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a b s t r a c t

The reaction of Zn(j2O,O0–OAc)2�2H2O with two equiv of 3,5-lutidine in methanol at room temperature
for 12 h afforded [Zn(OAc)2(3,5-lutidine)2]� H2O (1) in 91% yield. The acetate exchange reaction of 1 with
two equiv of aryl carboxylic acids in methanol at room temperature for 12 h afforded [Zn(l2-j1O:j1O0–
O2CAr)2(3,5-lutidine)]2 [Ar = C6H5 (2) and C6H4Me-3 (3)], [Zn(OC(O)C6H4Me-2)2(3,5-lutidine)2] (4) and
[Zn(j2O,O0�O2CC6H4Me-4)2(3,5-lutidine)2] (5) in P90% yield. Complexes 1–5 were characterized by
microanalytical, IR, solution (1H and 13C) and solid-state cross-polarization magic angle spinning 13C
NMR and X-ray diffraction data. The zinc atom in 1 is surrounded by nitrogen atom of two 3,5-lutidine
and oxygen atom of two monodentate acetate moiety and thus attains a tetrahedral geometry. One of
the acetate moieties is hydrogen bonded with a water molecule in the crystal lattice. Complexes 2 and
3 possess a dinuclear paddlewheel framework with a square pyramidal geometry around the zinc atom
whereas 4 and 5 are mononuclear species with the zinc atom in tetrahedral and an octahedral geometry,
respectively. Thermogravimetric analyses of 2–5 suggested ZnO as the decomposed product followed by
the confirmation from the powder X-ray diffraction patterns. Enormous gas evolution resulting in porous
ZnO during thermal decomposition was evidenced from scanning electron microscopic images.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

ZnO is one of the useful materials in photonics, electronics,
optoelectronics, information storage, photography, catalysis, bio-
logical and chemical sensing [1,2]. Several synthetic routes are
known for ZnO powder such as sol–gel method [3,4], pyrolysis of
chelate complexes [5], spray pyrolysis [6], and thermal decomposi-
tion of precursors [7]. Organometallic precursors such as diethyl
zinc [8–10], dicyclohexyl zinc [11], and dimethylzinc [12] were
also used as precursors for nano-sized ZnO. The dialkylzinc precur-
sors are pyrophoric and hence extra precautions need to be taken
in handling these precursors. Hence, there exists a need to synthe-
size air stable and safe to handle zinc containing precursors that
can easily result in the formation of ZnO. Few zinc ketoiminato
complexes [13,14] as well as few Lewis base coordinated zinc(II)
carboxylate complexes [15–17] were also reported to be useful
precursors for ZnO .

Lewis base coordinated zinc(II) carboxylate complexes consti-
tute an important class of coordination compounds due to their
ll rights reserved.
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relevance as structural and functional model for biologically
important metalloenzymes [18–23], as Lewis acid catalysts for
the copolymerization of cyclohexene oxide and CO2 to afford poly-
carbonates [24–26], and as secondary building units (SBUs) of the
carboxylate based metal organic frameworks (MOFs) [27–34]. The
nuclearity and carboxylate coordination modes in Lewis base coor-
dinated zinc(II) aryl carboxylate complexes were shown to depend
upon the method of preparation, nature of carboxylate moiety, Le-
wis base, the ratio of reactants and other reaction conditions
[17,35–39].

Recently, we have isolated a series Lewis base coordinated zin-
c(II) acetate and zinc(II) pivalate complexes with di and trinuclear
core as well as a one dimensional coordination polymer from the
condensation reaction involving Zn(j2O,O0–OAc)2�2H2O (or)
Zn(O2CtBu)2 and Lewis bases in methanol at ambient condition
[40,41]. From this study, it was concluded that subtle basic/steric
properties of Lewis bases and noncovalent interactions in the crys-
tal lattice influence the nuclearity and carboxylate coordination
modes of the products. Further, such complexes upon thermolysis
lead to the formation of volatile species instead of ZnO as revealed
by TGA/DTA studies. In continuation of our work in zinc(II) carbox-
ylate chemistry, we report herein the synthesis, structural aspects
of [Zn(OAc)2(3,5-lutidine)2]�H2O (1) and 3,5-lutidine coordinated
zinc(II) aryl carboxylate complexes 2–5 shown in Chart 1. These
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complexes upon thermolysis afforded porous ZnO as confirmed by
powder X-ray diffraction data and scanning electron microscopic
images.

