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Influence of noncovalent interactions on the
structures of metal–organic hybrids based on a
[VO2(2,6-pydc)]� tecton with cations of imidazole,
pyridine and its derivatives†

Tanja Koleša-Dobravc,ab Anton Medenab and Franc Perdih*ab

Seven different dioxido(pyridine-2,6-dicarboxylato)vanadate(V) compounds with pyridinium (Hpy+)

(1�2H2O and 1), 2-hydroxypyridinium (H2pyon+) (2�H2O), 4-aminopyridinium (H4apy+) (3�H2O and 3),

4-(dimethylamino)pyridinium (Hdmap+) (4�H2O) and imidazolium (Himd+) (5) cations have been prepared

via different pathways starting either from pyridine-2,6-dicarboxylic acid or its esters, and were structurally

characterized by single-crystal X-ray diffraction. The vanadium metal center in dioxido(pyridine-2,6-

dicarboxylato)vanadate(V) anion is pentacoordinated in all of the compounds: having two oxido oxygen

atoms in a mutual cis position and a tridentate pyridine-2,6-dicarboxylic ligand. Study of hydrogen bonds

and weak interactions in the compounds revealed the relationship between the type of cation and the

hydrogen bonding network in the compounds. While in 1�2H2O, 2�H2O and 4�H2O a one-dimensional

(band, pillar or chain) hydrogen bonding network via N/O–H� � �O bonds is preferred, anhydrous 3 and 3�
H2O favor a two-dimensional hydrogen-bonded framework, and the Himd+ cation facilitates a three-

dimensional hydrogen bonding in 5. The unique vanadium coordination environment with two easily acces-

sible oxido oxygen atoms of the VO2
+ unit is suitable for the construction of non-covalent metal–organic

hybrids. In 2�H2O, 3�H2O, 4�H2O and 5 both oxido oxygen atoms of the VO2
+ unit participate as acceptors,

however, in 1�2H2O and 3 only one oxido oxygen atom is involved in classical hydrogen bonding. Besides

N/O–H� � �O hydrogen bonding, also other weak non-covalent interactions, such as C–H� � �O, p� � �p and

C–H� � �p interactions, play an important role in stabilizing the crystal lattices.

Introduction

The self-assembly of tectons into extended network structures
is the core of supramolecular chemistry and crystal engineering.
Metal–organic hybrids and especially metal–organic frameworks
are currently an extremely important topic and an active area of
research because of their intriguing architectures and topologies,1

as well as due to their potential application in catalysis,2 chemical
separation processes,3 gas storage,4 magnetism5 and as sensors.6

Metal–organic hybrids can be assembled by a covalent
approach using bridging ligands or by a non-covalent approach
using hydrogen bonding and other weak interactions. The
covalent approach is primarily based on strong coordinate bonds
connecting metal cations and organic ligands into robust

polymeric structures. Different kinds of these materials have
been designed with special attention dedicated to the geometry
of the metal ions as well as flexibility, bridging potential and
coordination preferences of different organic linkers.1 In the
non-covalent approach much weaker forces, such as hydrogen
bonding, C–H� � �p/F interactions, p� � �p stacking, and halogen
bonding, are employed. Although weak by nature multiple non-
covalent forces can adjust the dimensionality and enable new
topologies to arise. Therefore, the desired functions of supra-
molecular assemblies can be achieved.7–10 Among non-covalent
interactions the hydrogen bonding is a particularly powerful
building motif used in crystal engineering since it provides unique
directionality and can be easily introduced into structures. There
exists a great variety of hydrogen bonding donors–acceptors and
their numbers can be varied through simple design, thus making
them a particularly good choice for the construction of self-
assemblies. With this approach a wide variety of mononuclear,
dinuclear and polynuclear coordination compounds/ions can be
assembled into desirable motifs. Multiple weak non-covalent
interactions can even control the topology of metal–organic frame-
works11 as well as the coordination geometry.12
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Although great efforts have been made toward the under-
standing of the assembly process, rational control in the
construction of supramolecular structures of complexes is still
a challenging task. For the construction of a desired framework
and functionality, it is important to control and understand
the factors, such as counterions, solvents, temperature and
pH value, that tend to influence the structural prediction on the
assembly of the final coordination frameworks and govern the
crystal growth and the stability of the overall crystals.1b,13

Among the above factors, it has been demonstrated that
counterions have a significant effect on the formation of the
product. Different coordination abilities, sizes, and geometries
of anions have a great influence on the structural assembly
and importantly influence the prediction of the overall supra-
molecular architectures of coordination compounds.1b,14 Cations
can also have a significant influence on the crystal architecture.
‘‘Naked’’ alkali cations are useful tectons due to their different
sizes and polarisability, while in the case of NH4

+ and hydrated
cations, besides their size and charge, the hydrogen bonding
capacity can enable the formation of high-dimensional frame-
works.15 Diverse effects can be introduced by organic cations,
most commonly protonated cationic amines and pyridines.
Organic cations can be varied through simple design and diverse
functionalities can be combined. Coulombic interactions are a
principal force for cation–anion arrangements in supramolecular
structures.16 However, protonated organic cations can also act as
multi-hydrogen bond donors as well as acceptors and thus easily
adjust the topologies via additional non-covalent interactions.
Charge-assisted or ionic hydrogen bonds are in general stronger
hydrogen bonds since ionic charge on a donor or an acceptor
enhances the hydrogen bond strength.17 Furthermore, employing
organic cations enables introduction of additional weak non-
covalent interactions, such as p� � �p stacking, C–H� � �p inter-
actions and halogen bonding.18

Recently, the use of bioactive framework materials (BioMOFs)
has gained considerable attention in biology and medicine. This
has stimulated the search for new types of bioactive organic
linkers capable of ligating biorelevant metal ions for the design
of functional materials.19,20 Multidentate pyridinedicarboxylato
ligands (pydc2�) have been widely used in recent years for
the construction of organic–inorganic hybrid materials. Because
they possess diverse coordination abilities, flexibilities and
various bridging modes, supramolecular networks of high struc-
tural stability have been assembled either via coordination
bonds, hydrogen bonds and/or aromatic interactions.21 Some
biological activities of multidentate pyridinedicarboxylate have
already been demonstrated, such as antimicrobial activity and
DNA cleavage.22

The field of vanadium metal–organic hybrids started to grow
considerably since the discovery of MIL-26 and MIL-47 in the
early period of the last decade.23 We are especially interested
in extending the knowledge of self-assembly of vanadium
compounds because of their potential therapeutic application
such as insulin-enhancing agents. An important advantage of
vanadium compounds in the treatment of diabetes mellitus
compared to insulin is the possibility of oral administration.24

In this study new supramolecular networks built by pyridine-
2,6-dicarboxylic acid (2,6-H2pydc, dipicolinic acid) were gener-
ated containing various organic cations in order to evaluate the
role of cations and anions in crystal engineering. Compared with
other transition metal cations, vanadium ions possess distinctly
different properties and coordination modes, which play key
roles in the formation of both coordination structures and
packing structures of complexes. For example, vanadium(V)
compounds usually contain a typical cis-VO2

+ moiety with an
overall five- or six-coordination. The VO2

+ as well as VO2+ group
can also participate in weak VQO� � �C interactions as pointed
out recently.25 In the studied [VO2(2,6-pydc)]� systems the VO2

+

moiety is additionally coordinated by one tridentate 2,6-pydc2�

ligand forming pentacoordinated geometry. While oxygen
atoms being part of the anion allow the formation of numerous
hydrogen bonds, the aromatic pyridine ring of 2,6-pydc2�

ligand enables additional p� � �p stacking interactions.

