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In this paper, we have synthesized two new coordination complexes and two new coordination polymers
at room temperature formulated as {(Htata)2[Cu(pydco)2(tata)]�3H2O} (1), {(H9a-acr)2[Ni0.51Zn0.49

(pydco)2(H2O)2]�4H2O} (2), [Cu(pydco)(H2O)2]n (3), [Ag(Hpydco)(2a-pym)]n (4) in which pydco =
pyridine-2,6-dicarboxylic acid N-oxide, tata = 2,4,6-triamino-1,3,5-triazine (melamine), 9a-acr =
9-aminoacridine and 2a-pym = 2-aminopyrimidine. The structures of these compounds and their physi-
cal and chemical properties were characterized via elemental analysis, infrared spectroscopy and single
crystal X-ray diffraction methods. Complex 1 has a honeycomb-like 2-D network whilst complex 2 is a
mixed crystal with almost equal amounts of Ni and Zn in the metal sites and has a 4-connected
{4^4.6^2}topology. Complexes 3 and 4 display coordination modes for the pydco ligand which differ from
those of previous reports. Complex 3 forms a 1-D 3-connected staircase-like network with unequal foot-
steps and possess a {4^2.6} topology while 4 is a 2-D staircase-like 4-connected network with a {4^4.6^2}
topology exhibiting rectangular grids Ag–Ag interactions. In the structures of 1–4 several supramolecular
interactions like hydrogen-bonding and p� � �p and lone pair� � �p stacking interactions play important roles
in the formation and stability of the crystalline materials. The complexation reactions of these systems
with Cu2+ and Ag+ ions were investigated by potentiometric pH titration method (solution studies).
The stoichiometry of the most abundant species in the solution was very similar to the corresponding
crystalline metal ion complexes.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Crystal engineering based on self-assembly provides a powerful
tool for the design and construction of supramolecules with unique
structural motifs and tunable physical properties [1]. In the context
of inorganic crystal engineering, the combination of coordination
chemistry with non-covalent interactions, such as hydrogen bond-
ing, p� � �p stacking, CH� � �p and lone pair� � �p provides a powerful
method for generating supramolecular architectures from simple
building blocks [2]. Both types of connections are valuable for
the design of network solids since they are directional interactions.
The coexistence of coordination polymer formation and ligand-
based non-covalent interactions allows a combination of strength,
imparted by a rigid coordination network, and flexibility, provided
by the softer hydrogen-bond interactions.

As a continuation of our previous work [3] on complexes of
pyridine-2,6-dicarboxylic acid (H2pydc), we considered pyridine-
2,6-dicarboxylic acid N-oxide (H2pydco) as an organic O-donor
ligand to assess the influence of the N-oxide moiety on the geom-
etry, topology and dimensionality of its metal complexes in com-
parison with pyridine-2,6-dicarboxylic acid. Pydco2� is a typical,
semi-rigid dicarboxylate ligand which has low steric hindrance,
can participate in weak stacking interactions and can offer
possibilities to form complicated coordination polymers through
its versatile coordination modes [4]. Moreover, the carboxylate
groups in pydco2� are structurally symmetrical and the N-oxide
group of pydco2� is a considerably better electron donor than the
ring nitrogen atom of pydc2� [5]. Several coordination modes of
pydco2� with interesting structures have been documented in
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our previous papers [6a] and two new coordination modes
(Scheme 1) have been found in the present work.

To add diversity to possible supramolecular structures we
included additional N-donor ligands which could be capable of
hydrogen bonding and p-stacking interactions in addition to coor-
dinating to the metal. These included melamine (tata) because only
a few copper complexes of it have been reported hitherto and the
sp2 hybridized nitrogen atoms of its triazine ring provides three
unshared pairs of electrons available as hydrogen bond acceptors.
In addition, unsubstituted melamine includes three exocyclic pri-
mary amines, each with the potential to provide a pair of hydrogen
bond donors. Also, 2-aminopyrimidine is of particular interest
owing to its demonstrated ability to form very stable hydrogen-
bonded chain arrays via its stereochemically associative amino
and hetero ring nitrogens and to coordinate to metal centers
through various bonding modes [7]. Finally, 9-aminoacridine
(9a-acr) provides the opportunity for both hydrogen bonding and
extensive p-stacking. Since interesting structures with various
geometrical features based on the self-assembled structures of
silver and heterocyclic ligands, especially those with nitrogen-
containing bidentate building blocks, as well as aromatic
compounds have been reported [7–10], it was also of interest to
explore the possibility of forming argentophilic interactions in
silver complexes of pydco2�.

In this paper, we report four interesting supramolecular
framework, (Htata)2[Cu(pydco)2(tata)]�3H2O (1), (H9a-acr)2-
[Ni0.51Zn0.49(pydco)2(H2O)2]�4H2O (2), [Cu(pydco)(H2O)2]n (3),
[Ag(Hpydco)(2a-pym)]n (4).
2. Experimental

2.1. General methods and materials

Chemicals were purchased from commercial sources and used
without further purification. The infrared spectra were recorded
in the range of 4000–600 cm�1 on a Buck 500 scientific spectrom-
Table 1
Crystallographic data for 1–4.

1 2

Empirical formula C23H32CuN20O13 C40H40N
M/g mol�1 860.22 922.75
T/K 150(2) 150(2)
Crystal system Triclinic Triclini
Space group p1 p1
a/Å 9.7373 (2) 7.0647
b/Å 10.6590 (2) 10.436
c/Å 16.9140 (4) 14.124
a/� 106.3770 (8) 77.709
b/� 90.8150 (7) 88.109
c/� 91.7250 (8) 71.795
V/Å3 1683.04 (6) 966.0(2
Z 2 1
Dcalc g/cm3 1.697 1.586
k (Å) 1.5418 0.7107
l/mm�1 1.78 0.655
F(000) 886 479
Crystal size/mm3 0.080 � 0.164 � 0.181 0.040 �
H range for data collection/� 2.72–72.08� 2.10–2
Index ranges �11 6 h 6 11 �9 6 h

