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Highly Efficient Electrochemiluminescence Based on
Pyrazolecarboxylic Metal Organic Framework
Chao Feng,” Yu-Heng Ma,”” Duo Zhang,” Xue-Jing Li," and Hong Zhao**

A series of transition metal complexes with the ligands 3-pyrazoledicarboxylic acid (H,L') and
ethyl 1-(2-ethoxy-2-oxoethyl)-1H-pyrazole-3-carboxylate (epzc) have been synthesized. The epzc
generated 1-(carboxymethyl)-1H-pyrazole-3-carboxylic acid (H,L?) by the reaction of
hydrothermal in situ hydrolysis, using the method of one-pot reaction. Simple mononuclear
[Co(HL)2(H,0)5] (1), [Ni(L*)(H20)s] (4), dinuclear [Niy(L)a(H;0)6] HyO (2), [Cua(L*)2(H20)4]
(5) and 2D framework [Cux(L")], (3), [Cox(L?)2(H20)sl, (6) have been isolated. The structures
have been established by single-crystal X-ray diffraction, and characterized by FT-IR,
thermogravimetric analysis (TGA), PRXD, UV-Vis spectroscopy, and fluorescent spectroscopy. 1,
2, 4 and 5 is further assembled to form a supramolecule by hydrogen-bonding interactions and/or
w7 stacking. 3 and 6 possess a 2D network structure that is further interlinked via intermolecular
hydrogen-bonding interactions. Most importantly, complexes demonstrated highly intense
electrochemiluminescence (ECL) in DMF solution.

Introduction

The last decades have testified a rapid growth in the area of metal-organic frameworks (MOFs)
owing to their various potential applications, ranging from luminescent, magnetism, catalysis to
gas sorption and storage, biomedical utilities.""* The rational design and synthesis of coordination
architectures (discrete and polymeric) with metal ions (or metal clusters) and organic ligands is
still at an evolutionary stage with the current focus mainly on understanding the factors to

determine the crystal packing.’ In addition to coordination bonding,*’ some weak interactions,
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such as hydrogen bonding® and 77 stacking’ interactions also greatly affect the structures of
coordination complexes, and they may link multinuclear discrete subunits or low-dimensional
entities into high-dimensional supramolecular networks.

Notwithstanding of their strong presence in traditional complex synthesis, 1H-pyrazole based
ligands especially containing a flexible backbone are seldom reported in the literature.® This is
particularly true for photoluminescent networks, one of the most studied branch of MOFs.’
Especially, the relationship between the structural aspects of MOFs and electroluminescent
properties has attracted extensive attention in recent times with the aim of understanding the
fundamental factors governing photophysical properties. Despite a plethora of recent literature
sources on luminescent MOFs, such networks based on 1H-pyrazole based ligands still remain one
of the most intriguing yet elusive varieties.'’ Notwithstanding, pyrazole based ligands provide a
broad scope of study of functional MOFs.

Flexibility of the ligands is also a key factor during MOF synthesis."" A rigid ligand almost
invariably leads to an inflexible framework. On the contrary, it is well known that introducing a
flexibility in the structure may result some advantages by enhancing its reversible response to the
presence or absence of guests.'> One of the popular ways of introducing flexibility in the network
is to incorporate a flexible bridging ligand." The ability of flexible ligands to adopt, depending on
the coordination requirement, different conformations via bending, stretching, twisting, or rotating
when coordinating to the metal center remains the major driving force behind this trend."*

More recently, Runde group has strong interests in introducing a flexible carboxyl group to the
1-position of the pyrazole ring. Several intriguing MOFs have been successfully synthesized with

pyrazol-1-yl) acetic acid ligand."” The researches show that the pyrazole carboxylate ligands have
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strong coordination ability and various coordination modes. This prompted scientists to prepare
more similar organic ligands to study their coordination features.