2. Experimental

2.1. Materials and methods

Zn(j2O,O0–OAc)2�2H2O, 3,5-lutidine, benzoic acid, o-toluic acid,
m-toluic acid and p-toluic acid were purchased from commercial
sources and used as received. Elemental analyses were performed
on an Elementar Analysensysteme GmbH VarioEL V3.00. The IR
spectral data were obtained on a Shimadzu IR435 spectrometer
using KBr pellet in the frequency range 400–4000 cm�1. 1H and
13C NMR spectra were recorded on an Avance Bruker-300 NMR
spectrometer operating at field strengths of 300 and 75�5 MHz,
respectively and chemical shifts are reported relative to tetrameth-
ylsilane (TMS) or residual solvent signal. The solid-state cross-
polarization magic angle spinning (CP-MAS) 13C NMR spectra were
recorded on a DSX-300 MHz spectrometer and the chemical shifts
were referenced with respect to TMS. TOF-MS spectra were re-
corded on a Micromass LCT KC 455 instrument using electrospray
positive ion mode. The thermal analyses (TGA/DTA) were carried
out on a combined TGA/DTA Shimadzu (model TA-60WS) instru-
ment at a heating rate of 10 �C/min. Powder X-ray diffraction
(PXRD) patterns were recorded on Philips Xpert and Bruker D8 Ad-
vance instruments. The scanning electron microscopic (SEM)
images were obtained using Hitachi 7500 as well as FEI Quanta
200F microscopes. The reported yield of 1 is based on Zn(j2O,O0–
OAc)2�2H2O and those of 2–5 are based on 1.

2.2. [Zn(OAc)2(3,5-lutidine)2]�H2O (1)

Zn(j2O,O0–OAc)2�2H2O (2.00 g, 9.11 mmol) was dissolved in
methanol (70 mL). To the aforementioned solution, 3,5-lutidine
(2.00 g, 18.68 mmol) in methanol (10 mL) was added drop wise
and the resulting solution was stirred at room temperature for
12 h. The reaction mixture was concentrated under vacuum to
ca. 20 mL and left at room temperature for several hours to afford
1 as colorless crystals. Crystals were separated and washed with
cold n-hexane to afford 1 in 91% yield (3.45 g, 8.30 mmol). FT-IR
(KBr, cm�1): 3434 (br) for v(H2O), 1618 (sh), 1603 (vs) for vasym(O-
CO), 1399 (vs) for vsym(OCO). 1H NMR (CDCl3, 300 MHz, d ppm):
2.09 (s, 6H, OC(O)CH3), 2.33 (s, 12H, NC5H3(CH3)2-3,5), 7.45 (s,
2H, 4H NC5H3(CH3)2-3,5), 8.35 (s, 4H, 2H & 6H NC5H3(CH3)2-3,5).
13C NMR (CDCl3, 75.5 MHz, d ppm): 18.0, 22.3 (CH3), 133.9,
139.8, 146.7 (NC5H3(CH3)2-3,5), 179.2 (OC(O)). MS (TOF, ES+) m/z
(intensity %): 398 [M–H2O + H]+ (1 0 0). Anal. Calc. for
C18H24N2O4Zn�H2O (415.81): C, 52.00; H, 6.30; N, 6.74. Found: C,
52.50; H, 6.47; N, 6.71%.

2.3. [Zn(l2-j1O:j1O0–O2CC6H5)2(3,5-lutidine)]2 (2)