�12 6 k 6 13 �14 6
�20 6 l 6 20 �19 6

Reflections collected 19958 17772
Data/restraints/parameters 6499/0/514 4988/0
Goodness-of-fit on F2 1.044 1.040
Final R indexes [IP 2r(I)] R1 = 0.0355 R1 = 0.0

wR2 = 0.0963 wR2 = 0
Final R indexes [all data] R1 = 0.0390 R1 = 0.0

wR2 = 0.0992 wR2 = 0
Largest diff, peak/hole/eÅ�3 0.699 and �0.561 0.532 a
eter as KBr discs. The C, H, and N elemental analyses were per-
formed on a Thermo Finnigan Flash model 1112 EA
microanalyzer. The X-ray data was obtained using a Bruker Smart
APEX and D8 VENTURE diffractometers. Melting points determined
on a Barnstead Electrothermal 9300 apparatus. The atomic absorp-
tion analysis was performed on a Shimadzu AA. 670. The all yields
related to compounds 1–4 are below 50%

2.2. X-ray crystallography

Crystals of 1–4, prepared as described below, were affixed to
Mitegen mounts with a drop of Paratone oil and placed in a cold
nitrogen stream on a Bruker Smart-APEX (2 and 4) or a Bruker
D8 Venture (1 and 3) diffractometer. On the former full spheres
of data were collected using a combination of u and x scans while
on the latter hemispheres of data were collected using x scans, all
under control of the APEX2 program suite [11]. Conversion of the
raw data into Fo2 values was accomplished with SAINT [11] which
also performed global refinements of unit cell parameters using
several thousand reflections from the full data sets. Empirical cor-
rections for absorption and merging of equivalent reflections were
carried out with SADABS [11] and the structures were solved by
direct methods (SHELXT [12]). Full-matrix, least-squares refine-
ment of the structure models was performed with SHELXL [12]
with hydrogen atoms attached to carbon placed in idealized posi-
tions while those attached to nitrogen and oxygen were placed in
positions derived from difference maps and their coordinates
adjusted to give NAH = 0.91 Å and OAH = 0.84 Å. All were included
as riding contributions with isotropic displacement parameters
tied to those of the attached atoms.

2.3. Potentiometric pH titrations

All potentiometric pH measurements were carried out on a
model 686 digital pH meter equipped with a combined glass–calo-
mel electrode. The base used for potentiometric pH titrations was
3 4

6Ni0.51O16Zn0.49 C7H7CuNO7 C11H10AgN4O5

280.68 385.09
150(2) 150(2)

c Monoclinic Triclinic
P21/n p1

(9) Å 5.8908 (1) 6.4771 (9)
9(14) Å 12.3934 (3) 7.3769 (11)
6(18) Å 12.2569 (3) 13.0042 (19)
0(17)� 90 78.1380 (18)
0(18)� 91.400 (1) 85.1310 (17)
0(19)� 90 78.7170 (17)
) 894.57 (3) 595.69 (15)

4 2
2.084 2.147

3 1.5418 0.71073
3.76 1.72
564 380

0.180 � 0.220 0.13 � 0.06 � 0.02 0.15 � 0.05 � 0.02
9.07� 5.08–72.28� 2.87–28.90�
6 9 �7 6 h 6 7 �8 6 h 6 8
k 6 14 �15 6 k 6 15 �10 6 k 6 10
l 6 19 �15 6 l 6 14 �17 6 l 6 17

6778 9503
/286 1741/0/145 9503/0/191

1.074 1.022
304 R1 = 0.0234 R1 = 0.0442
.0770 wR2 = 0.0607 wR2 = 0.0944
331 R1 = 0.0282 R1 = 0.0533
.0792 wR2 = 0.0633 wR2 = 0.1013
nd �0.332 0.370 and �0.287 1.305 and �1.466



Table 2
Hydrogen bonding interactions present in 1–4.

D�H� � �A d(D�H)/Å D(H�A)/Å d(D�A)/Å D�H�A/�

1
N6–H6A� � �N15i 0.91 2.06 2.965(2) 178
N7–H7A� � �N16ii 0.91 2.08 2.991(2) 175
N7–H7B� � �O12ii 0.91 2.17 2.941(2) 142
N8–H8A� � �O6 0.91 1.95 2.847(2) 169
N10–H10A� � �O5iii 0.91 2.22 2.950(2) 136
N12–H12A� � �O9 0.91 1.99 2.829(2) 152
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carbonate-free sodium hydroxide, which was standardized against
primary standard oven-dried potassium hydrogen phthalate. A
CO2-free atmosphere for the base was ensured throughout. The
potentiometric apparatus used consisted of a 50 mL glass jacketed
cell, a constant temperature bath (MLW thermostat, 25.0 ± 0.1 �C),
a combined glass electrode and a 10 mL capacity Metrohm piston
burette, for which the tip was sealed in the cap of the titration cell
with a clamp and O-rings. Atmospheric CO2 was excluded from the
titration cell with a purging stream of purified nitrogen gas. The
electrodes were calibrated in the thermostatted cell with standard
acid–base to read pH directly. The value of KSH = [H+][OH�], for
aqueous solution was 10�13.99. The concentrations of 2,6-pydco
(L) was 3.0 � 10�3 M and the concentrations of tata (Q1) and 2a-
pym (Q2) were 6.0 � 10�3 M. A standard carbonate-free 0.095 M
sodium hydroxide solution was used in all titrations. The ionic
strength was adjusted to 0.1 M with KNO3. Before an experimental
point (pH) was measured, sufficient time was allowed for estab-
lishment of equilibrium. Ligand protonation constants and their
metal complexes protonation, stability and hydrolysis constants
were calculated using the program BEST described by Martell
and Motekaitis [13].
N12–H12B� � �O7iv 0.91 2.09 3.000(2) 174
N13–H13A� � �O8 iv 0.91 2.11 2.878(2) 141
N13–H13A� � �O10 iv 0.91 2.25 2.927(2) 131
N13–H13B���N11 0.91 2.03 2.936(2) 177
N14–H14A� � �O10i 0.91 2.11 2.984(2) 161
N14–H14B���N9i 0.89 2.16 3.045(2) 171
N17–H17A� � �O4iii 0.91 1.75 2.653(2) 172
N18–H18A� � �O5iii 0.91 2.11 2.996(2) 164
N18–H18B���N4i 0.91 2.04 2.948(2) 177
N19–H19A� � �O11i 0.91 2.10 2.898(2) 146
N19–H19B���N5ii 0.91 2.04 2.952(2) 176
O11–H11D� � �O9 0.84 2.00 2.788(2) 156
O12–H12C� � �O10 0.84 1.92 2.726(2) 159
O12–H12D� � �O3 0.84 2.11 2.842(2) 145
O13–H13C� � �O2 0.84 1.93 2.758(2) 167
O13–H13D� � �O12v 0.84 2.13 2.918(2) 156
C12–H12� � �O2 0.95 2.39 3.965(3) 128
2.4. Synthesis of {(Htata)2[Cu(pydco)2(tata)]�3H2O} (1)