Inspired by the aforesaid facts, we have introduced the flexible group carboxymethyl on 1-
position of 1H-pyrazole-3-carboxylic acid (HL') through the reaction of N-alkylation enhancing
the coordination ability, and obtained ethyl 1-(2-ethoxy-2-oxoethyl)-1H-pyrazole-3-carboxylate
(epzc). Furthermore, the ester generated 1-(carboxymethyl)-1H-pyrazole-3-carboxylic acid (H,L?)
by the reaction of hydrothermal in situ hydrolysis, using the method of one-pot reaction. Moreover,
flexible group present in these pyrazole based ligands led to a wide range of conformations which
have often turned out to be the structure determining factor by exerting considerable structural
influence to form diverse topologies. In continuation to our interest in pyrazole based ligand
molecules, we carried out two series of pyrazole based ligands H,L' and (epzc) by reactions
hydrothermal in situ hydrolysis with the main group metal salts M(NO;),'nH,O (M= Cu, Co and
Ni), thus six coordination complexes [Co(HL')»(H0),] (1), [Nis(L")2(H,0)s]-H2O (2), [Cua(L")s],
(3), [Ni(L*)(H20)4] (4), [Cun(L*)»(H0)s] (5) and  [Cox(L2)(H,0)4], (6) were isolated. In this
article, the synthesis, crystal structures, electroluminescence (ECL) and thermal study of 1-6 are

described.
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Scheme 1 Coordination modes of H,L' and H2L2
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Experimental

All reagents were commercial grade materials and used without purification. The building-up
process of ligands and complexes were shown in scheme 2. Elemental analyses were performed
with a Thermo Quest Flash EA1112 microanalyzer. IR spectra were recorded on a Spectrum One
Perkin-Elmer FT-IR spectrophotometer (KBr disc) from 4000 to 400 cm™. TGA measurements
were performed by heating the crystalline sample from 50 to 800 °C at a rate of 20 °C min™ in air
on a Netzsch STA 409PC differential thermal analyzer. Powder X-ray diffraction (PXRD) was
measured on a Rigaku D/MAX 2000 PC X-ray diffraction instrument. The UV—-Vis spectrum was
recorded on an UV-2450 spectrophotometer. Luminescence spectra for the liquid state samples
were investigated with a Horiba Fluoromax-4 fluorescence spectrophotometer. The crystal

structure was determined by single crystal diffraction and SHELXL crystallographic software.
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Scheme 2 The building-up process of ligands and complexes 1-6

Preparation of epzc

To solution of ethanol (50 mL) and 3-pyrazolecarboxylic acid (1.112g 10 mmol) at 80 °C was

added concentrated sulfuric acid (2 mL), and after 2 h of stirring the ethyl 1H-pyrazole-3-carboxy-
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late was obtained (1.350 g, 9.6 mmol, 96%). To 20 mL three-necked round bottomed flask
equipped with a refluxing condenser was added 1H-pyrazole-3-carboxylate (0.7 g, 5 mmol), ethyl
bromoacetate (0.835 g, 0.6 mmol) in 30 mL anhydrous acetone. This suspension was stirred at 60
°C and the reaction was monitored by TLC. When the 1H-pyrazole-3-carboxylate was consumed,
the yellow brown reaction mixture was concentrated to dryness. The crude product was purified
by column chromatography on silica gel with petroleum ether/ethyl acetate (1/1) as eluent to give
the liquid state product epzc in yield of 55% (0.622 g, 2.7 mmol). 'H NMR (DMSO-de, 400 MHz):
8 7.60 (d, J=2Hz, 1H), 6.92 (d, J=2Hz, 1H), 5.29 (s, 2H), 4.28-4.22 (m, 2H), 4.15-4.10 (m, 2H),
1.27-1.24 (m, 3H), 1.20-1.16(m, 3H); >C NMR (DMSO-ds, 100 MHz):; 168.29, 159.50, 139.01,
132.95, 111.87, 61.55, 61.48, 53.77, 14.44, 14.40.