Experimental section
Materials and physical measurements

Reagents and chemicals were purchased as reagent grade from
commercial sources and were used without any further purifi-
cation. Diethyl pyridine-2,6-dicarboxylate ester was prepared
according to a published procedure.26 Infrared (IR) spectra
(4000–600 cm�1) of the samples were recorded using a Perkin-
Elmer Spectrum 100, equipped with a Specac Golden Gate
Diamond ATR as a solid sample support. Elemental (C, H, N)
analysis was performed using a Perkin-Elmer 2400 Series II
CHNS/O Elemental Analyzer. Powder X-ray diffraction patterns
were collected on a Siemens D-5000 diffractometer with y–2y
Bragg–Brentano geometry operating using Cu-Ka radiation.

Preparation

Procedure A. General procedure for the synthesis of V(V)
complexes 1�2H2O and 2�H2O starting from pyridine-2,6-
dicarboxylic acid. To a mixture of sodium metavanadate
(0.50 mmol, 97 mg) and pyridine-2,6-dicarboxylic acid
(0.50 mmol, 84 mg) water (3 mL) was added and stirred for
10 min at room temperature to yield a yellow solution. Separately,
py or 2hypy (0.50 mmol) was dissolved in a mixture of water
(2 mL) and hydrochloric acid (2 M, 0.25 mL) and then slowly
added to the vanadium solution. The mixture was stirred at 70 1C
for 15 min, filtered and stored under room conditions. The
solution was allowed to evaporate slowly at room temperature
for a week, and crystals suitable for single crystal X-ray diffraction
analysis were obtained.

Procedure B. General procedure for the synthesis of V(V)
complexes 3�H2O, 4�H2O and 5 starting from pyridine-2,6-
dicarboxylic acid. Ammonium metavanadate (0.50 mmol,
59 mg) and pyridine-2,6-dicarboxylic acid (0.50 mmol, 84 mg)
were dissolved in water (3 mL). To the yellow solution a solid
nitrogen base (0.50 mmol) and methanol (3 mL) were added.
The mixture was stirred at 70 1C for 30 min, filtered and stored
under room conditions. The solution was allowed to evaporate
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slowly at room temperature for a few days, and crystals suitable
for single crystal X-ray diffraction analysis were obtained.

Procedure C. General procedure for the synthesis of V(V)
complexes 1, 3, 4�H2O and 5 starting from diethyl pyridine-2,6-
dicarboxylate ester. A mixture of diethyl pyridine-2-dicarboxylate
(112 mg, 0.50 mmol) and sodium hydroxide (20 mg, 0.50 mmol)
in ethanol (6 mL) was added dropwise to an ethanol (2 mL)
solution of VOSO4�5H2O (63 mg, 0.25 mmol). After addition of a
nitrogen base (0.25 mmol) and toluene (1 mL), the green mixture
was stirred at 50 1C for 15 min. The solution was cooled to room
temperature and filtered. It was allowed to evaporate slowly at
room temperature for a few days, and crystals suitable for single
crystal X-ray diffraction analysis were obtained.

Procedure D. Procedure for the synthesis of V(V) complex 2�
H2O starting from 6-((pyridin-2-yloxy)carbonyl)pyridine-2-carboxylic
acid. A mixture of 6-((pyridin-2-yloxy)carbonyl)pyridine-2-carboxylic
acid (49 mg, 0.20 mmol) and sodium acetate trihydrate (27 mg,
0.20 mmol) in methanol (3 mL) was added dropwise to a methanol
(2 mL) solution of VOSO4�5H2O (25 mg, 0.10 mmol). The resulting
yellow to green mixture was stirred at 50 1C for 20 min, and then
filtered and stored under room conditions. The solution was
allowed to evaporate slowly at room temperature for a few days,
and crystals suitable for single crystal X-ray diffraction analysis
were obtained.

Synthesis of 6-((pyridin-2-yloxy)carbonyl)pyridine-2-carboxylic
acid. Di(pyridin-2-yl) pyridine-2,6-dicarboxylate27 (773 mg,
2.41 mmol) was dissolved in a methanol/tetrahydrofuran mix-
ture (2 : 1, 30 mL). To the solution KOH (151 mg, 2.69 mmol) in
methanol (3 mL) was added in small portions. After stirring
overnight at room temperature, water (30 mL) was added and
volatile solvents were removed in vacuo. The water residue was
extracted with dichloromethane (20 mL) and then acidified to
pH 2 with 1 M HCl. The aqueous layer was extracted with
dichloromethane (5 � 15 mL). Combined organic layers were
washed with brine (15 mL) and dried with anhydrous MgSO4.
Solvents were removed in vacuo yielding a white solid com-
pound. Yield: m = 272 mg (46%). 1H NMR (CDCl3, 500 MHz):
d 8.54 (m, 1H, Py-H), 8.50 (d, J = 7 Hz, 2H, Ar-H 2,6-pydc), 8.20
(t, J = 7 Hz, 1H, Ar-H 2,6-pydc), 7.91 (m, 1H, Py-H), 7.35 (m, 1H,
Py-H), 7.28 (m, 1H, Py-H).

Hpy[VO2(2,6-pydc)]�2H2O (1�2H2O) was prepared according
to procedure A. Yield: m = 53 mg (30%), CHN elemental
analysis: calculated for monohydrate C12H11N2O7V (%): C
41.64, H 3.20, N 8.09; found: C 41.45, H 3.08, N 8.01. IR (ATR,
cm�1): 3365m, 3097w, 3066w, 2663br, 2190w, 1685s, 1636m,
1545w, 1484m, 1435w, 1333s, 1252w, 1168m, 1148w, 1078m,
1033w, 946s, 918s, 881m, 850w, 749s, 690m, 677s.