A mixture of H2pydco (0.1 mmol, 20 mg), tata (0.1 mmol,
13 mg) and Cu(OAc)2�H2O (0.1 mmol, 20 mg) in 20 mL distilled
water was stirred at room temperature for 3 h. After several days
the blue precipitate was filtered off and dried. Blue, block-like crys-
tals were obtained by slow evaporation of a solution of the precip-
itate in 5 mL of distilled water at room temperature. (Yield: 650%;
d.p. 215 �C) Elemental analysis: Anal. Calcd. For: C23H32CuN20O13:
C, 33.03; H, 3.21; N, 32.05. Found: C, 33.44; H, 3.66; N, 33.91%. IR
bands (KBr pellet, cm�1): 3403.3, 3167.7, 1695.7, 1663.3, 1629.2,
1533.5, 1523, 1485.4, 1400.4, 1356.6, 1239.8, 1190.3, 850.9, 774.
C4–H4� � �O6 0.95 2.54 3.169(3) 124
C5–H5� � �O6 0.95 2.61 3.205(3) 121
N7–H7B� � �O2 0.91 2.17 2.941(3) 142
C3–H3� � �O13 0.95 2.51 3.330(3) 145

2
O6–H6A� � �O4i 0.84 1.86 2.68(14) 165
N2�H2A� � �O5 0.91 1.87 2.7714(15) 1701
O7�H7B� � �O5 0.84 2.00 2.8213(16) 166
O7�H7A� � �O6v 0.84 2.04 2.8765(14) 176
N3�H3B� � �O7iv 0.91 2.01 2.9141(16) 170
N3�H3A� � �O2iii 0.91 1.96 2.8487(15) 164
C19�H19� � �O8iv 0.95 2.58 3.3242(17) 135
O8�H8A� � �O3vi 0.84 2.16 2.7967(15) 133
O6�H6B� � �O8ii 0.84 1.95 2.7742(14) 169
C12�H12� � �O2 0.95 2.371 3.303(2) 166
C16�H16� � �O7 0.95 2.308 3.243(2) 167
C3�H3� � �O4 0.95 2.827 3.566(2) 136
O8–H8B� � �O1iii 0.84 2.07 2.873(15) 160

3
C5–H5� � �O1i 0.95 2.57 3.312(2) 136
2.5. Synthesis of {(H9a-acr)2[Ni0.51Zn0.49(pydco)2(H2O)2]�4H2O} (2)

A methanolic solution of 9a-acr (0.2 mmol, 40 mg) was added
dropwise to an aqueous solution of H2pydco (0.1 mmol, 20 mg)
and the mixture was stirred at room temperature for 2 h. Then
Ni(NO3)2�6H2O (0.05 mmol, 15 mg) and Zn(NO3)2�6H2O
(0.05 mmol, 15 mg) were added and the resulting reaction mixture
was stirred for an additional 3 h at the same temperature. Light
yellow, plate-like crystals were obtained after 2 weeks by slow
evaporation of the reaction mixture at room temperature. (Yield:
650%; m.p. 200 �C) Elemental analysis: Anal. Calcd. For:
C40H40N6Ni0.51O16Zn0.49: C, 52.06; H, 4.38; N, 9.11%. Found: C,
52.11; H, 4.16; N, 9.44%. IR bands (KBr pellet, cm�1): 3404.5,
3053.3, 2968.8, 28 60.8, 1638.3, 1590.8, 1476.5, 1273.5, 1201.6,
770. Atomic absorption: Zn(49%) and Ni(51%).
O7–H7B� � �O4ii 0.84 2.08 2.816(2) 146
O7–H7A� � �O2iii 0.84 2.06 2.891(2) 171
O6–H6B� � �O2iv 0.84 1.92 2.756(2) 171
O6–H6A� � �O4v 0.84 1.85 2.6768(19) 167

4
O4–H1A� � �O3 0.84 1.60 2.424(6) 166
N4–H4B� � �O2 0.91 2.08 2.964(6) 163
C9–H9� � �O5ii 0.95 2.51 3.152(7) 125
C11–H11� � �O5iv 0.95 2.47 3.300(7) 146

Symmetry codes: (i) �x + 1, �y + 1, �z + 2; (ii) �x + 1, �y + 2, �z + 2; (iii) x, y + 1, z;
(iv) x + y�1, z; (v) x, y�1, z; (vi) �x + 1, �y, �z + 2; (vii) x + 1, y, z; (viii) �x + 1, �y
+ 1, �z + 1 for 1, (i) �x + 1, �y + 1, �z; (ii) x, y, z�1; (iii) x�1, y, z + 1; (iv) �x + 1, �y
+ 1, �z + 1; (v) �x + 2, �y + 1, �z; (vi) x, y, z + 1 for 2, (i) �x + 3/2, y + 1/2, �z + 3/2;
(ii) �x + 2, �y + 1, �z + 1; (iii) x + 1, y, z; (iv) x + 1/2, �y + 1/2, z�1/2; (v) �x + 1, �y
+ 1, �z + 1 for 3, (ii) x + 1, y�1, z + 1; (iv) x, y�1, z + 1 for 4.
2.6. Synthesis of [Cu(pydco)(H2O)2]n (3)

The preparation of 3 is similar to that of 1, except that CuCl2-
�2H2O (0.1 mmol, 17 mg) was used instead of Cu(OAc)2�H2O and
the solution was stirred at room temperature for 4.30 h. After
50 days the blue precipitate was filtered off and dried. Colorless
column-like crystals were obtained after 2 months by slow evapo-
ration of a solution of the precipitate in 7 mL of distilled water at
room temperature. (Yield: 650%; d.p. 254 �C) Elemental analysis:
Anal. Calcd. For: C7H7CuNO7: C, 30.91; H, 2.20; N, 5.16. Found: C,
31.76; H, 2.67; N, 5.29%. IR bands (KBr pellet, cm�1): 3427.3,
1602, 1412.1, 1375.7, 1204.9, 1032.4, 850.9, 769.3, 706.8.
2.7. Synthesis of [Ag(Hpydco)(2a-pym)]n (4)

