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Abstract: The dissolution of alkaline-earth metal carbonate
in aqueous picric acid followed by reaction with nicotin-
amide results in the formation of [M(H2O)n(nic)2(pic)2]
(nic = nicotinamide; pic = picrate; n = 1 and M = Ba 1; n = 2
and M = Ca (or Sr) 2 (or 3)). In [Ba(H2O)(nic)2(pic)2] 1, the
barium and the oxygen atoms of a terminal aqua ligand are
located on a two-fold axis. Compound 1 exhibits a {BaO7N2}
coordination sphere, where the barium atom is bonded to
a unique bidentate picrate and the crystallographically
independent nicotinamide bridges to two symmetry related
barium atoms with a Ba···Ba separation of 9.799 Å via the
pyridine nitrogen and the amide oxygen atoms leading to
the formation of a two-dimensional coordination polymer.
The compounds 2 and 3 are isostructural with discrete mol-
ecules. The central Ca atom in 2 (or Sr in 3) located on a two-
fold axis is bonded to a crystallographically unique terminal
aqua ligand, an independent monodentate nicotinamide
and a unique bidentate picrate anion resulting in a distorted
{MO8} polyhedron. The mixed ligand alkaline-earth metal
picrates 1–3 exhibit three varieties of hydrogen bonding and
π–π stacking interactions. Several alkaline-earth metal pic-
rates are compared in this study.

Keywords: alkaline-earth metal; barium coordination
polymer; calcium; nicotinamide; picrate; strontium.

Dedicated to Professor Christian Näther on the occasion of his 60th
birthday.

1 Introduction

The past two decades have witnessed a rapid growth of
publications in the area of alkaline-earth metal chemistry.
Synthetic methodologies, crystal structures, important
properties and related applications of alkaline-earth metal

compounds are described in a recent review article titled,
“Chemistry of alkaline earth metals: It is not all ionic and
definitely not boring!” by Fromm [1]. The relevance of the
present work on the mixed ligand alkaline-earth metal
picrates can be evidenced by the following statement from
Fromm’s review which is quoted verbatim “While magne-
sium and calcium are the best studied among the alkaline
earth metal compounds, the heavier alkaline earth metals
have not yet been studied in detail, and recent results show
the potential progress to be done” [1].

Several research groups are currently investigating
alkaline-earth based materials with a view to unravel the
rich chemistry of the structurally flexible alkaline-earths
[2–15]. The lighter element Be (which is known to be toxic)
adopts mainly a tetrahedral coordination, while the biolog-
ically important Mg is known to prefer hexa-coordination in
a majority of its compounds. In contrast, the heavier con-
geners namely Ca, Sr and Ba are structurally flexible and
exhibit variable coordination numbers as evidenced by
several structurally characterized alkaline-earth materials
listed in the Cambridge Structural Database (CSD) [16].

A variety of syntheticmethods including hydrothermal/
solvothermal, mechanochemical, sonochemical processes
etc. have been employed for compound preparation [17–25].
In our alkaline-earth metal chemistry research program, we
have employed an aqueous reaction protocol, which in-
volves the dissolution of alkaline-earth metal carbonates by
reaction with an acidic ligand. For this purpose, we have
chosen the readily available nitroaromatics as acidic ligands
and have developed an extensive chemistry of alkaline-
earth metal 4-nitrobenzoates [26–36]. We have demon-
strated that coligands like dimethylformamide, N-methyl-
formamide etc. can be incorporated in the coordination
sphere of the alkaline-earth metals under ambient condi-
tions resulting in the formation of coordination polymers
which exhibit very short M–O(amide) (M = alkaline-earth
metal) bonds [37–39].Wehave extended these studies using
picric acid (picH, for 2,4,6-trinitrophenol) for dissolution of
metal carbonate and reported on the structure character-
ization of a barium coordination polymer containing a µ2-
tetradentate bridging picrate [40]. The neutral molecule
nicotinamide (nic) also known as niacinamide is a biologi-
cally important compound [41] and has been chosen as a
coligand in the present study of the MCO3/picH/H2O
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reaction system. The details of the syntheses, vibrational
spectra and crystal structures of three new mixed ligand
alkaline-earth metal picrates [M(H2O)n(nic)2(pic)2] (n = 1 and
M=Ba 1;n= 2 andM=Ca (or Sr) 2 or (3)) are described in this
report.