Preparation of [Co(HL),(H,0)] (1)

Co(NO3),:6H,0 (0.0291g, 0.1 mmol) dissolved in water (8mL) was add to test tube and ethyl
acetate (5mL) added drop wise, H,L' (0.0112 g, 0.1mmol) dissolved in CH30H (8mL) was added
to the test tube. After 7 days, red block crystals were obtained in about 47% yield based on Co.
Anal. Calc. for CgH;¢CoN4Og: (Mr = 317.13): C 30.20, H 3.19; N 17.62%. IR (KBr; cm'l): 3203
(s), 1604 (s), 1517 (w), 1496 (m), 1361 (s), 1242 (m), 1179 (w), 1113 (w), 768 (W), 612 (w).
Preparation of [Ni(LY)2(H,0)s]-H,O (2)

Ni(NOs),:6H,0 (0.0291 g, 0.1mmol) dissolved in water (8mL) was add to test tube and ethyl
acetate (5 mL) was added drop wise, H,L' (0.0112 g, 0.1 mmol) dissolved in CH;OH (8 mL) was
added to the test tube. After 7 days, green block crystals were obtained in about 51% yield based
on Ni. Anal. calc for CgHpgN4Ni,O1,: (Mr =481.70): C 19.87, H 4.19; N 11.60%. IR (KBr; cm'l):

3292 (s), 3204 (s), 1606 (s), 1443 (m), 1363 (s), 1243 (m), 1181 (w), 1116 (w), 770 (m), 698 (m).
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Preparation of [Cu,(LY),] (3)

A mixture of H,L' (0.0112 g, 0.1 mmol,), Cu(NO3),-3H,0 (0.0482 g, 0.2 mmol), and ethanol (15
mL) was put into a Teflon-lined autoclave. The reaction mixture was heated at 120 centigrade for
5 days, followed by slow cooling to room temperature and blue single crystals were collected in
about 45% yield based on Cu. Anal. calc for C4H,CuN,O, (Mr = 173.62): C 27.60, H 1.18; N
16.09%. IR (KBr; cm™): 3426 (s), 3133 (m), 1668 (s), 1334 (s), 1248 (m), 1192 (m), 1147 (s), 779
(s), 625 (m).

Preparation of [Ni(L?)(H,0)4] (4)

A mixture of epzc (0.0226 g, 0.1 mmol,), Ni(NO3),-6H,0 (0.0582 g, 0.2 mmol), KOH (0.0112g,
0.2 mmol) and ethanol/H,O (4/1, 15 mL) was put into a Teflon-lined autoclave. The reaction
mixture was heated at 120 centigrade for 5 days, followed by slow cooling to room temperature
and green single crystals were collected in about 43% yield based on Ni. Anal. calc for
CeH 2NN, Og (Mr = 298.87): C 24.02, H 4.18; N 4.60%. IR (KBr; cm™): 3146 (s) 3084 (s), 1628
(s), 1537 (m), 1391 (s), 1306 (m), 1219 (w), 1082 (w), 980 (w), 782 (m).

Preparation of [Cu,(L?),(H,0).] (5)

A mixture of epzc (0.0226 g, 0.1 mmol,), Cu(NO;),:3H,0 (0.0482 g, 0.2 mmol), KOH (0.0112g,
0.2 mmol) and ethanol/H,O (4/1, 15 mL) was put into a Teflon-lined autoclave. The reaction
mixture was heated at 120 centigrade for 5 days, followed by slow cooling to room temperature
and blue single crystals were collected in about 53% yield based on Cu. Anal. calc for
C1oH16CuN4Oy, (Mr = 535.37): C 26.85, H 2.30; N 11.91%. IR (KBr; cm™): 3200 (s) 3113 (s),
1495 (w), 1437 (w), 1396 (s), 1360 (s), 1217 (w), 1088 (w), 827 (w), 784 (m).