Hpy[VO2(2,6-pydc)] (1) was prepared according to procedure
C. Only a few crystals were taken out from the solution and
used for X-ray analysis. Other crystals were left in the mother
liquid and after a few days, probably due to the incorporation of
air moisture, transformed into 1�2H2O crystals.

H2pyon[VO2(2,6-pydc)]�H2O (2�H2O) was prepared according
to procedures A and D. Yield: m = 96 mg (53%), CHN elemental
analysis: calculated for C12H11N2O8V (%): C 39.80, H 3.06,
N 7.73; found: C 39.68, H 2.93, N 7.65. IR (ATR, cm�1): 3393m,

3106w, 3093w, 2496br, 2114w, 1695m, 1600s, 1592s, 1552m,
1476w, 1438w, 1386m, 1371m, 1342s, 1263w, 1169w, 1078m,
951s, 925s, 875m, 852w, 779m, 765m, 748s, 679m, 622w.

H4apy[VO2(2,6-pydc)]�H2O (3�H2O) was prepared according
to procedure B. Yield: m = 132 mg (77%), CHN elemental
analysis: calculated for anhydrous C12H10N3O6V (%): C 42.00,
H 2.94, N 12.24; found: C 41.85, H 2.76, N 12.25. IR (ATR,
cm�1): 3336w, 3160m, 3084m, 2941s, 2873w, 2071w, 1681m,
1656s, 1636m, 1530s, 1432w, 1337s, 1191w, 1164w, 1077m,
958m, 937w, 916s, 844w, 817m, 753m, 675m.

H4apy[VO2(2,6-pydc)] (3) was prepared according to proce-
dure C. Yield: m = 25 mg (29%), CHN elemental analysis:
calculated for C12H10N3O6V (%): C 42.00, H 2.94, N 12.24;
found: C 42.15, H 2.61, N 12.22. IR (ATR, cm�1): 3336w,
3160m, 3084m, 2941s, 2873w, 2071w, 1681m, 1656s, 1636m,
1530s, 1432w, 1337s, 1191w, 1164w, 1077m, 958m, 937w, 916s,
844w, 817m, 753m, 675m.

Hdmap[VO2(2,6-pydc)]�H2O (4�H2O) was prepared according
to procedures B and C. Yield: m = 140 mg (72%), CHN elemental
analysis: calculated for C14H16N3O7V (%): C 43.31, H 3.89,
N 10.82; found: C 43.10, H 3.87, N 10.78. IR (ATR, cm�1):
3508br, 3222w, 3093w, 2964w, 1681s, 1643m, 1632m, 1602w,
1568m, 1408w, 1334s, 1219m, 1066s, 944s, 922m, 818m, 752m,
744m, 674m.

Himd[VO2(2,6-pydc)] (5) was prepared according to proce-
dures B and C. Yield: m = 111 mg (70%), CHN elemental
analysis: calculated for C10H8N3O6V (%): C 37.87, H 2.54,
N 13.25; found: C 37.92, H 2.35, N 13.22. IR (ATR, cm�1):
3160br, 3130m, 3075w, 3048w, 1680s, 1599w, 1563m, 1471w,
1424w, 1397w, 1337s, 1176m, 1150w, 1101w, 1069w, 1038w,
1029w, 923s, 907s, 803s, 768m, 745s, 670s, 627s.

Crystallography

Single-crystal X-ray diffraction data were collected at room
temperature (1, 3, 4�H2O, 5) or at 150 K (1�2H2O, 2�H2O, 3�
H2O) either on a Nonius Kappa CCD Diffractometer or an
Agilent Technologies SuperNova Dual diffractometer with an
Atlas detector using monochromated Mo-Ka radiation (l =
0.71073 Å) (1, 3, 4�H2O, 5) or Cu-Ka radiation (l = 1.54184 Å)
(1�2H2O, 2�H2O, 3�H2O). The data were processed using
DENZO28 or CrysAlis Pro.29 The structures were solved by direct
methods using the program SHELXS-9730 (1�2H2O), SIR9731

(1, 2�H2O, 3, 4�H2O, 5) or SIR200432 (3�H2O), and refined on
F2 using full-matrix least-squares procedures (SHELXL-97).30

All non-hydrogen atoms were refined anisotropically, except
atoms of a minor part (34%) of disordered 4-aminopyridinium
cation in 3�H2O. In 4�H2O the water molecule (O6) and the
hydrogen atoms in the methyl groups of the Hdmap cation are
disordered over the mirror plane in 0.50 : 0.50 ratio. Hydrogen
atoms on aromatic rings, methyl, amino and hydroxyl groups
were treated as riding atoms in geometrically idealized positions.
Hydrogen atoms on water molecules were located from differ-
ence Fourier maps and refined by fixing the bond lengths and
isotropic temperature factors as Uiso(H) = 1.5Ueq(O). Crystallo-
graphic data are summarized in Table 1.
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Results and discussion
Synthesis and spectroscopic properties

Seven structures of dioxido(pyridine-2,6-dicarboxylato)vanadate(V)
salts with pyridinium (Hpy+), 2-hydroxypyridinium (H2pyon+),
4-aminopyridinium (H4apy+), 4-(dimethylamino)pyridinium
(Hdmap+), and imidazolium (Himd+) counterions were deter-
mined. Colourless to pale yellow vanadium(V) pyridine-2,6-
dicarboxylic complexes were isolated from aqueous or alcoholic
mixtures of the ammonium or sodium metavanadate, pyridine-
2,6-dicarboxylic acid (dipicolinic acid) and imidazole or pyridine
analogues stirred at 70 1C for 15–30 minutes. After slow
evaporation of solvents, crystals of 1�2H2O, 2�H2O, 3�H2O,
4�H2O and 5 were grown from the solutions. We have also
attempted to prepare vanadium(IV) complexes with the
pyridine-2,6-dicarboxylato ligand. However, when combining
vanadyl sulphate with esters of pyridine-2,6-dicarboxylic acid
and the corresponding nitrogen base only vanadium(V) com-
plexes were obtained in rather low yields. In all these cases
vanadium(IV) turned into vanadium(V) and the same structures,
i.e. 2�H2O and 4�H2O, 5 were obtained, except in the case of
4apy and py where the anhydrous 1 and 3 were formed. We have
observed that monohydrate 3�H2O and dihydrate 1�2H2O are
unstable outside the solution. When exposed to air, crystals of
3�H2O decompose, lose the crystal water, and, with the respect
to the elemental analysis and IR spectra, transform into anhydrous
compound 3. Crystals of dihydrate 1�2H2O also decompose,
but lose only one equivalent of crystal water, as confirmed by
elemental analysis.