Complex 1 (2.00 g, 4.81 mmol) was dissolved in methanol
(60 mL). To the aforementioned solution, benzoic acid (1.26 g,
10.31 mmol) was added pinch wise and the resulting homoge-
neous solution was stirred at room temperature for 12 h. The vol-
atiles were removed under vacuum to afford colorless solid. The
solid was purified by crystallization from methanol/chloroform
mixture at room temperature over a period of one week to afford
2 as colorless crystals in quantitative yield (1.99 g, 2.40 mmol).
FT-IR (KBr, cm�1): 1641 (s), 1576 (m) for vasym(OCO), 1459 (m),
1408 (s) for vsym(OCO). 1H NMR (CDCl3, 300 MHz, d ppm): 2.29
(s, 12H, NC5H3(CH3)2-3,5), 7.30 (t, 8H, 3H & 5H C6H5, JHH = 8.87 Hz),
7.34 (s, 2H, 4H NC5H3(CH3)2-3,5), 7.43 (t, 4H, 4H C6H5,
JHH = 7.31 Hz), 8.11 (d, 8H, 2H & 6H C6H5, JHH = 7.49 Hz), 8.51 (s,
4H, 2H & 6H NC5H3(CH3)2-3,5). 13C NMR (CDCl3, 75�5 MHz, d
ppm): 18.2 (CH3), 127.5, 130.3, 131.4, 133.6, 134.6, 140.8, 146.5
(ArC), 174.0 (OC(O)). MS (TOF, ES+) m/z (intensity %): 831 [M+H]+

(8). Anal. Calc. for C42H38N2O8Zn2 (829.55): C, 60.81; H, 4.62; N,
3.38. Found: C, 60.77; H, 4.98; N, 3.38%.

2.4. [Zn(l2–j1O:j1O0–O2CC6H4Me-3)2(3,5-lutidine)]2 (3)

Complex 1 (2.00 g, 4.81 mmol) was dissolved in methanol
(60 mL). To the aforementioned solution, m-toluic acid (1.40 g,
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10.31 mmol) was added pinch wise and the resulting homoge-
neous solution was stirred at room temperature for 12 h. The
volatiles were removed under vacuum to afford colorless solid.
The solid was purified by crystallization from chloroform/aceto-
nitrile mixture at room temperature over a period of one week
to afford 3 as colorless crystals in 90% yield (1.92 g, 2.16 mmol).
FT-IR (KBr, cm�1): 1605 (s), 1583 (s) for vasym(OCO), 1426 (s),
1400 (vs) for vsym(OCO). 1H NMR (CDCl3, 300 MHz, d ppm):
2.29 (s, 12H, C6H4(CH3)-3), 2.32 (s, 12H, NC5H3(CH3)2-3,5), 7.22
(m, 4H, 5H C6H4(CH3)-3), 7.25 (d, 4H, 4H C6H4(CH3)-3,
JHH = 7.50 Hz), 7.46 (s, 2H, 4H NC5H3(CH3)2-3,5), 7.92 (d, 4H, 6H
C6H4(CH3)-3, JHH = 10.80 Hz), 7.94 (s, 4H, 2H C6H4(CH3)-3), 8.50
(s, 4H, 2H & 6H NC5H3(CH3)2-3,5). 13C NMR (CDCl3, 75�5 MHz,
d ppm): 18.3, 21.2 (CH3), 127.5, 131.1, 132.2, 133.7, 134.6,
137.2, 140.8, 146.7 (ArC), 174.32 (OC(O)). Note: Only 8 carbon
resonances were observed for ArC rather than the expected 9
resonances presumably due to overlapping peaks. MS (TOF,
ES+) m/z (intensity %): 886 [M+H]+ (83). Anal. Calc. for
C46H46N2O8Zn2 (885.70): C, 62.38; H, 5.23; N, 3.16. Found: C,
62.21; H, 5.21; N, 3.02%.
2.5. [Zn(OC(O)C6H4Me-2)2(3,5-lutidine)2] (4)

