
dimers to infinite chains along (100) with alternating Cd-Cd
distances of 379.3 pm and 430.6 pm (Fig. 4; top). The deproto-
nated organic linker 1>~ connects these chains to form a three-
dimensional network with accessible ellipsoidal-shaped chan-
nels along the crystallographic a axis, which are filled with
DMF molecules. Taking van der Waals radii into account, the
dimensions of these channels are approximately 400 x 1200
pm (Fig. 1C).

A more detailed topological analysis of the underlying
network was performed using the cluster simplification

o3||

04"
o4 05

N1

02

o1

Fig. 3 Coordination environment of cadmium(i) in {[Cd(L)(DMF)]-DMF},,
(2). Hydrogen atoms and non-coordinating DMF are omitted for clarity.
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Fig. 4 Octahedrally coordinated cadmium(i) in 2 forming chains along
the a axis (top), its transformed 42-net (middle) and the resulting final
dmd net-type (bottom).

method implemented in ToposPro.>® For a network, one-
dimensional coordinating ligands like DMF are ignored, and
it is no longer important, if two octahedral units are edge-
linked by one or two coordinating atoms of the same linking
carboxylic unit. For these reasons, the chains of octahedrally
coordinated cadmium(un) ions form a fourfold meshed
net along the a axis (Fig. 4; middle). The organic linker con-
nects these units to the final three-dimensional net of dmd
topology (Fig. 4; bottom) as categorised by the Reticular
Chemistry Structure Resource (RCSR).

3.3. Thermogravimetric and X-ray powder diffraction (XRPD)
analyses

Thermogravimetric analysis (TGA) was carried out under argon
atmosphere to examine the stability of compound 1 in the
temperature range from 20 to 500 °C and 2 in the temperature
range from 20 to 600 °C. While the TGA curve of compound 1
shows a continuous weight loss without clearly defined steps,
the TGA curve of compound 2 showed a weight loss of around
8% at 120-160 °C, which can be attributed to loss of uncoordi-
nated DMF molecules in the pores (10.05%, theoretical mass
percentage). The second weight loss around 300 °C is attribu-
ted to decomposition.

The powder X-ray diffractograms of 1 and 2 (Fig. S6 and S7,
ESIf) are in excellent agreement with the simulated data.
According to powder XRD, elemental analysis and TG-DTA, the
framework of compound 2 stays intact after removal of the
solvent.

This journal is © The Royal Society of Chemistry 2020
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3.4. Electrochemical response towards H,O0,

In order to examine the electrochemical response towards
H,0, of compounds 1 and 2, cyclic voltammetry studies in
the presence and absence of H,0, were performed as follows:
(A) at a bare glassy carbon (GC) electrode, (B) GC electrode
modified with H,L, (C) GC electrode modified with com-
pound 1, and (D) GC electrode modified with compound 2.
All cyclic voltammograms were recorded in a phosphate
buffer solution (pH = 7) at a scan rate of 50 mV s™', in a
potential range between 0 and —0.5 V. In the absence of
H,0,, the results clearly reveal no significant reduction peak
in the selected potential window, while in the presence of
H,0, a significant reduction peak is observed in all four
cases (Fig. 5).

Furthermore, increasing the concentration of H,O, evi-
dently leads to increasing voltammetric response (Fig. 5).
Since the amount of active material on the GC electrode was
constant during the measurements, the reduction peak is
clearly dependent only on the concentration of H,0, in the
electrochemical cell. This effect is most pronounced in the
case where the electrode is modified with compound 2
(Fig. 5D), where the reduction peak current is six times
higher than the one of the bare glassy carbon electrode
(Fig. 5A).

As can be seen from Fig. 6, the reduction peak potential in
the case where the electrode is modified with H,L is —0.360 V,
showing greater tendency towards reduction of H,O, than the
electrode itself, thus indicating that H,L itself exhibits catalytic
activity (Fig. 6B). In the case where the GC electrode is modi-
fied with compound 1 (Fig. 6C), the reduction peak potential
is 0.358 V showing similar catalytic activity as H,L. However, it
is evident that compound 2 shows significantly higher electro-
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(C) GCE modified with compound 1
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E/V vs. Ag/AgCI

D

05 04

Fig. 6 Voltammetric response of (A) bare GC electrode; (B) GC elec-
trode modified with H,L, (C) GC electrode modified with compound 1,
and (D) GC electrode modified with compound 2 in 1.4 mM H,0,.

catalytic activity with a reduction peak potential of —0.338 V. A
plausible explanation for this would be that whereas the conju-
gated ligand (L*7) clearly acts as a driving force, the structure
and the electron density around Cd** also play an important
role.

The electrochemical stability of the electrode modified with
compounds 1 or 2 was confirmed by consecutive CV measure-
ments in various concentrations of aqueous H,O,.
Additionally, experiments were repeated after keeping the
modified electrodes in water in the refrigerator for two weeks
and showed only a decrease of around 2-3% in the current in
all concentrations of H,0,. After consecutive measurements,
powder X-ray diffraction was repeated and revealed an unal-
tered morphology of the CPs.

-60 0.2mM

-80 0.4mM

100 0.6 mM

g

-140 1.2mM

-160 1.4mM
0.5 0.4 0.3 0.2 0.1 0

EIV vs. Ag/AgCI

0.2mM
0.4 mM
0.6 mM
0.8 mM
1mM

1.2mM
1.4 mM

0.3 0.2
E/V vs. Ag/AgCI

-0.5

-04 -0.1 0

Fig. 5 Electrochemical reduction of H,O, (various concentrations) on (A) bare GC electrode, (B) GC electrode modified with H,L, (C) GC electrode
modified with compound 1, and (D) GC electrode modified with compound 2.
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Fig. 7 Relationship between cathodic current and H,O, concentration
in the four cases mentioned above (Fig. 5).

All three cases of modified GC electrodes showed a good
linear relationship between the reduction current and H,O,
concentration in the range of 0.2 to 1.4 mM (Fig. 7). The
values for R> indicate that the regression equation is applicable
for the determination of unknown H,O, concentrations. These
findings corroborate the suitable employment of electrodes
modified with inorganic polymers based on highly conjugated
linkers in sensing electron-transfer reactions.

3. Conclusions

In summary, this paper reports the synthesis and characteris-
ation of a Zn-based one-dimensional coordination polymer 1
and Cd-based metal-organic framework 2 based on a novel
anthracene dicarboxylate ligand. The porosity of compound 2
stays intact after removal of solvent molecules in the pores.
Compounds 1 and 2 as well as H,L were tested for their
electrocatalytic activity towards H,0,. Easy preparation of
glassy carbon electrodes modified with these compounds that
can act as non-enzymatic amperometric sensor for detection
of H,0, is presented. The electrode modified with compound
2 showed the most pronounced response towards H,O,
reduction. The cathodic peak potentials indicate that the struc-
ture plays a crucial role in the catalytic performance. The
linear concentration range of H,O, from 0.2 mM to 1.4 mM
follows a linear increase in reduction current in all three cases,
providing strong evidence that fused and highly conjugated
systems incorporated in inorganic polymers can serve as an
excellent means for sensing electron-transfer reactions using
modified electrodes.
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