The symmetric and asymmetric stretching vibrations of the
VO2

+ moiety are observed in the range 951–907 cm�1 and have a
shape of shoulder or are split into two or three bands. The
position of these bands is similar to those in the NH4[VO2(2,6-
pydc)] complex.33 Strong characteristic bands of the carboxyl
groups are observed in the range 1695–1656 cm�1 for the
asymmetric vibrations (nas) and 1342–1333 cm�1 for the sym-
metric vibrations (ns). The difference between asymmetric and
symmetric stretching vibrations (D = nas � ns) of the carboxylate
groups between 319 and 352 cm�1 is in accordance with
monodentate coordination to the VO2

+ moiety.34 The vibra-
tional modes corresponding to aromatic C–H vibrations in all
compounds appear in the range 3178–3050 cm�1. For com-
pound 4�H2O also weak vibrations in the range 2964–2870 cm�1

are present, which could correspond to the vibrations of the
methyl groups of the Hdmap cation. Compounds 1�2H2O,
2�H2O and 4�H2O show additional broad IR bands in the range
3506–3365 cm�1 corresponding to the O–H stretching vibra-
tions of the crystal water.

Description of X-ray crystal structures

Structure of the dioxido(pyridine-2,6-dicarboxylato-N,O,O0)-
vanadate(V) anion. All of the compounds contain mononuclear
dioxido(pyridine-2,6-dicarboxylato-N,O,O0)vanadate(V) anion. The
vanadium atom in [VO2(2,6-pydc)]� has a distorted square-
pyramidal coordination environment, with two oxido oxygen
atoms in a mutual cis position and a pyridine-2,6-dicarboxylato
ligand coordinated to the VO2

+ moiety in a tridentate manner

Table 1 Crystal data and structure refinement details for compounds 1–5

1�2H2O 1 2�H2O 3�H2O 3 4�H2O 5

Formula C12H13N2O8V C12H9N2O6V C12H11N2O8V C12H12N3O7V C12H10N3O6V C14H16N3O7V C10H8N3O6V
Mr 364.18 328.15 362.17 361.19 343.17 389.24 317.13
T (K) 150(2) 293(2) 150(2) 150(2) 293(2) 293(2) 293(2)
Crystal system Triclinic Triclinic Monoclinic Monoclinic Monoclinic Orthorhombic Monoclinic
Space group P%1 P%1 P21/m P21/m P21/c Pbcm C2
a (Å) 6.7436(3) 7.9144(3) 7.8481(2) 8.1855(2) 14.4966(3) 8.17150(10) 9.3492(9)
b (Å) 8.1400(3) 12.5749(7) 6.42100(10) 6.5443(2) 7.3713(2) 29.4539(5) 12.4260(5)
c (Å) 13.7971(5) 13.4045(6) 13.8887(3) 13.8669(3) 14.6252(3) 6.63980(10) 6.4360(7)
a (1) 103.904(4) 88.379(3) 90.00 90.00 90.00 90.00 90.00
b (1) 97.539(3) 89.985(2) 95.055(2) 97.755(2) 118.6960(10) 90.00 129.421(17)
g (1) 95.474(4) 74.931(3) 90.00 90.00 90.00 90.00 90.00
Volume (Å3) 722.45(5) 1287.63(10) 697.17(3) 736.03(3) 1370.88(5) 1598.08(4) 577.59(9)
Z 2 4 2 2 4 4 2
Dc (Mg m�3) 1.674 1.693 1.725 1.630 1.663 1.618 1.823
m (mm�1) 6.192 0.801 6.416 6.041 0.758 0.665 0.891
F(000) 372 664 368 368 696 800 320
Crystal size (mm) 0.50 � 0.20 �

0.17
0.13 � 0.08 �
0.08

0.40 � 0.20 �
0.05

0.40 � 0.25 �
0.07

0.50 � 0.22 �
0.12

0.25 � 0.18 �
0.03

0.30 � 0.30 �
0.30

Reflections collected 6961 10594 3489 3693 5849 3499 3063
Reflections unique
(Rint)

2950 (0.0299) 5902 (0.0598) 1552 (0.0267) 1627 (0.0267) 3137 (0.0147) 1987 (0.0177) 1484 (0.0193)

Parameters 220 379 140 159 199 160 93
R, wR2 [I 4 2s(I)]a 0.0395, 0.1105 0.0532, 0.1162 0.0333, 0.0913 0.0362, 0.1009 0.0320, 0.0866 0.0323, 0.0825 0.0247, 0.0560
R, wR2 (all data)b 0.0402, 0.1114 0.1365, 0.1504 0.0335, 0.0916 0.0367, 0.1018 0.0412, 0.0933 0.0429, 0.0879 0.0257, 0.0577
GOF, Sc 1.044, 1.043 0.964 1.089, 1.090 1.058 1.063 1.054 1.087
Extinction coefficient 0.0144(14) 0.023(2)
Flack parameter 0.019(18)

a R =
P

||Fo| � |Fc||/
P

|Fo|. b wR2 = {
P

[w(Fo
2 – Fc

2)2]/
P

[w(Fo
2)2]}1/2. c S = {

P
[(Fo

2 – Fc
2)2]/(n/p}1/2 where n is the number of reflections and p is the

total number of parameters refined.
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through the pyridyl nitrogen atom and two carboxylate oxygen
atoms (Scheme 1).

Selected bond distances and angles for individual complexes
are summarized in Tables S1 and S2 (in ESI†), respectively. The
bond distances between vanadium and pyridyl nitrogen atoms
for all complexes are in the range 2.0824(19)–2.0993(13) Å, the
distances between vanadium and carboxylate oxygen atoms are
slightly shorter and are in the range 1.9746(17)–2.0109(17) Å.
Double bonds between vanadium and oxido oxygen atoms of
1.6078(14)–1.6311(14) Å are as expected the shortest bonds in
complexes.

Distortion of the pentacoordinated structure due to the
chelation of the pyridine-2,6-dicarboxylato ligand is even more
evident from the observed bond angles around vanadium.
Angles between carboxylate oxygen atoms and pyridyl nitrogen
atom are 73.86(5)–75.02(4)1, and angles between carboxylate
oxygen atoms are 147.97(5)–150.04(7)1. Angles between carboxylate
oxygen atoms and oxido oxygen atoms are 97.92(15)–100.15(15)1,
and angles between two oxido oxygen atoms are in the range of
107.92(7)–110.49(13)1. These bond distances and angles are in the
same range as previously reported for ammonium, guanidinium33

and 2,9-dimethyl-1,10-phenanthrolinium35 compounds. The dis-
tortion of a square-pyramid can be best described by the structural
parameter t (0 for an ideal square pyramid and 1 for an ideal
trigonal bipyramid),36 which in these cases is in the range 0.38–
0.42, except for 3 and 1�2H2O where it is 0.16 and 0.35, respectively.
This difference will be discussed later.