Complex 1 (2.00 g, 4.81 mmol) was dissolved in methanol
(60 mL). To the aforementioned solution, o-toluic acid (1.40 g,
10.31 mmol) was added pinch wise and the resulting homoge-
neous solution was stirred at room temperature for 12 h. The vol-
atiles were removed under vacuum to afford colorless solid. The
solid was purified by crystallization from chloroform/acetonitrile
mixture at room temperature over a period of one week to afford
4 as colorless crystals in 90% yield (2.38 g, 4.33 mmol). FT-IR
(KBr, cm�1): 1637 (vs), 1562 (m) for vasym(OCO), 1437 (m) and
1402 (s) for vsym(OCO). 1H NMR (CDCl3, 300 MHz, d ppm): 2.29
(s, 12H, NC5H3(CH3)2-3,5), 2.57 (s, 6H, C6H4(CH3)-2), 7.14 (br, 4H,
3H & 5H C6H4(CH3)-2), 7.26 (t, 2H, 4H C6H4(CH3)-2, JHH = 6.99 Hz),
7.46 (s, 2H, 4H NC5H3(CH3)2-3,5), 7.95 (d, 2H, 6H C6H4(CH3)-2,
JHH = 7.33 Hz), 8.48 (s, 4H, 2H & 6H NC5H3(CH3)2-3,5). 13C NMR
(CDCl3, 75�5 MHz, d ppm): 18.4, 21.8 (CH3), 127.2, 129.9, 130.6,
134.5, 135.2, 138.6, 140.6, 146.9 (ArC), 175.9 (OC(O)). Note: Only
8 carbon resonances were observed for ArC rather than the ex-
pected 9 resonances presumably due to overlapping peaks. MS
(TOF, ES+) m/z (intensity %): 551 [M+H]+ (5). Anal. Calc. for
C30H32N2O4Zn (549.98): C, 65.52; H, 5.86; N, 5.09. Found: C,
65.26; H, 5.81; N, 4.87%.
Table 1
Crystallographic and experimental data for 1–5.

1 2

Empirical formula C18H24N2O5Zn C42H38N2O8Zn2

Formula weight 413.78 829.52
Crystal system triclinic triclinic
Space group P�1 P�1
a (Å) 9.727(2) 10.282(2)
b (Å) 10.361(3) 10.700(2)
c (Å) 10.471(2) 10.801(3)
a (�) 92.678(3) 63.411(3)
b (�) 109.155(3) 66.928(3)
c (�) 103.752(4) 79.322(4)
V (Å3) 959.3(4) 977.6(4)
Z 2 1
Density (calcd) (g cm�3) 1.433 1.409
T (K) 100(2) 298(2)
k (Mo Ka) (Å) 0.71073 0.71073
l (Mo Ka) (cm�1) 1.310 1.281
R1, wR2 [I > 2r(I)]a 0.0497, 0.0547 0.0490, 0.0633
R1, wR2 (all data)a 0.1443, 0.1549 0.1150, 0.1280

a R1 ¼ RjjFoj � jFc jj=RjFoj; wR2 ¼ RwðjFoj � jFc jÞ2=RwjFoj2
h i1=2

.

2.6. [Zn(j2O,O0–O2CC6H4Me-4)2(3,5-lutidine)2] (5)

Complex 1 (2.00 g, 4.81 mmol) was dissolved in methanol
(60 mL). To the aforementioned solution, p-toluic acid (1.40 g,
10.31 mmol) was added pinch wise and the resulting homoge-
neous solution was stirred at room temperature for 12 h. The vol-
atiles were removed under vacuum to afford colorless solid. The
solid was purified by crystallization from chloroform/acetonitrile
mixture at room temperature over a period of one week to afford
5 as colorless crystals in 90% yield (2.62 g, 4.76 mmol). FT-IR
(KBr, cm�1): 1544 (s) for vasym(OCO), 1405 (vs) for vsym(OCO). 1H
NMR (CDCl3, 300 MHz, d ppm): 2.30 (s, 12H, NC5H3(CH3)2-3,5),
2.37 (s, 6H, C6H4(CH3)-4), 7.15 (d, 4H, 3H & 5H C6H4(CH3)-4,
JHH = 7.86 Hz), 7.43 (s, 2H, 4H NC5H3(CH3)2-3,5), 8.04 (d, 4H, 2H &
6H C6H4(CH3)-4, JHH = 7.93 Hz), 8.45 (s, 4H, 2H & 6H
NC5H3(CH3)2-3,5). 13C NMR (CDCl3, 75�5 MHz, d ppm): 18.2, 21.4
(CH3), 128.2, 130.2, 131.7, 134.2, 140.2, 141.0, 146.8 (ArC), 173.7
(OC(O)). MS (TOF, ES+) m/z (intensity %): 550 [M+H]+ (13). Anal.
Calc. for C30H32N2O4Zn (549.98): C, 65.52; H, 5.86; N, 5.09. Found:
C, 65.11; H, 5.83; N, 4.98%.