An aqueous solution of H2pydco (0.1 mmol, 20 mg), 2a-pym
(0.1 mmol, 10 mg) and AgNO3 (0.05 mmol, 8 mg) was stirred at
room temperature for 3 h. Colorless plate-like crystals of 4 were
obtained after 21 days by slow evaporation of the reaction solution
at room temperature. (Yield: 6 50%; d.p. 178 �C) Elemental analy-
sis: Anal. Calcd. For: C11H9AgN4O5: C, 34.53; H, 2.20; N, 15.53.
Found: C, 34.22; H, 2.61; N, 14.51%. IR bands (KBr pellet, cm�1):



Fig. 1. The asymmetric unit of 1 showing the atom numbering scheme and the p-stacking of the cations (green dotted line). O–H� � �O and N–H� � �O hydrogen bonds are
shown, respectively as red and blue dotted lines. (For interpretation of the references to colours in this figure legend, the reader is referred to the web version of this paper.)

Fig. 2. The formula unit of 2 showing the atom numbering scheme. O–H� � �O and N–H� � �O hydrogen bonds are shown, respectively as red and blue dotted lines (symmetry
code: (i) 2 � x, 1 � y, z). (For interpretation of the references to colours in this figure legend, the reader is referred to the web version of this paper.)

Fig. 3. The asymmetric unit of 3 with numbering scheme and portions of two
adjacent molecules (symmetry codes: (i) 1 � x, 1 � y, 1 � z; (ii) 2 � x, 1 � y, 1 � z).
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3482.2, 3405.4, 3314.3, 3180.1, 1648, 1570.2, 1517.7, 1474.3,
1407.3, 1367.6, 1276.3, 1224.7, 1076.4, 971.5, 835.2, 763.3, 724.9.
3. Results and discussion

3.1. Synthesis and IR spectra

Compounds 1, 2, 4 show absorptions in the range
3400–3000 cm�1 corresponding to the NAH and OAH stretching
vibrations of the amino groups and water molecules, respectively.
The presence of a sharp band at 3400 cm�1 is related to the coor-
dinated H2O in complex 3. The absence of a band at 2500 cm�1 is
evidence for the deprotonation of the carboxyl group [14]. Strong



88 M. Shahbazi et al. / Inorganica Chimica Acta 458 (2017) 84–96
bands in the range 1690–1600 cm�1 and 1370–1350 cm�1 are
characteristic of the asymmetric and symmetric vibrations of the
carboxyl groups.. The separation for between these is >200 cm�1,
for monodentate carboxylate groups and <200 cm�1 in bidentate
ones [15]. Thus, the separation of >200 cm�1 in 1–4 indicates a
monodentate coordination mode for the carboxylate groups. Fur-
thermore, moderate intensity bands characteristic of the N-oxide
group are observed in the range 1200–1270 cm�1. The infrared
spectra and elemental analyses of 1–4 are in good agreement with
their structural characteristics as determined by single-crystal X-
ray diffraction.
3.2. Description of the crystal structures

The crystallographic data for compounds 1–4 are shown in
Table 1 while selected bond lengths and bond angles are given in
Table S1. Hydrogen bond geometries for the 4 compounds are
shown in Table 2.
Fig. 4. The asymmetric unit of 4 with portions of four adjacent molecules
(symmetry codes: (i) 1 x, �y, 1 � z; (ii) �1 + x, y, z; (iii) 1 � x, 1 � y, 1 � z; (iv) 1
+ x, y, z. O–H� � �O and N–H� � �O hydrogen bonds are shown, respectively, by red and
blue dotted lines. The argentophilic interaction is shown by a black dotted line. (For
interpretation of the references to colours in this figure legend, the reader is
referred to the web version of this paper.)
3.2.1. {(Htata)2[Cu(pydco)2(tata)]�3H2O} (1)
The Cu center shows approximate square pyramidal coordina-

tion by two oxygen atoms from the carboxylate groups and the
N-oxide group of a chelating pydco2� ligand in the basal plane
and the same pair of oxygen atoms from a second pydco2� ligand
spanning basal and apical sites. The fourth basal site is occupied
by a ring nitrogen atom from the melamine ligand The specific
geometry of the five-coordinate metal center can be described by
an angular index (s), which was defined by Verschoor and co-
workers as follows: s ¼ b�a

60 (a and b are the two largest angles
around a five-coordinate metal center). According to the s value,
the geometry of metal center can be described as trigonal bipyra-
midal (s = 1) or square pyramidal (s = 0) [16]. The s value for Cu
is equal to 0.22 so the geometry around it can be describe as dis-
torted square pyramidal (Fig. S1). The oxygen atom situated in
the axial site has Cu1–O6 = 2.275(14) Å which is significantly
longer than the basal Cu–O bond distances (1.914(13)–1.973
(13) Å) consistent with operation of the Jahn-Teller effect.

As shown in Fig. 1 the anionic complex is bound to two pydco2�

and one tata ligands. The dihedral angle between the pyridine rings
is 33.29� causing the anion to have a curved shape. These are orga-
nized into a wavy anionic layer by p� � �p stacking interactions
between pyridine rings (centroid to centroid distance is 3.780 Å
(Fig. 5a), weak CAH� � �O hydrogen bonds creating R1

2(5) cyclic
motifs [17] and hydrogen bonding with two lattice water mole-
cules occupying the void space between individual anions and
forming a R3

4(11) graph set. Moreover, the lattice water molecules

that are situated along the chain formed by the R2
1(6), R

2
2(7) hydro-

gen bond motif along the b axis helps to stabilize the anionic layer
(Fig. 5d). The lattice water molecules play a key role in generating
strong N7–H7B� � �O12 hydrogen bonds (see Fig. 5b) involving two
cationic layers resulting in a honeycomb-like 3-D supramolecular
network (Fig. 5c).