The vanadium atom in 2�H2O, 3�H2O, 4�H2O and 5 lies in the
plane with the pyridine-2,6-dicarboxylate O and N binding
atoms; however, in other compounds vanadium is positioned
above this plane for 0.047 Å (1�2H2O), 0.036 and 0.030 Å (1), and
0.157 Å (3).

Pyridinium dioxido(pyridine-2,6-dicarboxylato-N,O,O0)vanadate(V)
(1) and dihydrate (1�2H2O). Pyridinium salt crystallizes either as
a dihydrate (1�2H2O) or as an anhydrous (1) form. Compound
1�2H2O crystallizes in the triclinic space group P%1. One asym-
metric unit of 1�2H2O contains one complex anion, one cation
and two molecules of crystal water (Fig. S1, ESI†). Hydrogen
bonds and weak C–H� � �O interactions found in 1�2H2O are listed
in Table S3 (in ESI†). In 1�2H2O only the protonated pyridinium
group would act as the hydrogen bond donor, but due to the
additional water molecules more diverse hydrogen bonding is
possible. Water molecules act as hydrogen bond donors and
hydrogen bond acceptors, and exhibit linkage between adjacent

anions and cations. Infinite chains of anions parallel to vector
[110] with the C2

2(12) graph set37 motif are formed via O–H� � �O
(dD� � �A = 2.80–2.88 Å) hydrogen bonds between anions and
water molecules and via O–H� � �O (dD� � �A = B2.67 Å) hydrogen
bonds between two water molecules. These chains are further
connected into parallel pairs via O–H� � �O (dD� � �A = B2.81 Å)
hydrogen bonds forming flat bands with R6

6(24) and R4
4(16)

graph set motifs. To the water molecules on the sides of the band
pyridinium cations are hydrogen-bonded via charge-assisted
N–H� � �O hydrogen bonds (dD� � �A = B2.66 Å) (Fig. 1). Additional
stabilization of the crystal lattice is provided by weak C–H� � �O
and p� � �p stacking interactions. Weak p� � �p stacking inter-
actions connect pairs of parallel pyridinium rings with a
centroid-to-centroid distance of 4.1093(13) Å that belong to the
adjacent hydrogen-bonded bands and stabilize packing of
hydrogen-bonded bands along [101] (Table S8, ESI†). Packing
is facilitated in all three dimensions by C–H� � �O interactions
(dD� � �A = 3.15–3.27 Å) (Fig. 1).

Anhydrous pyridinium salt 1 also crystallizes in the triclinic
space group P%1. One asymmetric unit of anhydrous 1 contains
two complex anions and two cations (Fig. S2, ESI†). Hydrogen
bonds and weak C–H� � �O interactions found in anhydrous 1 are
listed in Table S3 (in ESI†). Due to the absence of crystal water,
only two hydrogen bonds could be formed in one asymmetric
unit of the anhydrous compound 1. Furthermore, both cations
in the asymmetric unit are connected to the same anion via
N–H� � �O hydrogen bonds with the D1

1(2) graph set motifs. The
first pyridinium cation is hydrogen-bonded to carboxylate O7
atom (dD� � �A = B3.13 Å), and the second cation is hydrogen-
bonded to the oxido O11 atom (dD� � �A = B2.88 Å). The second
vanadium anion is not involved in the hydrogen bonding
(Fig. 2).

Interestingly, due to the lack of strong non-covalent inter-
molecular interactions such as hydrogen bonds anions are
involved to a larger extent in weak interactions. For instance,
weak VQO� � �C interactions previously described by Stilinović
et al.25 have been observed between the adjacent V1 and V2
complex anions of the asymmetric unit. The VQO� � �C interac-
tions are formed between oxido groups and carboxyl carbon
atoms with O� � �C distances of 2.968(5) and 3.039(5) Å and
VQO� � �C angles of 139.1(2) and 141.0(2)1. Ions of different
asymmetric units are further connected only by weak C–H� � �O
and p� � �p stacking interactions. p� � �p stacking interactions
were observed along the a axis between pairs of cations that

Scheme 1 Structure of the [VO2(2,6-pydc)]� anion with tridentate coordination of the pyridine-2,6-dicarboxylate ligand and the nitrogen bases used to
form counterions.
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belong to the same asymmetric unit with a centroid-to-centroid
distance of 3.878(4) Å and an inter-ring dihedral angle of
6.3(3)1, and between cations of the adjacent asymmetric units
with a centroid-to-centroid distance of 4.230(4) Å (Fig. 2,
Table S8, ESI†). Supramolecular architecture is therefore con-
trolled by additional weak hydrogen bonds extending in all
three dimensions between aromatic CH groups of Hpy+ and V2
anions, oxido and carbonyl oxygen atoms of V1 anions, and
oxido and carboxyl oxygen atoms of V2 anions (Fig. 2).

2-Hydroxypyridinium dioxido(pyridine-2,6-dicarboxylato-N,O,O0)-
vanadate(V) monohydrate (2�H2O). 2-Hydroxypyridinium salt 2�H2O
crystallizes in the monoclinic space group P21/m. One asym-
metric unit of 2�H2O contains one half of the complex anion,

one half of the cation and one half of the water molecule, which
lie on the mirror plane parallel to the ac plane (Fig. S3, ESI†).
Hydrogen bonds and weak C–H� � �O interactions found in
2�H2O are listed in Table S4 (in ESI†). The ionic pair on the
symmetry plane is connected via an O–H� � �O hydrogen bond
(dD� � �A = B2.58 Å) involving the hydroxyl moiety of H2pyon+ and
the carbonyl oxygen atom of the 2,6-pydc2� ligand. An infinite
square pillar is formed along the b axis due to the connection of
ionic pairs through water molecules forming an R6

6(24) motif
via charge-assisted N–H� � �O (dD� � �A = B2.67 Å) and O–H� � �O
(dD� � �A = B2.81 Å) hydrogen bonding connecting NH moieties
of H2pyon through water molecules to oxido atoms of the VO2

+

moiety. Hence, the pillar structure is a consequence of strong
hydrogen bonding interactions between the polar hydrophilic
regions and leads to the exposure of the hydrophobic region to
the exterior. Such organization and separation of hydrophobic
and hydrophilic regions has an important influence on supra-
molecular arrangement.38

The three-dimensional framework is achieved by connecting
the pillars to each other by several C–H� � �O interactions (dD� � �A
= 3.14–3.48 Å) (Fig. 3). However, no significant p� � �p inter-
actions have been observed. View of the packing along the
b-axis reveals formation of canals between anions and cations
that are parallel to the b-axis and are occupied by water
molecules (Fig. 4).