2.7. Crystal structure determinations

X-ray diffraction studies of suitably sized crystals mounted on a
capillary were carried out on a BRUKER AXS SMART-APEX diffrac-
tometer with a CCD area detector [(Mo Ka) 0.71073 Å, graphite
monochromator] [42]. Frames were collected at 100 K for complex
1 and at 298 K for complexes 2–5 by x, ø and 2h rotation at 10 s
per frame with SMART [42]. The measured intensities were reduced
to F2 and corrected for absorption with SADABS [43]. Structure solu-
tion, refinement, and data output were carried out with the SHELXTL

program [44]. Non-hydrogen atoms were refined anisotropically.
C–H hydrogen atoms were placed in geometrically calculated posi-
tions by using a riding model. Images were created with the Dia-
mond program [45]. Hydrogen bonding interactions in the crystal
lattice were calculated with SHELXTL [44]. The X-ray crystallographic
parameters, details of data collection and structure refinement are
presented in Table 1.

3. Results and discussion

3.1. Synthesis

Zn(j2O,O0–OAc)2�2H2O was treated with 3,5-lutidine in 1:2 mol
ratio in methanol at room temperature for 12 h that afforded
3 4 5

C46H46N2O8Zn2 C30H32N2O4Zn C30H32N2O4Zn
885.63 549.97 549.97
triclinic monoclinic orthorhombic
P�1 P21/n Ibca
10.734(9) 8.227(2) 15.676(5)
10.897(9) 36.602(7) 16.656(6)
11.359(10) 9.607(2) 21.058(7)
63.774(14) 90.00 90.00
81.812(14) 105.191(3) 90.00
63.460(13) 90.00 90.00
1063.8(16) 2792.1(9) 5498(3)
1 4 8
1.382 1.308 1.329
298(2) 298(2) 298(2)
0.71073 0.71073 0.71073
1.182 0.916 0.930
0.0524, 0.0793 0.0575, 0.0712 0.0486, 0.0538
0.1062, 0.1220 0.1383, 0.1498 0.1183, 0.1219
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[Zn(OAc)2(3,5-lutidine)2]�H2O (1) as colorless solid in 91% yield.
Complex 1 was treated with two equiv of aryl carboxylic acids
shown in Chart 2 in methanol at room temperature for 12 h that
afforded complexes 2–5 in P90% yield. Our objectives were two
fold; to probe the role of subtle steric/basic properties of the aryl
carboxylic acids on the nuclearity/carboxylate coordination modes
of the products and to use such products as precursors for ZnO.
.      OHO

Me

OHOOHO OHO

Me

Me

pKa [46]:       4.20                3.91                  4.25                  4.37 

Chart 2.

Fig. 1. ORTEP representation of 1 at the 30% probability level. Hydrogen atoms are
omitted for clarity.

Fig. 2. ORTEP representation of 2 at the 30% probability level. Hydrogen atoms are
omitted for clarity.

Fig. 3. ORTEP representation of 3 at the 30% probability level. Hydrogen atoms are
omitted for clarity.

Fig. 4. ORTEP representation of 4 at the 30% probability level. Hydrogen atoms are
omitted for clarity.
3.2. Molecular and crystal structures

The molecular structures of 1–5 were determined by X-ray dif-
fraction data. The molecular structures of 1–5 with atom labeling
scheme are shown in Figs. 1–5, respectively. Selected bond param-
eters for 1–5 are listed in Table 2. Complex 1 crystallized as a
monohydrate and in this complex the zinc atom surrounded by
two oxygen atoms of the monodentate acetate and nitrogen atoms
of two 3,5-lutidine and thus attains a tetrahedral geometry.
Zn(OAc)2(pyridine)2 was shown to crystallize in triclinic and
tetragonal space groups [47]. The Zn–O [1.981(2) and 1.965(2) Å]
and C@O [1.232(5) and 1.235(5) Å] distances are longer but the
Zn–N [2.015(3) and 2.041(3) Å] distances are shorter in complex
1 than those observed in Zn(OAc)2(pyridine)2 [triclinic: Zn–O,
1.945(3) and 1.941(2) Å; C@O, 1.218(4) and 1.218(4) Å; Zn–N,
2.047(2) and 2.076(2) Å]. The bond distance variation may be



Fig. 5. ORTEP representation of 5 at the 30% probability level. Hydrogen atoms are omitted for clarity.