2 Experimental

2.1 Materials and methods

All chemicals were used as received from commercial sources without
any further purification. Infrared (IR) spectra of the solid samples taken
up in KBr pellets were recorded on a Shimadzu (IR Prestige-21) FT-IR
spectrometer in the range 4000–400 cm−1 at a resolution of 4 cm−1.
Raman spectra of the solids and their aqueous solutionsweremeasured
by using an Agiltron PeakSeeker Pro Raman instrument with 785 nm
laser irradiation and a laser power of 100 mW. X-ray powder patterns
were recorded, on a Rigaku Miniflex II powder diffractometer using
Cu-Kα radiation with a Ni filter. For single crystal structure determina-
tion, X-ray intensity data was collected on a Bruker D8 Quest Eco X-ray

diffractometer, using graphite-monochromated Mo-Kα radiation. The
structures were solved with Direct Methods using SHELXS-97 [42] and
refinement was carried out against F2 using SHELXL-2016 [42]. All non-
hydrogen atoms were refined anisotropically. The H atoms bonded to
the aromatic carbonatomsand theHatomsof the amide nitrogenatoms
were located in difference maps but were positioned with idealized
geometry and refined isotropically with Uiso(H) = 1.2 Ueq(C,N) using a
riding model. The O–H hydrogen atoms were located in difference
maps, and were refined using a riding model. Technical details of data
acquisition and selected refinement results for 1–3 are given in Table 1.

2.2 Synthesis of [M(H2O)n(nic)2(pic)2] (n = 1 and M = Ba
1; n = 2 and M = Ca (or Sr) 2 or (3))

Picric acid (picH) is known to be an explosive chemical. In view of this,
it is quite essential to follow appropriate safety regulations in the
handling, storage and disposal of picric acid and compounds derived
from it. In this study, all experiments were performed on a gram scale
of picric acid. A mixture of BaCO3 (0.395 g, 2 mmol) and picH (0.916 g,
4 mmol) was taken up in water (∼30 mL) to obtain a slurry. The slurry
was stirred well and brisk effervescence could be observed accom-
panied by the formation of a yellow solution. Slow warming of the

Table : Crystal data and structure refinement for –.

Refinement result Compound  Compound  Compound 

Empirical formula CHBaNO CHCaNO CHNOSr
Formula weight (g mol−) . . .
Temperature (K) () () ()
Wavelength (Å) . . .
Crystal system Monoclinic Monoclinic Monoclinic
Space group C/c C/c C/c
Unit cell dimensions
a (Å) .() .() .()
b (Å) .() .() .()
c (Å) .() .() .()
β (°) .() .() .()
Volume (Å) .() .() .()
Z   

Dcalc (g cm−) . . .
Absorption coefficient (mm−) . . .
F() (e)   

Crystal size (mm) . × . × . . × . × . . × . × .
θ range for data collection (°) .–. .–. .–.
Limiting indices − ≤ h ≤  − ≤ h ≤  − ≤ h ≤ 

− ≤ k ≤  − ≤ k ≤  − ≤ k ≤ 

− ≤ l ≤  − ≤ l ≤  − ≤ l ≤ 

Reflections collected/unique / [R(int) = .] / [R(int) = .] / [R(int) = .]
Completeness θ = .° . . .
Refinement method Full-matrix least-squares on F

Data/parameters / / /
Goodness of fit on F . . .
Final R indices [I > σ(I)] R = . wR = . R = ., wR = . R = ., wR = .
R indices (all data) R = . wR = . R = ., wR = . R = ., wR = .
Largest diff. peak and hole (e Å−) . and −. . and −. . and −.
CCDC deposition no   
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reaction mixture on a water bath maintained at ∼60 °C resulted in the
formation of a clear, bright yellow solution after ∼20 min. The pH was
close to neutral and the reaction mixture was filtered into a clean
beaker containing an aqueous solution of nicotinamide (0.244 g,
2 mmol; ∼5 mL) and left undisturbed for crystallization. The yellow
crystalline product was isolated by filtration, washed with ether and
air-dried (yield: 1.22 g, 71%). The use of CaCO3 (0.200 g, 2 mmol) or
SrCO3 (0.295 g, 2 mmol) instead of BaCO3 afforded compounds 2 and 3
in good yields (1.08 g (78%) for 2 and 1.05 g for 3 (72%)).