4-Aminopyridinium dioxido(pyridine-2,6-dicarboxylato-N,O,O0)-
vanadate(V) (3) and monohydrate (3�H2O). 4-Aminopyridinium salt
crystallizes as a monohydrate 3�H2O or in its anhydrous form 3. 3�
H2O crystallizes in the monoclinic space group P21/m. Cation,
complex anion and a water molecule lie on a mirror plane. One
asymmetric unit of 3�H2O therefore contains one half of each

Fig. 1 Hydrogen bonding network in 1�2H2O. (a) A fragment of hydrogen-bonded band with R6
6(24) and R4

4(16) graph set motifs. (b) Packing of adjacent
bands by C–H� � �O interactions. (c) Space filled representation of the three-dimensional packing along the [110] direction. (d) Packing diagram with p� � �p
stacking interactions between cation rings.

Fig. 2 Hydrogen bonding network in anhydrous 1. (a) Hydrogen bonds and
p� � �p stacking interaction in the asymmetric unit of anhydrous 1. (b) Packing
diagram along the a axis facilitated by weak interactions. (c) Space filled
representation of packing along the [110] direction. (d) Packing diagram
emphasizing the p� � �p stacking interactions.
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anion, cation and a half of the water molecule (Fig. S4, ESI†).
The 4-aminopyridinium cation is disordered over two coplanar
positions with a ratio of 0.66 : 0.34. The centers of both rings lie
almost at the same position, but the cations are rotated for
approximately 1351. Both possible cation positions enable similar
hydrogen bonding as shown in Fig. 5. Hydrogen bonds found in
3�H2O are listed in Table S5 (in ESI†).

The Coulomb interactions between H4apy+ cations and
[VO2(2,6-pydc)]� anions supported by charge-assisted hydrogen
bonding between them organize chain formation. Cations and
anions on the symmetry plane are connected via N–H� � �O
hydrogen bonds (dD� � �A = 2.77–2.84 Å for the main component)
along the c axis with the C2

2(12) graph set motif involving NH
and NH2 moieties of H4apy (donors) and the carboxyl and
carbonyl oxygen atoms of the 2,6-pydc2� ligand (acceptors).
This chain is further connected to adjacent chains through

water molecules forming an R6
6(26) motif via O–H� � �O (dD� � �A =

B2.76 Å) and N–H� � �O (dD� � �A = B2.82 Å for the main compo-
nent) hydrogen bonds connecting the NH2 moiety through a
water molecule to the oxido oxygen atom of the VO2

+ moiety
(Fig. 6). Such two-dimensional frameworks are packed into
crystal structure; however, no significant C–H� � �O or p� � �p
interactions have been observed among them. View of the
packing along the b-axis reveals a similar structure to that in
2�H2O. Between anions and cations canals parallel to the b-axis
filled with water are formed (Fig. 7).

Anhydrous 4-aminopyridinium salt 3 crystallizes in the
monoclinic space group P21/c. One asymmetric unit of anhy-
drous 3 contains one complex anion and one H4apy+ cation
(Fig. S5, ESI†). Similar to the 3�H2O structure the amino group
and the protonated pyridine group in H4apy+ act as hydrogen
bond donors, but only one oxido and two carboxyl oxygen
atoms act as hydrogen bond acceptors. Hydrogen bonds found
in anhydrous 3 are listed in Table S5 (ESI†).

As mentioned earlier the structural parameter t describing
the distortion of a square-pyramid is noticeably smaller for
anhydrous 3 (t = 0.16) than for all the other complex anions
(t = 0.35–0.42). The parameter t is based on the difference
between the largest two X–M–X angles a and b in the complex
according to the equation t = (a � b)/601.33 We have investi-
gated the reasons for such unexpected difference in t values
in the same type of complexes and observed that the largest
angle a is Ocarboxyl–V–Ocarboxyl, and has similar values in all
compounds (B1481); however, the second largest angle b is
N–V–Ooxido and is close to 1251 in all cases, except in the
anhydrous 3 being 138.42(7)1. This larger angle b (N1–V1–O6) in
anhydrous 3 causes a small tilt of a VO2

+ group, as can be observed
also by a smaller N1–V1–O5 angle (113.63(7)1). The distortion of
the VO2

+ moiety probably happens due to the involvement of only
one oxido oxygen atom of the VO2

+ moiety in the hydrogen
bonding. This has also an effect on the difference in VQO bond
lengths of the VO2

+ moiety (1.6311(14) vs. 1.6078(14) Å), which is
the largest difference in all compounds.

Coulomb interactions between H4apy+ cations and [VO2(2,6-
pydc)]� anions supported by charge-assisted hydrogen bonding
between them organize the packing of cations and anions.
Cations and anions are connected via N–H� � �O hydrogen bonds
(dD� � �A = 2.78–3.00 Å) into infinite chains with the C6

6(30) graph
set motif involving NH and NH2 moieties of H4apy and one
oxido oxygen of the VO2

+ moiety as well as the carboxyl and
carbonyl oxygen atoms of the 2,6-pydc2� ligand. Chains are
further connected into infinite double layers perpendicular to
the c axis by R4

4(16) and R8
8(44) graph set motifs. Further

stabilization of the crystal lattice is enabled by weak C–H� � �O
interactions between cations and anions (dD� � �A = 3.08–3.23 Å)
or between adjacent anions (dD� � �A = B3.48 Å) that help to
connect two-dimensional layers into a three-dimensional
framework (Fig. 8). No significant p� � �p stacking has been
observed in this crystal structure.

4-(Dimethylamino)pyridinium dioxido(pyridine-2,6-dicarboxy-
lato-N,O,O0)vanadate(V) monohydrate (4�H2O). 4-Dimethyl-
aminopyridinium salt 4�H2O crystallizes in the orthorhombic

Fig. 3 Hydrogen bonding network in 2�H2O. (a) A fragment of the crystal
structure of 2�H2O emphasizing the connection of ionic pairs through a
water molecule via the R6

6(24) graph set motif. (b) Square pillar formation
due to the hydrogen bonding. (c) Space filled representation of the
packing. (d) Space filled representation of the packing along the b-axis.