Table 2
Selected bond lengths (Å) and bond angles (�) for 1–5.

1
Zn1–O1 1.981(2) Zn1–O3 1.965(2) Zn1–N1 2.015(3)
Zn1–N2 2.041(3) C15–O1 1.299(4) C15–O2 1.232(5)
C15–C16 1.510(5) C17–O3 1.286(5) C17–O4 1.235(5)
C17–C18 1.516(5) O1–Zn1–O3 99.09(10) O1–Zn1–N1 110.52(11)
O1–Zn1–N2 105.24(11) O3–Zn1–N1 106.40(11) O3–Zn1–N2 105.24(11)
N1–Zn1–N2 126.60(12) O1–C15–O2 122.7(3) O3–C17–O4 124.5(3)

2 3 2 3
Zn1–N1 2.040(2) 2.042(3) Zn1–O3 2.044(2) 2.029(3)
Zn1–O1 2.024(2) 2.029(3) Zn1–O4 2.028(2) 2.062(3)
Zn1–O2 2.060(2) 2.040(3) Zn1���Zn1 2.970(1) 2.965(2)
O2–Zn1–O3 87.35(9) 89.1(1) O4–Zn1–O1 87.52(9) 88.9(1)
O2–Zn1–O4 88.8(1) 87.6(1) O2–Zn1–N1 95.41(9) 100.1(1)
O3–Zn1–O4 159.04(9) 159.2(1) O3–Zn1–N1 99.19(9) 105.1(1)
O2–Zn1–O1 158.79(9) 159.1(1) O4–Zn1–N1 101.68(9) 95.6(1)
O3–Zn1–O1 88.63(9) 86.9(1) O1–Zn1–N1 105.79(9) 100.8(1)

4
Zn1–O1 1.986(3) Zn1–O3 1.972(4) Zn1–N1 2.082(3)
Zn1–N2 2.024(2) C15–O1 1.272(4) C15–O2 1.218(4)
C15–C16 1.509(5) C23–O3 1.222(6) C23–O4 1.250(7)
C23–C24 1.521(6) O1–Zn1–N1 106.0(1) O1–Zn1–N2 96.9(1)
O3–Zn1–N1 130.8(2) O3–Zn1–N2 108.6(2) O1–C15–O2 121.7(3)
O1–C15–C16 116.1(3) O2–C15–C16 122.2(3) O3–C23–O4 122.8(5)
O3–C23–C24 119.8(5) O4–C23–C24 117.4(6)

5
Zn1–O1 2.114(3) Zn1–O2 2.258(2) Zn1–N1 2.103(2)
O1–C8 1.255(4) O2–C8 1.247(4) C8–C9 1.498(4)
O1–Zn1–O1 160.7(2) O1–Zn1–O2 105.6(1) O1–Zn1–N1 98.51(9)
O2–Zn1–N1 153.81(9) O2–Zn1–O2 90.2(1) N1–Zn1–N1 95.0(1)
O1–C8–O2 121.0(3) O1–C8–C9 118.9(3) O2–C8–C9 120.1(3)
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ascribed to higher basicity of 3,5-lutidine (pKa: 6.15) in the former
compared with pyridine (pKa: 5.23) [46] in Zn(OAc)2(pyridine)2

and the involvement of C@O oxygen in 1 in intermolecular O–
H���O/C–H���O hydrogen bonding in the crystal lattice.