A salient feature of the pattern of association is the identifica-
tion of the [Cu(pydco)2(tata)] complex cross-linked to adjacent
complexes via pairs of N18�H18B� � �N4 (2.04 Å), N6�H6A� � �N15
(2.06 Å) hydrogen bonds employing one of the amino hydrogen
atoms in the coordinated melamine molecule and the ring nitrogen
atoms of protonated melamine and vice versa. Hence, it is remark-
able that the tataH+ cations are placed between them (Fig. 6) linked
together in pairs generating a R2

2(8) graph set related by a crystal-
lographic C2 axis. Protonated melamine molecules undergo p� � �p
and lone pair� � �p stacking interactions separated by 3.523 Å and
3.504 Å (Fig. 5a).
3.2.2. (H9a-acr)2[Ni0.51Zn0.49(pydco)2(H2O)3]�4H2O (2)
The asymmetric unit of 2, contains one half of the [Ni0.51Zn0.49(-

pydco)2(H2O)2]2� anion, one 9-aminoacridinum (9a-acr)+ cation
and two lattice water molecules as shown in Fig. 2. The centrosym-
metric anion consists of a M(II) (M@Ni or Zn) ion coordinated by
two pydco2� ligands acting in bidentate fashion via the N-oxide
oxygen and an oxygen of one carboxylate forming the equatorial
plane as well as two water molecules in trans positions generating
a distorted octahedral geometry. As reported in Table S1 the M�O
distances range from 1.9328(10) to 2.4123(11) Å, in the order
M�Omean(water) > M�Omean(N-oxide) > M�Omean(carboxylate).
The two (pydco)2� ligands are coplanar as required by the presence
of the crystallographic inversion center. Notably, the free carboxy-
late group is twisted 81.25� out of the plane of the pyridine ring.
The anionic complex together with two lattice water molecules
that are situated between the anionic layers generate chains along
the a axis and form a R2

4(12) graph set (Fig. S2). In addition, the car-
boxylate groups of the pydco2� ligands and the water molecules
are involved in the formation of cyclic R1

2(6) and R2
2(10) OAH� � �O

hydrogen bond motifs. Furthermore, cyclic R4
4ð16Þ motifs connect

such chains along the c direction to form an extended 2-D
supramolecular architecture. The structure in the ac plane is fur-
ther stabilized by p� � �p stacking interactions between pyridine
rings in adjacent layers (Fig. S2). The crystal packing consists of
alternating 2-D cationic and anionic layers with the cationic layer
containing p� � �p and lone pair� � �p stacking interactions which lead
to the formation of a one-dimensional supramolecular architecture
and plays a significant role in the stabilization of the crystal lattice.
Moreover, two adjacent counterions are linked via CAH� � �O and
NAH� � �O hydrogen bonds involving an acridinium cation, a car-
boxylate group of a pydco2� ligand and uncoordinated water mole-
cules to generate an array with the ring having the graph-set
notation R1

2(7) (see Fig. 7). From a topological point of view, consid-
ering the anionic moiety ([Ni0.51Zn0.49(pydco)2(H2O)]2�) as a four-
connected node and keeping H-bonds as linkers, the structure of
2 can be specified by the point symbol {4^4.6^2}. This uninodal
3-D supramolecular network has a sq1/shubnikov topology with
a tetragonal plane net (Fig. 8). The grid size in this complex is
15.58 � 7.07 Å.

3.2.3. [Cu(pydco)(H2O)2]n (3)
The Cu2+ cation is coordinated by the pydco2� ligand chelating

through one carboxylate oxygen and the oxygen of the N-oxide
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group and by the two water molecules in cis positions. A fifth coor-
dination site is occupied by an oxygen from the non-chelating car-
boxylate group in a second {Cu(pydco)(H2O)2} moiety while a
closer {Cu(pydco)(H2O)2} moiety forms a centrosymmetric
{Cu2O2} ring through sharing of the N-oxide oxygen to weakly
occupy the sixth coordination position to form a distorted
octahedral geometry elongated along O7–Cu1–O5 (Fig. S3). The
Cu–O distances and O–Cu–O angles range from 1.934(14)�2.474
(15) Å and 86.92(6)–172.06(6)� with the former in the order
Cu–Omean (N-Oxide) > Cu–Omean (water) > Cu–Omean (carboxylate).
The dihedral angles of two carboxylate groups from the plane of
the pyridine ring are 28 and 96� respectively which contrasts with
the observation that they are essentially coplanar with the pyri-
dine ring in free H2pydco [18]. The carboxylate groups in pydco2�

are connected to two different Cu atoms in a-mode represented in
Fig. 5. (a) The p� � �p and offset p stacking interactions; (b) The role of water molecules in
Illustration of R1

2(5), R
3
4(11), R

2
1(6), R

2
2(7) hydrogen bond motifs formed in the anionic lay
Scheme 1. As noted above, the dimers containing the {Cu2O2} rings
are associated into chains by a simple a axis translation via O3 of
the carboxylate groups in two adjacent dimers to form a 1-D stair-
case-like network. As shown in Fig. 9 the basic unit of 3 comprises
two copper(II) atoms and two pydco2� ligands assembling into a
regular tetragon in which the grid sizes of the two unequal foot-
steps are (3.71 � 3.1 Å2) and (3.1 � 4.95 Å2). Accordingly, the net-
work contains one type of three-connected node defined by the
copper ion and the bridging pydco ligand. The whole structure
can be assigned the {4^2.6} point symbol. The shortest Cu� � �Cu
separation in the chain is 3.50 Å thus precluding any significant
metal-metal interaction. Additionally it is interesting to note that
the individual 1-D layers are stacked with strong OAH� � �O inter-
and intra-chain hydrogen bonds leading to the construction of
the 3-D supramolecular network (see fig. 3).
generating the 2-D network; (c) 2-D honeycomb-like supramolecular network; (d)
er along the b axis.
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3.2.4. [Ag(Hpydco)(2a-pym)]n (4)
The Ag center has a distorted trigonal bipyramidal geometry