Fig. 4 Packing of 2�H2O along the b-axis showing the canals filled with
water molecules. Water molecules are shown as space-filling models
for clarity.
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space group Pbcm. One asymmetric unit of 4�H2O contains one
half of the anion and cation and a half of the water molecule
(Fig. S6, ESI†) due to a mirror plane parallel to the ab plane.
Water molecule and methyl protons of the cation are disordered
over two symmetry related positions with a ratio of 0.50 : 0.50 due
to the mirror plane. Hydrogen bonds found in 4�H2O are listed
in Table S6 (in ESI†). In 4�H2O, beside a water molecule, only a
protonated pyridine group of the Hdmap+ cation acts as a
hydrogen bond donor, while the two oxido and two carboxyl
oxygen atoms of the anion act as hydrogen bond acceptors.
Adjacent anions are connected through water molecules via
O–H� � �O hydrogen bonds (dD� � �A = 3.07–3.14 Å) into twisted
infinite chains. Chains are parallel to the c axis and (with the
omission of one part of the disordered water molecule) possess
the C4

4(6) graph set motif involving water molecules as donors,
and carbonyl and oxido oxygen atoms as acceptors. To the water
molecules belonging to these chains also cations are connected
via charge-assisted N–H� � �O hydrogen bonds (dD� � �A = B2.82 Å).
Stabilization of the crystal structure is further controlled by weak
hydrogen bonds, as well as p� � �p stacking interactions listed in
Table S8 (ESI†). The p� � �p stacking spreading along the c axis has
been observed between parallel 2,6-pydc2� and Hdmap+ rings
with a centroid-to-centroid distance of 3.87 Å that are part of two
different hydrogen-bonded chains, and helps to stabilize pack-
ing along the a axis. Weak C–H� � �O interactions (dD� � �A = 3.22–
3.46 Å) formed between methyl and aromatic hydrogen atoms of
cations and oxygen atoms of anions spread along a and b axes,
and stabilize packing of 4�H2O in all three dimensions (Fig. 9).
View of the packing diagram along the c-axis reveals formation of
canals between anions and cations parallel to the c-axis. Canals
are wider than in 2�H2O and 3�H2O, and contain two rows of
water molecules (Fig. 10).

Imidazolium dioxido(pyridine-2,6-dicarboxylato-N,O,O0)-
vanadate(V) (5). Imidazolium salt 5 crystallizes in the ortho-
rhombic space group C2. One asymmetric unit of 5 contains
one half of the anion and a half of the cation (Fig. S7, ESI†) that
lie on a two-fold screw axis parallel to b. Hydrogen bonds and
weak C–H� � �O interactions found in 5 are listed in Table S7 (in
ESI†). Cations and anions in 5 are connected via N–H� � �O

Fig. 5 The possibility of the formation of hydrogen bonds for both positions of a disordered 4-aminopyridinium cation in 3�H2O. Dashed lines indicate
hydrogen bonds (symmetry codes: (i) x, y, z � 1; (ii) �x, y + 1/2, �z + 1; (iii) �x + 1, y + 1/2, �z + 1).

Fig. 6 Hydrogen bonding network in 3�H2O for the major part of a
disordered 4-aminopyridinium cation. (a) A fragment of the crystal struc-
ture of 3�H2O emphasizing the connection of adjacent chains through a
water molecule via the R6

6(26) graph set motif. (b) Chains connected into
a two-dimensional framework. (c) Packing diagram along the b-axis.
(d) Space filled representation of the packing along the c-axis.

Fig. 7 Packing of 3�H2O along the b-axis showing the canals filled with water
molecules. Water molecules are shown as space-filling models for clarity.
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hydrogen bonds (dD� � �A = B2.83 Å) along [10�1] with the
C2

2(12) graph set motif involving NH moieties of the imidazo-
lium cation and carboxyl oxygen atoms of the 2,6-pydc2� ligand.
This chain is further connected with adjacent chains into a
three-dimension framework with the R6

5(24) and R6
5(28) graph

set motifs via additional N–H� � �O hydrogen bonds (dD� � �A =
B2.80 Å) involving oxido oxygen atoms of the VO2

+ moiety as

well (Fig. 11). Thus, the three-dimensional structure is orga-
nized through the Coulomb interactions between imidazolium
cations and [VO2(2,6-pydc)]� anions supported by bifurcated
charge-assisted hydrogen bonding between protonated imida-
zolium NH groups as hydrogen bond donors, while oxido and
carboxyl oxygen atoms of the anions act as hydrogen bond
acceptors. The crystal lattice of 5 is additionally stabilized by
weak C–H� � �O and p� � �p stacking interactions. The p� � �p stack-
ing interactions extending along the [101] direction are formed
between almost parallel Himd+ and 2,6-pydc2� aromatic rings
(Table S8) with a dihedral angle of 0.34(10)1 and a centroid-to-
centroid distance of 3.6787(13) Å (Fig. 11). Weak C–H� � �O
interactions spreading in all three dimensions are formed
between carboxyl oxygen and aromatic hydrogen atoms of the

Fig. 8 Hydrogen bonding network in anhydrous 3. (a) A fragment of the crystal structure of 3 emphasizing the connection of cations and anions via the
R4

4(16) graph set motif. (b) View along the c axis on the two-dimensional framework emphasizing the R8
8(44) motif. (c) Space filled representation of the

packing of layers facilitated by weak C–H� � �O interactions. (d) Packing diagram along the b axis.

Fig. 9 Hydrogen bonding network in 4�H2O. (a) A hydrogen-bonded
chain parallel to the c axis with the C4

4(12) motif. (b) p� � �p stacking
interactions between parallel anions and cations. (c) Space filled repre-
sentation and packing diagram along the b axis indicating p� � �p stacking
interactions. (d) Packing diagram along the c axis (facilitated by weak
interactions).

Fig. 10 Packing of 4�H2O along the c-axis showing the canals filled with
water molecules. Water molecules are shown as space-filling models for
clarity.
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2,6-pydc2� ligand (dD� � �A = B3.36 Å) or along the c axis between
imidazolium CH groups and carboxylate oxygen atoms of the
anions (dD� � �A = B3.32 Å).

Structural comparison

The vanadium center in the dioxido(pyridine-2,6-dicarboxylato)-
vanadate(V) anion has a distorted square-pyramidal structure.
Distortion also depends on the presence of hydrogen bonding.
In most cases both oxido oxygen atoms are involved in the
hydrogen bonding and both VQO bond lengths are of the same
range. The value of trigonality parameter t in these compounds
is usually 0.38–0.42. However, in 1�2H2O and 3 only one oxido
oxygen atom is involved in the hydrogen bonding and this VQO
distance is elongated compared to the others. Interestingly, in
these two compounds the distortion of the vanadium coordina-
tion sphere is the least pronounced, as can be seen by the t
values (in 1�2H2O is 0.35 and in 3 is 0.16).