Complexes 2 and 3 consist of a paddlewheel framework where-
in the pair of zinc atoms is bridged by four syn–syn bidentate
bridging carboxylate moieties. 3,5-lutidine is coordinated to each
zinc atom along the non-bonded Zn���Zn axis and thus the zinc
atom attains a square pyramidal geometry. It was shown that the
non-bonded M���M distance and O–C–O angle in the carboxylate
bridged paddlewheel dinuclear complexes depend upon the induc-
tive effect and steric bulk of the substituent on the carbonyl carbon
[48]. The molecular structures of several Lewis base coordinated
zinc(II) aryl carboxylate complexes with a paddlewheel framework
are known [17,35–39,49,50]. The non-bonded Zn���Zn distance,
2.970(1) Å in 2 is slightly longer than that observed in the structur-
ally related [Zn(l2-j1O:j1O0–O2CC6H5)2(pyridine)]2 (I) [2.958(1) Å]
[35] indicating the influence of higher basicity of 3,5-lutidine than
that of pyridine. The non-bonded Zn���Zn distance in I, 2 and 3
[2.965(2) Å] is slightly shorter than that observed in [Zn(l2-
j1O:j1O0–O2CC6H5)2(quinoxaline)]2 (II) [2.990(1) Å] [38].

Complex 4 is a mononuclear species with the zinc atom sur-
rounded by oxygen atom of two monodentate o-toluate moieties
and nitrogen atom of two 3,5-lutidine and the zinc atom thus at-
tains a tetrahedral geometry. The zinc atom in 5 resides on a crys-
tallographic C2 axis and is surrounded by two oxygen atom of a
chelating p-toluate and nitrogen atom of 3,5-lutidine and their C2

symmetry related p-toluate and 3,5-lutidine and thus zinc atom at-
tains an octahedral geometry.

Complexes 3–5 possess an intermolecular C–H���O interaction in
the crystal lattice and such interaction is illustrated in Figs. 6–8,
respectively. The O3 atom of the syn–syn bidentate bridging m-tol-
uate moiety in 3 forms a C–H���O hydrogen bonding with one of the
hydrogen atoms (H23A) bonded to methyl carbon of the m-toluate
moiety of the inversion related adjacent molecule. The O2 atom of
the monodentate o-toluate in 4 is involved in a bifurcated intermo-
lecular C–H���O hydrogen bonding with H20 of the o-toluate moiety
of the translation related adjacent molecule and the other with
H6C of 3,5-lutidine of the inversion related adjacent molecule.
The O1 atom of the chelating p-toluate moiety in 5 is involved in
C–H���O hydrogen bonding with the hydrogen atom H7C of one of
the methyl groups of 3,5-lutidine present in the inversion related
adjacent molecule. The C–H���O hydrogen bonding in complexes 3
and 5 grows along c-axis and a-axis, respectively to afford a one-
dimensional chain (see Figs. 6 and 8).

We have shown that less basic and sterically more hindered o-
toluate in mononuclear complex 4 is coordinated to the zinc atom
in monodentate coordination mode whereas more basic and steri-
cally less hindered benzoate and m-toluate in dinuclear complexes
2 and 3 are coordinated to the zinc atom in syn–syn bidentate
bridging coordination mode. The sterically less hindered and even
more basic p-toluate in the mononuclear complex 5 is coordinated
to the zinc atom in a chelating coordination mode. The shift of the
carboxylate coordination mode from monodentate in 4 to syn–syn
bidentate bridging in 2 and 3 and to the chelating in 5 implied lar-
gely the influence of basicity of the lone pair on the carbonyl oxy-
gen of the carboxylate moiety and sterics. Such ‘carboxylate shift’
process has important implications for metalloenzymes in under-
standing their catalytic activities [51–54].



Fig. 6. Packing diagram of 3 illustrating a C–H���O hydrogen bonding in the crystal lattice. Hydrogen bond parameters, C23–H23A: 0.96 Å; H23A���O3: 2.68 Å, C23���O3: 3.60 Å,
C23–H23A���O3: 158�.

Fig. 7. Packing diagram of 4 illustrating a C–H���O hydrogen bonding in the crystal lattice. Hydrogen bond parameters, C20–H20: 0.93 Å; H20���O2: 2.64 Å, C20���O2: 3.52 Å,
C20–H20���O2: 157� and C6–H6C: 0.96 Å; H6C���O2: 2.46 Å, C6� � �O2: 3.42 Å, C6–H6C� � �O2: 173�.
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3.3. Spectroscopic studies

IR spectroscopy is one of the useful techniques to assign the car-
boxylate coordination modes and the following trend is generally
accepted as a guideline to differentiate various carboxylate coordi-
nation modes [55–58].