Compound 1 IR data (KBr cm−1): 3603(s), 3444(s), 3344(m),
3089(m), 1666(s), 1614(s), 1556(s), 1514(s), 1477(s), 1427(s), 1334(s),
1259(s), 1163(s), 1080(s), 1031(s), 968(w), 912(s), 831(m), 788(s), 744(m),
702(s), 642(w), 584(m), 518(w); Raman (cm−1): 1554(w), 1333(s), 1309(s),
1159(w), 941(w), 823(m), 719(w).

Compound 2 IR data (KBr cm−1): 3626(s), 3469(s), 3323–2500(br),
1693(s), 1612(s), 1565(s), 1514(w), 1487(w), 1429(s), 1334(s), 1267(s),
1163(s), 1080(m), 1029(m), 939(m), 914(s), 835(w), 790(s), 744(s), 704(s),
642(m), 582(w), 522(m); Raman (cm−1): 1554(w), 1314(s), 1164(w), 941(w),
823(m), 702(w).

Compound 3 IR data (KBr cm−1): 3624(s), 3473(s), 3361–2500(br),
1693(s), 1614(s), 1568(s), 1514(w), 1487(w), 1427(s), 1363(m), 1334(s),
1261(s), 1161(s), 1080(m), 1029(m), 939(w), 912(s), 835(w), 790(s), 744(s),
704(s), 6940(m), 520(m); Raman (cm−1): 1559(w), 1309(s), 1159(w),
941(w), 823(m), 702(w).

3 Results and discussion

3.1 Description of the crystal structures of
compounds 1–3

The threecompounds (1–3) described in this study crystallize
in the centrosymmetric monoclinic space group C2/c. The
crystal structures consist of an alkaline-earth metal located
on a two-fold axis, a terminal aqua ligand, a crystallo-
graphically independent picrate anion and a unique nico-
tinamide moiety. The geometric parameters of the organic
ligands (Table S1) in 1–3 are in the normal range [16, 43]. In
themonoaqua compound [Ba(H2O)(nic)2(pic)2] 1, the barium
atom and the oxygen atom O1 of the water molecule are
situated on a two-fold axis.

The central Ba atom is bonded to a terminal aqua ligand
(O1), two symmetry related picrate ligands via the phenolate
(O3) and a nitro oxygen atom (O4), four symmetry related
nicotinamide ligands via their amide oxygen atom (O2) and
the pyridine nitrogen atom (N2) resulting in a {BaO7N2} co-
ordination polyhedron (Figure 1). The Ba–O/N bond lengths
are scattered in a wide range between 2.6793(11) and
2.9329(14) Å (Table 2). The amide oxygen atom makes
the shortest Ba1–O2 bond which is shorter than the
Ba1–O3(phenolate) and Ba1–O1(aqua) bond lengths at
2.7107(12) and 2.834(2) Å, respectively. The nitro oxygen
atom is involved in the longest Ba1–O4 distance of
2.9282(14) Å. The Ba–N distances are slightly longer

(Ba1–N2ii = 2.9329(14) Å) than the longest Ba–O distance.
The distinct Ba–O/N bond lengths and O–Ba–O/N bond
angles ranging from 56.38(4) to 151.66(6)° reveal that the
tricapped trigonal prismatic {BaO7N2} coordination poly-
hedron is quite distorted (Figure 2).

The O-donor aqua and picrate ligands are bound to the
Ba atom in monodentate and bidentate fashion, respec-
tively. In contrast, the unique nicotinamide functions as a
(N, O) donor and bridges two symmetry related Ba cations
separated by 9.799 Å (Figure 2). This bridging mode of nic
via the amide oxygen and pyridine N atomorganizes the Ba
cations into a layer (Figure 3) in the crystallographic ab
plane, resulting in the formation of a two-dimensional
coordination polymer (Figure 3). In view of its special po-
sition, each Ba cation is bridged via a nic ligand to four
symmetry related Ba cations and all Ba···Ba separations in
the layer are identical.