(parameter s is 0.66, see Fig. 10) with the Ag ions of adjacent layers
(Ag1–Ag1, 3.213(10) Å) and oxygen atoms (Ag–O2, 2.643(4) Å)
from Hpydco� being placed in axial positions while two nitrogen
atoms from two different 2a-pym ligands (Ag–N2, 2.235(4) Å,
Ag–N3, 2.314(4) Å) and one oxygen (Ag–O1, 2.318(4) Å) of a car-
boxylate group occupy the equatorial plane (Fig. 4). The oxygens
of this carboxylate group exhibit the l1,1-O bridging coordination
mode. It is noteworthy that the other carboxylate remains proto-
nated and establishes a strong, intramolecular OAH� � �O hydrogen
bond (H� � �A distance = 1.60 Å) with the oxygen of the N-oxide
group. The carboxylate group is coordinated to the Ag cations in
an unprecedented coordination fashion which is different from
those modes in previous reports (depicted in Scheme 1). The Hpy-
dco� ligands coordinate strongly to these silver ions through O1
and more weakly via O2 to the other metallic center in adjacent
chains. Thereby acidic ligands are bridging between two silver
cations and generating 8-membered metallocycles. The metallocy-
cles are further interlinked by Ag ions in parallel b axis to furnish a
ribbon-like bilayer (Fig. S4a). These bilayers are bridged unsym-
metrically by the 2a-pym ligands which coordinated through the
ring nitrogen atoms creating a 2-D network in the ab plane
(Fig. S4b). Additionally the ribbon-like bilayers are associated into
sheets in the bc plane by C9�H9� � �O5 hydrogen bonds, generating
R2
2ð26Þcyclic motifs, and by p� � �p stacking interactions between the
rings of the 2a-pym and pydco ligands leading to the construction
of a 3-D supramolecular network (Fig. S4c). It is worthwhile to
point out that in this 2-D coordination polymer, there are weak
Ag–Ag contacts (3.213(10) Å) which is approximately 0.277 less
than the sum of the van der Waals radii [19].

A characteristic feature of the two-dimensional framework of 4
is that the Ag cations can be viewed as four-connected nodes on
the basis of a topological analysis by the TOPOS 4.0 program pack-
age. This uninodal net can be symbolized as {4^4.6^2}, which is
assigned to the sql/Shubnikov net. As shown in Fig. 11 the struc-
ture represents a 2-D-staircase like network with rectangular win-
dows of dimension 6.48 � 3.213 Å2.

3.2.5. Discussion
3.2.5.1. Additional discussion about complex 1. In our recent study
we have synthesized a new proton transfer complex from Cu,
H2pydco as an acidic ligand and 9a-acr as a basic ligand (complex
A) [6a]. In comparing complex 1 with complex A the 9a-acr ligand
could not coordinate but just participates in the crystal packing in
the role of balancing the charge of the complex anion and by gen-
erating H-bonding and p-stacking interactions. By contrast, tata
has the additional role of coordinating to metal center. This result
may be achieved due to the bulkiness of 9a-acr. We noted that the
main idea of this study is consideration of the features of structures
built by the role of pydco (complex 1) as compared with previously
reported compounds based on pydc2� and chelidamic acid [20,21].



Fig. 6. Crystal packing of {(Htata)2[Cu(pydco)2(tata)]�3H2O}, showing the anionic layer and tataH+ cations between them.
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In this regard we enumerated similarities and differences in com-
plex 1with [Cu(pydc)2]2�, [Cu(Hpydc)2]2� named complex B and C,
respectively. In both compounds B and C the copper cation adopted
a distorted octahedral geometry and coordinated to two acidic
ligands in tridentate fashion. Also the two pyridine rings are almost
perpendicular to each other in B and C, while the dihedral angle for
compound 1 between the least squares planes of the two coordi-
nated acidic ligands is 33.29�. Another interesting feature is the
participation of the auxiliary ligand in the coordination sphere. In
none of those compounds does melamine coordinate to the metal
and it only plays a charge balancing role whilst in complex 1 mel-
amine can play both roles. The most important similarities are the
crystal packing and how the molecules are arranged. In the proton
transfer system with chelidamic acid a layered arrangement
results and tataH+ occupies locations between anionic monomeric
complexes. With regard to the overall packing, the space between
layers of [Cu(pydc)2]2� anions is filled with (tataH)+ cations and
pydc molecules.

3.2.5.2. Highlight features of a mixed crystal. Recently new crys-
talline materials have been prepared in our research team using
some first row transition metals and the pydco2� ligand [6]. A ser-
ies of metal complex salts of the form (H9a-acr)2[M(pydco)2(H2-
O)2]�4H2O were crystallized with varying ratios of NiII and ZnII

from a solution containing equimolar mixtures of the metal
nitrates. A comparison of some of the structural parameters pro-
vided some interesting insights. The average M�O bond length
for the pure Zn(II) complex was longer than that in the pure Ni
(II) complex. Predictably, the average M�O bond length in {(H9a-
acr)2�[Ni0.51Zn0.49(pydco)2(H2O)2]�4H2O} was between these values
(see Scheme 2).

3.2.5.3. Structural diversity of coordination polymers constructed from
pydco2� and different metallic salts. In this section consideration has
been given to the coordination polymers formed from different
metal centers and pydco2�. The coordination chemistry, dimen-
sionality and topology of compound 3 are reported in this work
while the structures of [Zn(pydco)(H2O)2]n(5), [Zn(pydco)
(H2O)]n(6) and [Ag2(pydco)]n(7) have been previously reported
[4a,22,23]. The structural diversity of complexes 3, 5–7 are
depicted in Scheme 3 and are described as 1-D or 2-D
frameworks with diverse architectures. Complex 1 is a 1-D
staircase-like network and can be described by the {4^2.6} point
symbol. Complex 2 exhibits a 1-D helical chain-like structure
with 41 helices. Complex 3 adopts a 3,4-connected topology and
possesses a 2-D network symbolized as {4^2.6^3.8}{4^2.6}.
Complex 4 contains infinite 1-D silver strings via Ag–Ag contacts
and presents a 5,6,9-connected topology and forms 2-D (6,3)
network layered structure. The coordination modes of the
pydco2� ligand are also different among complexes 3, 5–7.

To summarize, the diversities in structural features of 1–4
clearly indicate that the architectures of the metal/pydco coordina-
tion polymers are affected mainly by the metal centers while tem-
perature and the nature of the ligand might play trivial effects. As a
result, selection of an appropriate metal center may be considered
an ideal way to construct novel coordination polymers. In addition
we present detailed information as illustrated in Scheme 4 for
investigating the differences in structural features and coordina-
tion behavior of complex 3 constructed from pydco2� with a struc-
ture that is formed with the similar ligand (pydc2�). The compound
[Cu(pydc)(H2O)2]n has been prepared previously [24] and shows a
1-D zigzag chain with a CuNO5 bond set containing distorted octa-
hedral geometry and also different coordination mode for the
pydco2� ligand. The common feature of these two complexes is
the arrangement of the water molecule in cis positions.
3.3. Solution studies

In this section, in order to determine the stoichiometry and sta-
bility of the Cu2+ and Ag+ (M) complexes with 2,6-pydco (L), tata
(Q1), 2a-pym (Q2) and their mixtures in aqueous solution, a
3.0 � 10�3 M solution of L, a 6.0 � 10�3 M solution of Q1 and Q2

and their mixtures, all containing a necessary amount of 0.9 M
HNO3, were titrated in the absence and presence of 1.5 � 10�3 M
of the metal ion with a 0.095 M solution of NaOH at a temperature
of 25 �C and ionic strength of 0.1 M, maintained by KNO3. Before an



Fig. 7. Schematic representation of OAH� � �O, CAH� � �O, NAH� � �O hydrogen bonds generating R1
2(6), R

2
2(10), R

1
2(7) cyclic graph sets; Detail of p� � �p, lone pair� � �p interactions

between acridinium moieties.