Preparation of [Cox(L?)2(H20)4], (6)
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A mixture of epzc (0.0226 g, 0.1 mmol,), Co(NO;),:6H,0 (0.0582 g, 0.2 mmol), KOH (0.0112g,
0.2 mmol) and ethanol/H,O (4/1, 15 mL) was put into a Teflon-lined autoclave. The reaction
mixture was heated at 120 centigrade for 5 days, followed by slow cooling to room temperature
and red single crystals were collected in about 53% yield based on Co. Anal. calc for
C12H16CoN4O, (Mr = 526.15): C 27.30, H 3.08; N 12.13%. IR (KBr; cm™): 3353 (s) 3125 (s),
1578 (s), 1510 (w), 1439 (s), 1404 (m), 1378 (s), 1084 (w), 808 (w), 783 (m).

Crystal structure determination

Single-crystal X-ray diffraction analyses of 1-6 were carried out on a Bruker SMART Apex CCD
diffractometer with graphite-monochromated Mo-Ka radiation (4 = 0.71073 A) using the w—0
scan technique at 293 K. The structure was solved by direct methods with SHELXS-97 and
refined by full matrix least squares on F~ with SHELXL-97.'° All non-hydrogen atoms were
refined with anisotropic thermal parameters. Hydrogen atoms were added theoretically and refined
with a riding model and fixed isotropic thermal parameters. Detailed data collection and
refinements of 1-6 are summarized in Table S1. Selected bond lengths and angles are listed in
Table S2. Relevant hydrogen bonding parameters of 1-6 are summarized in Table S3.
Electrochemistry

Electrochemistry was performed with an MPI-A Electrochemical workstation (Xi An, China). All
experiments employed a standard three-electrode cell; the reference electrode was a Ag/AgCl
electrode, the auxiliary electrode a platinum wire, and the working electrode a glassy carbon
electrode (GCE) with a diameter of 1 mm (CV in DMF) (ECL experiments in DMF). The
supporting electrolyte was 0.1 M potassium peroxydisulfate (K,S,0s), in DMF.

Results and discussion
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Structure of [Co(HLY)2(H,0),] (1)

Single-crystal X-ray diffraction analysis on selected crystals showed that compound 1 crystallize
in the monoclinic crystal system, space group P2,/c. Figure 1a shows a view of structure 1, the
metal atoms are located at the inversion center and are six-coordinate. Co(II) center is bonded to
two (HL') ions at equatorial positions through the chelating carboxylate oxygen Ol and its
adjacent pyrazole nitrogen N2, with the Co—O and Co—N bond lengths of 2.0946 (17) and 2.125 (2)
A . These bond lengths are consistent with those found in comparable structures.'” In addition,
Co(II) center is also coordinated to two water molecules at apical positions with a Co—O bond
length of 2.0866 (19) A, which is stronger compared to those in compounds of a similar
structure.'® The two H,L' adapt coordination mode as scheme 1c, each forming a stable

five-member ring with acute O-Co-N angles (78.13 (7)°).

Figure 1 (a) Molecular structure of 1. The hydrogen atoms are omitted. (b) 2D network linked by
hydrogen bond N1-H1-+-02" iii: —x+1, y+1/2, —z+1/2. (¢) 3D structure of 1.

As shown in Figure 1b, a two-dimensional network with a basket weave pattern is formed through
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strong hydrogen bonds N1-H1--02" between the carboxylate oxygen (02) and nitrogen (N1) of
the neighboring 3-pyrazolecarboxylate ions.'”” The interlayer interactions are through hydrogen
bonding between the coordinated water O3 in one sheet and the 3-pyrazolecarboxylic oxygen
atoms 02", 03" in the adjacent sheet with two hydrogen bonds O3—H3A--Ol" and O3-H3B:+02"
(Symmetry code: (ii) —x+1, —p+1, —z+1; (iii) —x+1, y+1/2, —z+1/2; (iv) x, —y+1/2, z+1/2.). This
gives rise to a hydrogen-bonded, undulating, three-dimensional structure (Figure 1c¢).