Each Ba cation in the layer is further bonded to a ter-
minal aqua and two symmetry related picrate ligands
(Figure S1) accounting for the remaining five coordination
sites. In view of the μ2-bridging coordination, the {BaO7N2}
polyhedra are discrete (Figure 4).

Unlike the monoaqua compound 1, which is a two-
dimensional coordination polymer, the diaqua compounds
[M(H2O)2(nic)2(pic)2] (M = Ca (or Sr) 2 (or 3)) are monomers
and are isostructural. No pyridine N coordination is
observed in 2 (or 3). As in 1, the water molecule and the

Figure 1: The asymmetric unit of 1 showing nine-fold coordination
around the Ba atom. Displacement ellipsoids are drawn at the 30%
probability level for all non-hydrogen atoms.
Symmetry code: (i) −x+1, y, −z+3/2 (ii) x+1/2, y+1/2, z (iii) −x+1/2,
y+1/2, −z+3/2.
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picrate anion function as monodentate and bidentate
O-donor ligands, respectively. However, the nicotinamide
in 2 (or 3) functions as a monodentate O-donor ligand and
is bonded to Ca (or Sr) atoms via the amide oxygen atom
(O2) of the unique nicotinamide ligand resulting in a {MO8}
coordination polyhedron (Figure 5, Figure S2). The absence
of any bridging ligands in 2 (or 3) explains their discrete
nature.

The amide oxygen atommakes the shortestM–O2bond
(Ca1–O2 = 2.3578(16); Sr1–O2 = 2.481(3) Å) while the nitro
oxygen atom exhibits the longest M–O4 bond length (Ca1–
O4= 2.5391(17); Sr1–O4= 2.648(3) Å). TheM–O3(phenolate)

Table : Selected geometric parameters for –.

Bond lengths andbond angles (Å, °) of {BaON} and {MO} polyhedra

[Ba(HO)(nic)(pic)] 
Ba–O .() Ba–Oi

.()
Ba–Oi

.() Ba–O .()
Ba–O .() Ba–Nii

.()
Ba–Oi

.() Ba–Niii
.()

Ba–O .() Ba···Baiv .
O–Ba–Oi

.() Oi–Ba–O .()
O–Ba–O .() O–Ba–O .()
Oi–Ba–O .() Oi–Ba–O .()
O–Ba–Oi

.() O–Ba–Nii
.()

Oi–Ba–Oi
.() Oi–Ba–Nii

.()
O–Ba–Oi

.() O–Ba–Nii
.()

O–Ba–O .() Oi–Ba–Nii
.()

Oi–Ba–O .() O–Ba–Nii
.()

O–Ba–O .() Oi–Ba–Nii
.()

Oi–Ba–O .() O–Ba–Nii
.()

O–Ba–Oi
.() O–Ba–Niii

.()
Oi–Ba–Oi

.() Oi–Ba–Niii
.()

O–Ba–Oi
.() O–Ba–Niii

.()
Oi–Ba–Oi

.() Oi–Ba–Niii
.()

O–Ba–Oi
.() O–Ba–Niii

.()
O–Ba–O .() Oi–Ba–Niii

.()
Oi–Ba–O .() O–Ba–Niii

.()
O–Ba–O .() Nii–Ba–Niii

.()
[Ca(HO)(nic)(pic)] 
Ca–O .() Ca–O .()
Ca–Oi

.() Ca–Oi
.()

Ca–O .() Ca–Oi
.()

Ca–Oi
.() Ca–O .()

O–Ca–Oi
.() O–Ca–Oi

.()
O–Ca–O .() O–Ca–Oi

.()
Oi–Ca–O .() Oi–Ca–Oi

.()
O–Ca–Oi

.() O–Ca–Oi
.()

Oi–Ca–Oi
.() Oi–Ca–Oi

.()
O–Ca–Oi

.() O–Ca–Oi
.()

O–Ca–O .() Oi–Ca–Oi
.()