Fig. 8. Schematic illustration of the 4-connected sq1/shubnikov net.
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experimental point (pH) was measured, sufficient time was
allowed for the establishment of equilibrium. The details of the
procedure are described in Refs. [25–27].

The corresponding equilibrium potentiometric pH titration
profiles are shown in Fig. S1(a–e), respectively. The pH titration
data in the absence of metal ions were used to calculate the proto-
nation constants for L and Q1, Q2 (Kn

H [HmL]/[H(m–n)L][H]n, the
charges are omitted for simplicity) via the program BEST [13].
The resulting values for the overall stability and stepwise protona-
tion constants of L and Q1, Q2 as well as the recognition constants
for the L–Q proton transfer system are listed in Table 3. As can be
seen, in all cases the potentiometric titration curves are depressed
considerably in the presence of the metal ions, clearly indicating
their strong interactions with metal ions.

The corresponding distribution diagrams for 2,6-pydco (a), tata
(melamine) (b), 2,6-pydco/Cu2+ (c), tata/Cu2+ (d), 2,6-pydco/tata
(e), 2,6-pydco/tata/Cu2+ (f), 2a-pym (g), 2,6-pydco/Ag+ (h),
2a-pym/Ag+ (i), 2,6-pydco/2a-pym (j) and 2,6-pydco/2a-pym/Ag+

(k) are also shown in Fig. S2 (see Table 4). As it is obvious
from Table 3, the most abundant proton transfer species for
2,6-pydco/tata system present at pH 2.0 with an abundance of
87.5% is 2,6-pydcoH2—tata (logK = 15.07). In the case of 2,6-pyd-
co/2a-pym system the most abundant proton transfer species is
2,6-pydcoH2—2a-pym with an extent of 88.2% (logK = 14.46).

In the case of Cu2+ (M) with 2,6-pydco (L) in the binary system,
the most abundant species are ML2OH at pH 7.3–7.8 with an abun-
dance of 82.7%, ML2H2 (62.3% at pH 4.0), M2L2(OH)4 at pH 11.1–12



Scheme 1. New coordination modes of the pydco2� anion.

Scheme 2. Comparison of the distances between metal ions and oxygen atoms on
the pydco2� ligand in 2 and its isomorphic crystals containing Co, Ni, Cu, Zn.

Fig. 10. Polyhedral representation of the coordination geometry of Ag in 4.
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with an abundance of 52.6% and M3L3(OH)6 with an abundance of
42.6% at pH 12. For Cu2+ with tata (Q1) in the binary system, the
most abundant species are MQ(OH)4 at pH 10.2–12 with an abun-
dance of 90.8%, MQ2OH at pH 8.0–9.3 with an abundance of 50.0%
and M3Q2H2 with an abundance of 38.0% at pH 2.8. In the case of
Cu2+ with L and Q in the ternary complexes system, the most abun-
dant species are ML2QH2 at pH 3.0 with an abundance of 91.9%,
ML2Q at pH 5.7 with an abundance of 79.8%, ML2QH4 (74.7% at
pH 2.2), ML2Q3H2 with an abundance of 48.6% at pH 3.6, MLQ
(OH)2 at pH 9.5–9.8 with an abundance of 48.4% and M2L3Q(OH)2
at pH 11.0–12.0 with an abundance of 42.4%.

For the Ag+ (M) with 2,6-pydco (L) in the binary system, the
main species are M2L4H4 at pH 2.5 with an abundance of 96.2%,
M3L6H6 at pH 2.0 with an abundance of 81.6%, M2L2(OH)2 at pH
8.1 with an abundance of 62.1%, ML2H2 with an abundance of
60.1% at pH 3.0–3.4 and M3L6 at pH 6.8 with 43.2%. For the
Ag–2a-pym binary system, the most abundant species are M2Q4

with an abundance 89.9% at pH 8.0, M2Q2(OH)2 at pH 7.6 with an
abundance of 61.3%, MQ2 present at pH 7.2–7.8 with an abundance
49.7%, M2Q(OH)3 with an abundance of 42.8% at pH 8.8. In the case
of Ag+ with L and Q in the ternary complexes system, the most
Fig. 9. The staircase-l
abundant species are M2L2Q2H2 at pH 2.0–3.0 with an abundance
of 94.8%, M3L3Q3H3 (80.2% at pH 3.1), M3L3Q3 at pH 7.8–8.3 with
an abundance 66.3%, MLQH at pH 3.9 with an abundance of
64.9%, M2L2Q2 present at pH 7.2 with an abundance 58.4% and
M2L2Q2H4 at pH 2.0 with an abundance of 51.5%.
4. Conclusion

In summary, we have prepared and characterized four new pro-
ton transfer and coordination polymer complexes constructed by
ike network in 3.



Fig. 11. Representation of the 2-D staircase-like network of 4.

Scheme 3. Synthetic route and coordination diversity of complexes 3, 5–7; The different bridging modes of pydco2�.

Scheme 4. Detailed synthetic route, structural feature and coordination mode of [Cu(pydc)(H2O)2]n.
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self-assembly of the pydco2� ligand with various metals and aux-
iliary ligands. The pydco2� ligand adopts two new coordination
modes, different from those previously identified, which give rise
to different connectivity. One interesting matter is that the similar
synthetic routes for complexes 1 and 3 but with different metallic
salts generate different building blocks and supramolecular chem-
istry. Further investigations undertaken on complex 3 in compar-
ison with previously synthesized complexes using similar
conditions, confirmed that the metal ion has an influence on the
geometry, topology and dimensionality of the resulting complex.
Additionally we compared our complexes with their similar struc-
tures constructed by pyridine-2,6-dicarboxylic acid. Solution stud-
ies revealed that stoichiometries of the crystalline complexes in
2,6-pydco2�–tata–Cu2+ and 2,6-pydco2�–2a-pym–Ag+ systems are



Table 3
Overall stability and stepwise protonation constants of 2,6-pydco, tata, 2a-pym and recognition constants for their interaction in aqueous solution at 25 �C l = 0.1 M of KNO3.