Structure of [Nin(L),(H,0)6]-H20 (2)

Figure 2 (a) Molecular structure of 2. All hydrogen atoms and free water are omitted. (b) 2D
network formed by hydrogen bond O4-H4B--02", ii: —x+3/2, y+1/2, —z+1/2. (c) Packing diagram

of complex 2 viewed down b-axis.

In the previous structures the pyrazole nitrogen atom deprotonated and therefore the N—N bridge
was available. As we have previously shown, it is possible to deprotonate this nitrogen atom, and a
dinuclear complex has been obtained. In complex 2, the molecule consists of two Ni*", two L*
ligand, six coordinated water molecules and one free water molecue, two fully deprotonated L*

ligands bridge and chelate the Ni(Il) centres via pyrazolate nitrogen atoms and carboxylate



Dalton Transactions

groups with coordination mode as scheme 1b. The coordination sphere of each nickel(I) ion is a
distorted octahedron geometry with Ni-N and Ni-O respectively 2.024 (3)- 2.038 (3) A and 2.064
(2)-2.158 (3) A, as shown in Figure 2a. Due to large amounts of water molecules, abundant
hydrogen bonds exist between the carboxylate oxygens and the water molecules. In the unit cell
these dinuclear building blocks pack in pairs with stacking of the pyrazole rings and with the
ligated water molecules facing inward which results in hydrogen bonding interactions between the
water of crystallization O4 and the carboxylate group O2 (O4-H4B--02", ii: —x+3/2, y+1/2,
—z+1/2.) forming 2D networks (Figure 2b). These 2D sheets are then linked into 3D framework by
strong hydrogen bonds of O4-H4A--03", 05-H5B--01" 05-H5A--03', 03-H3B--02",
06-H6B---03. (Symmetry codes: (i) —x+2, —y+1, —z+1; (iii) x—1/2, —y+1/2, z—1/2; (iv) x —1/2,
—+1/2, z+1/2.), as shown in Figure 2c. The Ni--Ni distance for 2 is 4.007 A which is similar to
that seen in the structure reported by Zhang et al. (4.046 A),*° and larger than that reported by

King et al. (3.255 A).*!

Structure of [Cuy(LY),]n (3)
ECMQL\ NAA N1, tu\gz{b

h@ﬁﬂ——ﬂ’*

a

L_,_‘_—r-k_'Tnﬂ'“ o —
Figure 3 (a) The coordination environment of Cu®" in 3. The hydrogens are omitted. (b) 2D

network of complex 3. (¢) Hydrogen bonds formed 3D framework in 3.

X-ray crystal structure analysis revealed that 2D framework compound 3 crystallized in the
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monoclinic system space group C2/c. The coordination environment of Cu®* seen in Figure 3a,
each Cu(Il) is four-coordinate by carboxylates’ O2 and O2A and pyrazoles’ N1A and N2 from
three individual (L')*" ligands to furnish a [CuO,N,] geometry. It is formally analogous to the

d.*?° The ligand (L") adopts us= ":n":n* coordination mode, seen in scheme

previously reporte
1la, Two (L')* coordinate to two Cu(ll) center via pyrazole-N and carboxylate-O atoms with one
six-membered chelate rings and one five-membered chelate ring. The bond lengths of Cu-N and
Cu-O respectively with 1.929 (3) t01.948 (3) A and 1.993 (3) and 2.010 (3) A are longer than
[Cu(IM,PhO),].”” The angles of O—Cu—0, N-Cu-N, N—Cu-O are in normal range. Owing to the
bridge of u’-carboxylate-O, complex 3 reveals 2D network seen in Figure 3b. There exists

hydrogen bond C5-H5-+O1" in the complex 3 linking the 2D sheets into 3D framework

(symmetry code: (iv) x—1/2, —y+3/2, z—1/2.) shown in Figure 3c.