Oi–Ca–O .() O–Ca–O .()
O–Ca–O .() Oi–Ca–O .()
Oi–Ca–O .() O–Ca–O .()
O–Ca–Oi

.() Oi–Ca–O .()
Oi–Ca–Oi

.() O–Ca–O .()
O–Ca–Oi

.() Oi–Ca–O .()

Table : (continued)

Bond lengths andbond angles (Å, °) of {BaON} and {MO} polyhedra

Oi–Ca–Oi
.() Oi–Ca–O .()

[Sr(HO)(nic)(pic)] 
Sr–O .() Sr–Oi

.()
Sr–Oi

.() Sr–O .()
Sr–Oi

.() Sr–O .()
Sr–O .() Sr–Oi

.()
O–Sr–Oi

.() Oi–Sr–O .()
O–Sr–Oi

.() O–Sr–O .()
Oi–Sr–Oi

.() Oi–Sr–O .()
O–Sr–O .() Oi–Sr–O .()
Oi–Sr–O .() O–Sr–O .()
Oi–Sr–O .() Oi–Sr–O .()
O–Sr–Oi

.() O–Sr–O .()
Oi–Sr–Oi

.() O–Sr–Oi
.()

Oi–Sr–Oi
.() Oi–Sr–Oi

.()
O–Sr–Oi

.() Oi–Sr–Oi
.()

O–Sr–O .() O–Sr–Oi
.()

Oi–Sr–O .() Oi–Sr–Oi
.()

Oi–Sr–O .() O–Sr–Oi
.()

O–Sr–O .() O–Sr–Oi
.()

Symmetry transformations used to generate equivalent atoms:
Symmetry code for : (i) −x+, y, −z+/ (ii) x+/, y+/, z (iii) −x+/
, y+/, −z+/ (iv) x−/, y−/, z for : (i) −x+, y, −z+/ for :
(i) −x+, y, −z+/.

Figure 2: The distorted tricapped trigonal
prismatic {BaO7N2} coordination
polyhedron (left). The (N,O) donor nic ligand
bridges two symmetry related Ba cations
(right). For symmetry code see Table 2.
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and M–O1(aqua) distances in the isostructural molecuels 2
and 3 are intermediate between the shortest and longest
M–O bonds as in 1, with the M–O4 bond slightly longer
than M–O3 (Table 2). The distinct M–O bond lengths and a
wide range of bond angles (65.57(5)–159.46(8)° in 2;
62.61(8)–161.93(11)° in 3) indicate that the square-
antiprismatic {MO8} coordination polyhedron is distorted
(Figure S3). The amide oxygen atom is involved in the

shortest bond in the three compounds 1–3 described in this
study. A similar observation has been made by us in our
studies of alkaline-earth 4-nitrobenzoates [38–40].

In all three compounds 1–3, the H atoms of the aqua
ligands, the hydrogen atoms bonded to the nitrogen atom
of the amine group of nic and the H atoms attached to the
carbon atoms of the pyridine ring (C4, C5 and C6 in 1; C6 in
2 (or 3)) of the nic ligand function as H-donors, while the

Figure 3: A portion of the layer of Ba cations
in 1 (top). The same arrangement showing
only bridging nic ligands (bottom). For
clarity, terminal ligands around the Ba
atoms (Figure S1) are not shown.

Figure 4: The discrete {BaO7N2} polyhedra in
1. For clarity, the H atoms of the aromatic
ring are not shown.
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phenolate O (O3) and the oxygen atoms of the nitro groups
of the picrate anion function as hydrogen bond acceptors
resulting in three varieties of H-bonding interactions (Ta-
ble S2). An analysis of the short ring interactions [44] in 1–3
was performed using the program Platon [45], to determine
the ring centroid to ring centroid distances (Cg···Cg) be-
tween adjacent aromatic rings. The values of these are
found to be in the range 4.5669(2)–5.9138(2) Å in 1,
(3.5476(2)–5.2823(3) Å in 2 and 3.5435(4)–5.9676(7) Å in 3)
(Table S3; Figures S4–S6). As it has been reported that
stacking interactions between aromatic rings can exist at a
very long Cg···Cg distances [46], the observed data reveal
the presence of π···π stacking in crystals of 1–3.