Stoichiometry log b Equilibrium quotient K log K Max% at pH

2,6-pydco tata 2a-pym h

1 0 0 1 4.75 – 4.75 79.8 4.6
1 0 0 2 6.90 – 2.15 96.2 2.6
1 0 0 3 7.63 – 0.73 67.8 2.4
0 1 0 1 8.79 – 8.79 96.8 8.9–9.3
0 1 0 2 17.06 – 8.27 86.0 7
0 1 0 3 24.86 – 7.80 71.9 3.9–4.8
0 1 0 4 29.99 – 5.13 61.1 2–2.4
0 1 0 5 34.61 – 4.62 51.6 2
0 1 0 6 38.61 – 4.00 37.5 2
0 0 1 1 9.84 – 9.84 85.2 6.5–7
0 0 1 2 13.34 – 3.50 68.1 2
0 0 1 3 16.55 – 3.21 22.1 2
1 1 0 0 17.60 [2,6-pydco(tata)]/[2,6-pydco][tata] – 65.6 6.6–6.9
1 1 0 2 21.97 [2,6-pydcoH2(tata)]/[2,6-pydcoH2][tata] 15.07 87.5 2
1 1 0 3 24.09 [2,6-pydcoH2(tataH)]/[2,6-pydcoH2][tataH] 8.40 73.8 2.6–3.1
2 1 0 0 22.72 [(2,6-pydco)2(tata)]/[2,6-pydco]2[tata] – 51.3 7.3
2 1 0 4 28.85 [(2,6-pydcoH2)2(tata)]/[2,6-pydcoH2]2[tata] 15.05 24 5.1
3 1 0 0 29.12 [(2,6-pydco)3 (tata)]/[2,6-pydco]3[tata] – 17.4 10.9–12
3 1 0 6 36.49 [(2,6-pydcoH2)3(tata)]/[2,6-pydcoH2]3[tata] 15.79 10.7 2.8–3.1
1 0 1 0 12.63 [2,6-pydco(2a-pym)]/[2,6-pydco][2a-pym] – 66.4 8.5–9
1 0 1 1 17.85 [2,6-pydcoH(2a-pym)]/[2,6-pydcoH][2a-pym] 13.10 45.4 2–2.5
1 0 1 2 21.36 [2,6-pydcoH2(2a-pym)]/[2,6-pydcoH2][2a-pym] 14.46 88.2 2
1 0 1 3 22.64 [2,6-pydcoH2(2a-pymH)]/[2,6-pydcoH2][2a-pymH] 5.90 25.7 2.3
1 0 1 4 23.48 [2,6-pydcoH2(2a-pymH2)]/[2,6-pydcoH2][2a-pymH2] 3.24 29.5 2
1 0 2 0 19.93 [2,6-pydco(2a-pym)2]/[2,6-pydco][2a-pym]2 – 47.5 8.3
1 0 2 1 24.01 [2,6-pydcoH(2a-pym)2]/[2,6-pydcoH][2a-pym]2 19.26 32.7 4.6
1 0 2 2 25.20 [2,6-pydcoH2(2a-pym)2]/[2,6-pydcoH2][2a-pym]2 18.30 16.2 3.4
2 0 1 0 18.37 [(2,6-pydco)2(2a-pym)]/[2,6-pydco]2[2a-pym] – 10.4 9
2 0 1 2 21.15 [(2,6-pydcoH)2(2a-pym)]/[2,6-pydcoH]2[2a-pym] 14.25 8.9 3

Table 4
Overall stability constants of 2,6-pydco/tata or 2a-pym/Mn+ (l/q/m) binary and ternary systems in aqueous solution at 25 �C l = 0.1 M of KNO3.

System m l q h log b Max% at pH

Cu–2,6-pydco 1 1 0 �3 �2.18 38.6 7.6–8.2
1 2 0 2 16.02 62.3 4
1 2 0 �1 5.96 82.7 7.3–7.8
2 2 0 �4 3.36 52.6 11.1–12
2 4 0 2 22.75 26.6 2.8
2 4 0 4 27.89 12.2 2
2 4 0 �2 10.67 34.7 6.4
3 3 0 �6 �0.51 42.6 12

Cu–tata 1 0 1 �2 3.25 5.8 6.3
1 0 1 �3 �0.79 32.3 8.5
1 0 1 �4 �5.14 90.8 10.2–12
1 0 2 4 24.93 22.1 2
1 0 2 �1 13.80 50.0 8.0–9.3
1 0 3 �4 8.01 10.4 9.6
2 0 1 �8 �9.33 24.8 10.2
3 0 1 �12 �12.82 17.9 12
3 0 2 0 32.13 24.7 6.7
3 0 2 2 39.53 38.0 2.8

Cu–2,6-pydco–tata 1 1 1 �2 8.71 48.4 9.5–9.8
1 2 1 0 16.9 79.8 5.7
1 2 1 2 24.43 91.9 3
1 2 1 4 28.84 74.7 2.2
1 2 3 2 33.98 48.6 3.6
2 3 1 �2 13.20 42.4 11–12
2 3 2 �1 15.52 30.4 7.6–8
2 4 1 0 27.45 8.9 7.9
2 4 1 3 32.99 23.5 2.5
2 4 1 5 39.47 9.38 2

Ag–2,6-pydco 1 1 0 �3 9.14 12.8 10.3
1 1 0 �4 3.87 25.7 11.3–12
1 2 0 2 18.69 60.1 3–3.4
2 2 0 0 23.18 26 5.9
2 2 0 2 29.04 38.0 2.5
2 2 0 �2 16.25 62.1 8.1
2 4 0 4 37.22 96.2 2.5
3 6 0 0 40.01 43.2 6.8
3 6 0 6 49.55 81.6 2

(continued on next page)
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very close to those of the aqueous solutions. It should be pointed
out that there was many attempts to duplicate the experiments
by considering the metal ions or the second ligands as a variable
introduced in each separate reactive system in order to possible
comparison with the present structures and literature in view of
crystal engineering but however failed.
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