Structure of [Ni(L?)(H,0)4] (4)

'\N|1
N TN

Figure 4 (a) Molecular structure of 4. All hydrogen atoms are omitted. (b) 2D network of complex

4. (c) View of the 3D framework of 4.
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The crystal structure of the complexe is presented in Figure 4a. The bisdeprotonated
pyrazolecarboxylic ligand in the crystal of tetra-aqua-pyrazolecarboxylic-nickel(II), [Ni(L*)(H,0)4]
acts as a bidentate N, O-chelator. The ligand adopts the coordination mode x*=n':n':5" as shown in
scheme 1d. The octahedral geometry is completed by four aquo ligands, in a cis-disposition, one
N-pyrazole and O-carboxylic. The distances of Ni-N and Ni-O are 2.080 (4) A and 2.024
(3)-2.117 (3) A, respectively, which are similar as reported.”*>° One carboxylic group is linked to
the metal, while the other is ‘pendant’, engaging in extensive hydrogen bonding with the
neighbouring water molecules and with the carboxylic groups of the adjacent molecules in the
crystal lattice.

Due to the presence of water molecules, there exist hydrogen bonds between the ligand and aqua.
It is noteworthy, that 2D (Figure 4b) layer was formed by O5-H5B--02), O8-H8A--04",
07-H7B+03", 06-H6A 02" and O7-H7A-02" (symmetry codes: (i) x, —y—1/2, z+1/2; (ii) x,
—y+1/2, z+1/2; (iv) x, —y+1/2, z—1/2.). The neighbouring layer are further linked into a 3D network

by O6—H6B:+01" and O8—H8B-+05" ((iii) —x+1, —y, —z+1), seen in Figure 4c.

Structure of [Cuy(L?)(H,0).] (5)

05

Figure 5 Molecular structure of 5. All hydrogen atoms are omitted.

The structure of 5 consists of dimeric Cu(Il) in the asymmetric unit where Cu(Il) is penta
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coordinated with square pyramidal geometry (Figure 5). Each Cu(Il) ion in the dimeric unit is
bonded equatorially to a (L*) and two aqua molecules (NO donor set), and the the ligand H,L?
adopts coordination mode as scheme le. The equatorial Cu—N and Cu—O bond distances are
within normal distances as found in the literature for tetragonal Cu(Il) complexes.”"** The Cu-+Cu
distance is 5.883 A, which is much longer than [Cu(H,0)s][Cuy(Me-hxta)(H,0),](NO;)-2H,0.
The Cu atom is also axially coordinated to a water molecule (O6) showing a distance of 2.392 (17)
A which is slightly longer for the Jahn-Teller active metal ion. The bond angles are slightly
different from the values required for an ideal square pyramidal geometry. The axially coordinated
06 is hydrogen-bonded to O2 from carboxylic group forming a one dimensional zig-zag chain
(O6—H6C---O2iv, symmetry codes: (iv) —x+1, —y+1, —z+1.), shown in Figure 6. The adjacent
chains are further stablized by z-m stacking interactions between the pyrazole rings, with
centroid-to-centroid separations of 3.546 (15) A, resulting in a 2D network in Figure 6. As shown
in Figure 7, adjacent layers are extending to supramolecular structures through (O5—H5C+06",

symmetry codes: (ii) —x+3/2.).

Figure 6 2D diagram of 5 showing the n-w stacking between the zigzag chains
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Figure 7 3D supramolecular architecture of 5

Structure of [Coy(L?),(H20)4], (6)

Figure 8 Coordination environments of the Co(II) atoms in 6

The 6 is a 2D coordination polymer with the building unit of [Coy(L?),(H,0)s]. There are two
crystallographic independent Co(II) ions in the unit of complex 6 (Figure 8). The Col is
six-coordinated by CoOg mode, in which four O (02, O2A; 04, O4A) atoms are from four
different (L*)? groups and the other O atoms are from the coordinated water molecules forming a
distorted octahedron. The Co2 is six-coordinated with CoN,O4 mode, in which two O (O3, O3D)
and two N (N2, N2D) atoms are from the different (L*) groups while the other two O (06, O5D)

atoms are from the coordinated water molecules, so the symmetry can be described as a distort
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octahedron. In the molecular packing, the Col and Co2 ions are connected to 2D layer bridged by
the (L*)? groups (Figure 9). In the 2D layer, the ligand H,L* adopts coordination mode as scheme
1f, the carboxyl group joined in the bidentate coordination but the carboxymethyl group was

monodentate coordinated.