Several alkaline-earth metal picrates [47–54] have
already been structurally characterized (Table 3). An
analysis of these structures and their atomic coordinates
available in the CSD reveals a rich structural chemistry of
this group of compounds. The free ligand picric acid which
crystallizes in the polar space group Pca21 [55] forms
several picrates, a majority of which crystallize in centro-
symmetric space groups [16]. This trend can also be
observed in alkaline-earth metal picrates. In addition to
functioning as a charge balancing anion, the picrate anion
is bonded to the alkaline-earth metal cations except for
the case of [Mg(H2O)6](pic)2·3H2O. In this compound
containing an octahedral [Mg(H2O)6]

2+ moiety, the picrate
is outside the coordination sphere of the cation. In
[Ca(H2O)(teg)(pic)](pic)·3H2O a picrate anion is not bonded
to Ca cation while the second one is coordinated in a
bidentate manner. The bidentate (η2) binding mode of
picrate, which involves the coordination of the phenolic
oxygen atom and an oxygen atom of an ortho nitro group is
observed in 12 of the 14 compounds in Table 3, especially in
all the calcium picrates. Two barium picrates (entry no. 10,
11) containing two crystallographically unique picrates
exhibit both monodentate (η1) and bidentate binding
modes (η2).

A survey of the metal coordination polyhedra in these
compounds reveals many interesting features. Ten of the
compounds are bonded to only O-donor ligandswhile in four
cases including 1, coordination of N is observed. The Mg
compound exhibits six-fold coordination while all Ca and Sr
compounds exhibit eight-fold coordination. In the case of Ba
the coordination number ranges from 8 (entry no. 10) to 11 in

Figure 5: The crystal structure of 2 showing eight-fold coordination
around the Ca atom. Displacement ellipsoids are drawn at 50%
probability level for all the non-hydrogen atoms.
Symmetry code: (i) −x+1, y, −z+3/2. For the crystal structure of the
isostructural 3 see Figure S2.

Table : Binding mode of picrate units in alkaline-earth metal compounds.

No. Compound Space group Coordination sphere Binding mode of picrate Da Ref

 [Mg(HO)](pic)·HO P/c {MgO} uncoordinated Mb []
 [Ca(HO)(pic)]·HO Pmab {CaO} bidentate (η-O,O′) Mb []
 [Ca(HO)(pic)](L) C/c {CaO} bidentate (η-O,O′) Mb []
 [Ca(byp)(pic)] Pbca {CaON} bidentate (η-O,O′) Mb []
 [Ca(HO)(teg)(pic)]pic

c P {CaO} uncoordinated bidentate (η-O,O′) []

 [Ca(HO)(nic)(pic)]  C/c {CaO} bidentate (η-O,O′) Mb This work
 [Sr(HO)(pic)]·HO C/c {SrO} bidentate (η-O,O′) D []
 [Sr(HO)(nic)(pic)]  C/c {SrO} bidentate (η-O,O′) Mb This work
 [Ba(HO)(pic)]·HO

c P {BaO} bidentate (η-O,O′) tridentate (μ-O,O′,O′′) D []

 [Ba(ace)(phen)(pic)]
c Pbca {BaON} monodentate (η)bidentate (η-O,O′) Mb []

 [Ba(HO)(dbc)(pic)]
c P {BaO} monodentate (η)bidentate (η-O,O′) Mb []

 [Ba(L)(pic)] P {BaON} bidentate (η-O,O′) Mb []

 [Ba(DMSO)(pic)] P/m {BaO} tetradentate (μ-O,O,O′,O′′) D []
 [Ba(HO)(nic)(pic)]  C/c {BaON} bidentate (η-O,O′) D This work