In the imidazolium salt, in which each of the two NH groups
binds to two acceptors, three-dimensional hydrogen bonding
is possible. In 4-aminopyridinium salts with NH and NH2

donating groups two-dimensional systems were observed due
to the classical hydrogen bonding. On the other hand, in
pyridinium salts with only one donating NH group only isolated
or one-dimensional hydrogen bonded systems could be formed
and additional packing is stabilized by weak C–H� � �O and p� � �p
interactions. We have also noticed that the water molecules
in the crystal lattice acting as hydrogen bond donors and

acceptors additionally increase the number and diversity of
hydrogen bonds, but do not necessarily increase the stability of
the structures. Powder X-ray diffraction (PXRD) experiments
were carried out in order to confirm the phase purity of the bulk
materials. We have observed that 1�2H2O is unstable outside
the solution. When exposed to air, crystals of 1�2H2O decom-
pose and lose one equivalent of crystal water, as confirmed by
elemental analysis. Due to this partial dehydration the experi-
mental PXRD pattern of monohydrate 1�H2O does not corre-
spond with the one computer-simulated from the single crystal
data of dihydrate 1�2H2O (Fig. S8 in ESI†). We have also
observed that 3�H2O is not stable outside the solution. When
exposed to air, crystals of 3�H2O decompose, lose the crystal
water, and, with respect to the elemental analysis and IR
spectra, transform into anhydrous 3 compound. The experi-
mental PXRD patterns of 2�H2O, 3, 4�H2O and 5 correspond well
with the ones computer-simulated from the single crystal data,
indicating the high purity of the synthesized samples (Fig. S9 in
ESI†). The differences in reflection intensities between the
simulated and the experimental pattern are due to the variation
in the preferred orientation of the powder samples as well as
due to the fact that crystal 2�H2O was measured at 150 K while
all PXRD data were collected at room temperature.

It has to be stressed that vanadium possesses a unique
coordination environment in comparison to the other first
row transition metals. In addition to the carboxylic group
of the 2,6-pydc2� ligand, the [VO2(2,6-pydc)]� moiety has two

Fig. 11 Hydrogen bonding network in 5. (a) A fragment of the hydrogen bonding in 5 with the R6
5(28) graph set motif. (b) Packing along the [1,0,�1]

direction. (c) Packing diagram with the R6
5(24) graph set motif. (d) p� � �p stacking interactions between anions and cations.
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easily accessible oxido oxygen atoms of the VO2
+ unit. The

availability of H-bond donating sites is also reflected in
the number of participating acceptors in the [VO2(2,6-pydc)]�

coordination anion. In 5 with a three-dimensional hydrogen-
bonded framework and in 3�H2O with a two-dimensional
hydrogen-bonded framework four out of six oxygen atoms of
the [VO2(2,6-pydc)]� anion participate as N/O–H� � �O hydrogen
bond acceptors including both oxido oxygen atoms of the VO2

+

unit. The number of the acceptor sites of [VO2(2,6-pydc)]�

anions is reduced to three out of six in 1�2H2O, 2�H2O and 4�
H2O with a one-dimensional (band, pillar or chain) hydrogen
bonding network and in anhydrous 3 with a two-dimensional
hydrogen-bonded framework. However, in 2�H2O and 4�H2O
both oxido oxygen atoms of the VO2

+ unit participate as
acceptors of classical hydrogen bonds while in 1�2H2O and 3
only one oxido oxygen atom acts as the acceptor.

Conclusion

We have prepared and structurally characterized seven different
dioxido(pyridine-2,6-dicarboxylato)vanadate(V) compounds with
aromatic nitrogen cations: pyridinium (1�2H2O and 1),
2-hydroxypyridinium (2�H2O), 4-aminopyridinium (3�H2O and
3), 4-(dimethylamino)pyridinium (4�H2O) and imidazolium
cation (5). The compounds were synthesized via different path-
ways starting either from pyridine-2,6-dicarboxylic acid or its
esters. Pyridinium and 4-aminopyridinium salts crystallized
depending on the type of preparation either in their hydrous
or anhydrous form, while 2-hydroxypyridinium, 4-(dimethyl-
amino)pyridinium and imidazolium salts crystallized in the same
way regardless of the synthetic route. The interactions between
hydrogen-bonded organic cations and the [VO2(2,6-pydc)]� anion
has been examined for the formation of self-assembly systems.
The unique vanadium coordination environment with two easily
accessible oxido oxygen atoms of the VO2

+ unit is suitable for the
construction of non-covalent metal–organic hybrids. In 2�H2O,
3�H2O, 4�H2O and 5 both oxido oxygen atoms of the VO2

+ unit
participate as acceptors, however, in 1�2H2O and 3 only one oxido
oxygen atom is involved in classical hydrogen bonding. The ability
of hydrogen bond formation and especially the number of H-bond
donating sites on the cation has a significant impact on the
supramolecular structure. In the case of 1�2H2O and 4�H2O with
one H-bond donating Hpy+ and Hdmap+ cations one-dimensional
(band or chain) hydrogen bonding networks via N/O–H� � �O bonds
are formed. In 2�H2O with two H-bond donating H2pyon+ cation a
hydrogen-bonded pillar structure with a hydrophilic interior is
formed. On the other hand in the case of the Himd+ cation also
with two H-bond donating sites a three-dimensional hydrogen
bonding network was observed in 5. In anhydrous 3 and 3�H2O a
two-dimensional hydrogen-bonded framework is formed even
though the H4apy+ cation possesses the highest number of
H-bond donating sites. Besides N/O–H� � �O hydrogen bonding,
also other weak non-covalent interactions, such as C–H� � �O,
p� � �p, C–H� � �p and VQO� � �C interactions play an important role
in stabilizing the crystal lattices. Thus, the rational choice of the

cation may be an effective way to construct novel metal–organic
hybrids with desired structures and properties. This research can
be of great help in the field of emerging vanadium hybrid
materials particularly from the viewpoint of being aware of the
existing building blocks and their binding potentials according to
the concepts of crystal engineering.
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Cryst. Growth Des., 2012, 12, 362–368; (d) F. Perdih, Monatsh.
Chem., 2012, 143, 1011–1017; (e) F. Perdih, J. Coord. Chem.,
2012, 65, 1580–1591; ( f ) F. Perdih, Acta Crystallogr., Sect. C:
Cryst. Struct. Commun., 2012, 68, M64–M68; (g) F. Perdih, Struct.
Chem., 2014, 25, 809–819.

11 (a) H. W. Roesky and M. Andruh, Coord. Chem. Rev., 2003,
236, 91–119; (b) L. Brammer, Chem. Soc. Rev., 2004, 33,
476–489.
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15 (a) P. Thuéry, CrystEngComm, 2014, 16, 1724–1734;
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and C. Serre, Chem. Rev., 2012, 112, 1232–1268.
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