Figure 10 3D framework forming by hydrogen bonds in 6

In the packing mode, the adjacent 2D layers are linked into 3D networks by the hydrogen bonds
C3-H3-+01" (Symmetry code: —x+3/2, y+1/2, —z+3/2.) similar to complex 3 that formed by the C

atom and uncoordinated carboxymethyl of (L?)? groups (Figure 10). In addition, lattice water
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molecules are also joined in the hydrogen bonds O5-H5--03; O6-H6--02"; 05-H5W--01";
06-H6W---O1", which stabilized the 3D structure of 6 (Symmetry code: (i) —x+1, —p+2, —z+1; (iv)

—x+1, —y+1, —z+1; (v) —x+1, y, —z+3/2; (vi) —x+3/2).

Thermogravimetric Analysis
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Figure 11 Thermogravimetric analysis of compounds 1-6
Considering the fact that pyrazole based MOFs are well-known for their high thermal stability, we
investigated the thermal analysis of all the compounds of this work. All the samples were heated
in a platinum crucible at a rate of 20 °C min ' under nitrogenous atmosphere within the
temperature range of 50—800 °C (Figure 11). Complex 1 showed about 12.70 % weight loss at 258
°C and it can be assigned to the loss of water, calc. 11.36 %. For complex 2 at about 150 °C, 1.60
% weight loss was detected which agrees with the loss of free aqua, calc. 3.74 %, and the
coordinated water started to remove at 248 °C with the loss of 21.10 %, calc. 22.45 %. Complex 3
was stable up to 272 °C and the weight loss of 40.08 % under 354 °C can be assigned to the
removal of pyrazole ring which is in agreement with the calculated value of 38.06 %. Complex 4
was stable at 140 °C and removed water under 254 °C with the loss of 24.40 %, calc. 24.09 %. For
complex 5 two step weight loss was observed. An initial 13.65 % (calc.13.46%) weight loss for

water was observed at ~225 °C followed by another 49.98 % weight loss at ~380 °C. Complex 6
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showed 14.10 % decomposition at ~210 °C and 62.16 % decomposition at ~550 °C.

UV-Vis and Photoluminescent Properties

All UV-Vis absorption spectra of 1-6 were recorded in the liquid state at room temperature
(Figure S7). As shown in Figure S7, it is obviously to find the maximum excitation wavelength for
title complexes, 271 nm for 1, 270 nm for 2, 268 nm for 3 and 4, and 267 nm for 5 and 6
respectively.

In order to clarify the structural modification effects of the ligands on the complexes, we have
performed luminescence spectroscopy. Figure S8 shows the emission spectra of ligand H,L' and
epze and their complexes in a concentration of 10° M in DMF at 298 K. The fluorescence
emission spectra of the complexes 1-6 were carried out with an excitation wavelength of 271 nm
(1), 270 nm (2), 268 nm (3, 4), and 267 nm (5, 6) respectively. H,L' and 1-3 show a same
maximum emission A, = 329 nm, the fluorescence intensity of 1 is similar as HZLI, while
complexes 2 and 3 are larger than that of the free ligand. This could be explained by the rigidity
enhancement of the coordinated ligand in these complexes.** The Ligand epzc and 4-6 also result a
same maximum emission Ae, = 327 nm, and the free ligand shows strong fluorescence, which can

. L3536
be assigned to the m*—n transition.”

For complexes 4-6, the fluorescence intensity is weaker
than free ligand. This may due to the intraligand fluorescent emission because it is similar to that
of the corresponding free ligand.”’