aD = Dimensionality; bM = discrete monomer pic = picrate; L = -crown-; bpy = ,′-Bipyridyl; teg = tetraethylene glycol; ace = acetone;
phen = ,-phenanthroline; dbc = dibenzo--crown-; L = diaza -crown- ether; nic = nicotinamide; ctwo crystallographically unique
picrates.
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the Ba-picrate containing the diaza21-crown-7 ether (entry
no. 12). A majority (10) of the compounds are discrete
monomers which includes the single Mg-picrate and the
picrates of Ca, while one Sr-picrate (entry no. 7) and three Ba
picrates (entry no. 9, 13 and 14) are coordination polymers.
The picrate ligand exhibits a µ2-tridentate and µ2-tetradentate
bridging mode, respectively, in the water-rich [Ba(H2O)5
(pic)2]·H2O (entry no. 9) and the anhydrous [Ba(DMSO)(pic)2]
(entry no. 13) coordination polymers. The µ2-tridentate
binding of picrate results in discrete {BaO10} polyhedra as in
1, while the µ2-tetradentate binding of the unique picrate and
the bridging DMSO ligand in [Ba(DMSO)(pic)2] results in the
formation of a chain of face-sharing {BaO10} polyhedra
flanked by the picrate ligands. In [Sr(H2O)4(pic)2]·H2O a
bridging aqua ligand is responsible for the polymeric struc-
ture while in 1, the neutral coligand nic is responsible for the
two-dimensional structure. Themonoaqua Ba compound 1 is
the only example of a two-dimensional coordinationpolymer
in this series of compounds.

3.2 Synthetic aspects and spectral
characteristics of 1–3

The reaction of MCO3 (M = Ca, Sr or Ba) with picric acid in
water leads to a dissolution of the insoluble MCO3 to afford
water-richmetal picrates (entry nos. 2, 7 and 9 in Table 3) as
documented in the literature [47, 48]. In recent work we
have shown that solubilization of BaCO3 in aqueous picric
acid followed by reaction with DMSO results in the for-
mation of the anhydrous compound [Ba(DMSO)(pic)2]. In
this study, the synthesis of compounds 1–3was performed
as shown below.

MCO3 + 2 picH →H2O
[M(H2O)x(pic)2]/nic 1 or 2 or 3

First, the insoluble metal carbonate was dissolved in
aqueous picric acid by slow warming to obtain a yellow
solution which was filtered. This was further reacted with
nicotinamide to obtain 1–3 as yellow crystalline materials
in good yield. The products thus obtained by slow evapo-
ration of the reaction mixture were suitable for single
crystal work. In the case of M = Mg, the above reaction
resulted in the formation of a fine powder. A comparison of
the experimental powder pattern of the bulk samples thus
obtained with the theoretical pattern (Figures S7–S9)
revealed that the materials are phase pure. The IR and
Raman spectra of 1–3 (Figures S10 and S11) exhibit several
bands which indicate the presence of the organic moieties.
The IR bands at around 3600 and 3444 cm−1 in 1 can
be assigned to the stretching vibrations of the water
molecule(s) OH2 and of the –NH2 group of the amide,

respectively. The intense band at 1666 cm−1 in 1 can be
assigned for the amide carbonyl vibration of nic which
occurs at a lower energy compared to that of the free nic
ligand which exhibits a strong signal at 1690 cm−1. Pure
picric acid exhibits a strong signal at 1190 cm−1 for the
vibration of the C–O group and this occurs at 1160 cm−1 in
1–3. The Raman spectra of all compounds exhibit an
intense signal at ∼1309 cm−1, which can be assigned for the
symmetric stretching vibration of the nitro functionality.

4 Conclusions

The use of the neutral nicotinamide in the MCO3/picH/H2O
reaction system has resulted in the formation of three
new mixed ligand alkaline-earth metal picrates 1–3. The
monoaqua Ba compound [Ba(H2O)(nic)2(pic)2] 1 is a two-
dimensional coordination polymer, while the isostructural
diaqua compounds [M(H2O)2(nic)2(pic)2] (M = Ca 2; M = Sr 3)
are discrete monomers. A comparative study of several
alkaline-earthmetal picrates reveals intrinsic characteristics
of the structural chemistry of this group of compounds.

5 Supporting information

Deposition numbers CCDC 2131550 (1), CCDC 2131551 (2)
and CCDC 2131552 contain the supplementary crystallo-
graphic data for this paper. These data are provided free of
charge by the joint Cambridge CrystallographicData Centre
and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures. Supple-
mentary Data (Figures S1–S11) and Tables (Tables S1–S3)
associated with this article are available in electronic form.
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