PXRD Results

To confirm whether the crystal structures are truly representative of the bulk materials, X-ray
powder diffraction (PXRD) experiments have also been carried out for 1-6. The PXRD
experimental and computer-simulated patterns of the corresponding complexes are shown in
Figure S10. Although the experimental patterns have a few unindexed diffraction lines and some
are slightly broadened in comparison with those simulated from the single crystal models, it still

can be considered favourably that the bulk synthesized materials and the as-grown crystals are

homogeneous for 1-6.

ECL properties of 1-6
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Figure 12 Electrochemiluminescence for 1-6.
ECL is a useful technique for both fundamental electrochemistry study and analytical

38-41

applications. More and more attention has been recently focused on the ECL. Especially, many

complexes have been used in sensors basing on their strong ECL emission and easy labeling.‘u'47
However, up to now, most complexes used as ECL luminophore are Ru-, Ir- and Cd-based
compounds, which contain the precious metals and highly toxic heavy metal, Cd, and thus has
raised the economic costs and serious healthy and environmental concerns. Apparently, this would
limit extensive applications of this kind of compounds in ECL sensors. The use of recently
reported transication metal complexes in sensing may be an alternative choice, since they are
evidently “green” and exhibit good ECL activity.*>" Therefore, the ECL property of title
complexes were studies for this purposes.

The ECL of the pure complex 1-6 displayed in Figure S11 and Figure 12. Cyclic voltammetry (CV)
was studied in order to gain the redox properties of these complexes. Figure S7 shows the
experimental results of cyclic voltammetry with a glassy carbon disk electrode (GCE) modified

with the complex 1-6. For 1, when K,SOg has been added into the solution, the oxidation peak in

the cathodic current at -1.9 V and the reduction peak at -0.90 V in the cathodic current is observed.
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However, the CV curves in others are not much more distinct than 1.

The ECL intensity of 1 and 6 exhibited not only a much enhanced but also a stable ECL emission
and approximately 1.5-3 times greater than that of 2-5 (Figure 12). We have taken the Ru(bpy)33+
as the standard *' of the ECL yield (Figure S9) and resulted ECL yields 0.44, 0.36, 0.13, 0.20, 0.29,
and 0.38 for the title complexes 1-6 respectively. It is tentatively suggested that the introduction of
heavy metals (Cu(Il), Co(I), Ni(Il)) strengthens the spin—orbit coupling effect and enhances the
ECL emission. Comparing to Ru- and Ir- complexes repoted,’> > these six transition metal
complexes exhibit higher stability and stronger ECL emission, and also can be a useful guide for

the design of novel organometallic ECL materials.

Conclusion

We have successfully obtained six coordination complexes having mononuclear, dinuclear and 2D
structure with 3-pyrazolecarboxylic acid (H,L") and its derivative ethyl 1-(2-ethoxy-2-oxoethyl)-
1H-pyrazole-3-carboxylate (epzc), together with different nitrate, Co®* for 1 and 6, Ni** for 2 and
4, Cu®" for 3 and 5, respectively. Interestingly, the present results reveal that the structural
differences of 46 can be attributed to the nature of one-pot reaction method used. Furthermore,
the flexible group carboxymethyl has successfully introduced on 3-pyrazolecarboxylic acid
through the reaction of N-alkylation enhancing the coordination ability, and obtained ethyl
1-(2-ethoxy-2-oxoethyl)-1H-pyrazole-3-carboxylate (epzc), then the epzc generated 1-(carboxy-
methyl)-1H-pyrazole-3-carboxylic acid (H,L?) ligand by the reaction of hydrothermal in situ
hydrolysis. In addition, these six transition metal complexes exhibit high stability and stronger
ECL emission, and also can be a useful guide for the design of novel organometallic ECL
materials. Further studies involving other metals and other secondary pryazolate ligands are in
progress in our laboratory.

Supplementary material
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Crystallographic data for the title complex in the CIF format have been deposited with the
Cambridge Crystallographic Data Centre, CCDC nos. 1021427 for 3, 1021428 for 2, 1021429 for
1, and 1032278-1032280 for 4-6 respectively. Copies of this information may be obtained free of
charge from The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (Fax:
+44-1223-366033; Email: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).
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