Dm ¼ masymðOCOÞ � msymðOCOÞ
Dm chelating < Dm bridging < Dm ionic < Dm monodentate

The Dm values obtained from IR data, and from X-ray diffraction
data using Tasumi’s equation (Eq. (1)) [59] for complexes 1–5 are
listed in Table 3. The Dm values for the corresponding RC(O)OM
(R = Me; M = Na [60] and R = C6H5, C6H4Me-2, C6H4Me-3 and
C6H4Me-4; M = K [61]) are also included in Table 3 to unambigu-
ously assign the carboxylate coordination modes in complexes 1–
5.
Dmcalcd ¼ 1818:1dr þ 16:47ðhOCO � 120Þ þ 66:8 ð1Þ

In Eq. (1) dr is the difference between two C–O bond lengths (in
Å) and hoco is the OCO angle (in �). Eq. (1) was applied by us [40]
and others [58] to better interpret Dm values of several Lewis base
coordinated zinc(II) carboxylate complexes bearing distinct car-
boxylate coordination modes. According to Eq. (1), the variation
of 0.01 Å in dr or 1� in hoco gives rise to a change of 16–18 cm�1

in the value of Dm. Sometimes, a significant deviation was observed



Fig. 8. Packing diagram of 5 illustrating a C–H� � �O hydrogen bonding in the crystal lattice. Hydrogen bond parameters, C7–H7C: 0.96 Å; H7C� � �O1: 2.68 Å, C7� � �O1: 3.62 Å,
C7–H7C� � �O1: 167�.

Table 3
IR spectral data (cm�1) of 1–5.

Dmcalcd

(Dmexp)
Dm for
RC(O)OM

Coordination mode

1 234 (204)
233 (219)

164 monodentate (hydrogen bonded)
monodentate

2 173 (182)
167 (168)

136 syn–syn bidentate bridging
syn–syn bidentate bridging

3 157 (179)
193 (183)

170 syn–syn bidentate bridging
syn–syn bidentate bridging

4 193 (200)
164 (160)

146 monodentate
monodentate

5 98 (139) 145 chelating

Table 4
Solid state CP-MAS 13C NMR data (ppm) for 1–5.

CH3 ArC OC(O)

1 17.1, 18.3,
20.4, 25.0

134.9, 141.6, 145.3 176.6,
181.1

2 16.4 125.1, 127.6, 129.7, 131.0, 132.8, 135.5,
138.4, 142.1, 144.8

170.0,
171.6

3 15.6, 16.2,
20.0

125.9, 128.2, 129.9, 131.5, 133.4, 136.3,
138.4, 144.5

169.6,
171.6

4 17.2, 21.7,
24.2

125.7, 127.3, 132.5, 135.0, 141.0, 145.5 172.6,
175.6

5 16.6, 17.6,
20.8

126.0, 127.0, 128.6, 133.0, 143.0, 143.9 174.1

Fig. 9. Thermogravimetric traces of 2–5 in air.
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between the Dmcalcd and Dmexp values due to the involvement of
carbonyl oxygen in H-bonding [62] and also due to the cage defor-
mation [40,58].

There is a fairly good agreement between Dmcalcd and Dmexp val-
ues for one of the monodentate acetate coordination modes in 1,
both syn–syn bidentate bridging coordination modes in 2, one of
the syn–syn bidentate bridging coordination modes in 3, and both
monodentate carboxylate coordination modes in 4. However, there
is a significant deviation between Dcalcd and Dexp values for one of
the monodentate acetate coordination modes in 1, one of the syn–
syn bidentate bridging coordination modes in 3 and the chelating
coordination mode in 5. The aforementioned deviation may be as-
cribed to the presence of an intermolecular O–H���O/C–H���O hydro-
gen bonding interactions in the crystal lattice.
The solution 1H and 13C NMR spectral pattern of 1–5 appeared
deceptively simple and less informative for the structural elucida-
tion. This artifact could be due to sample dissociation or due to a
rapid ‘carboxylate shift’ process that occurs on a time scale faster
than NMR time scale [40,63]. The solid-state CP-MAS 13C NMR
was proven as a useful technique to distinguish various acetate
coordination modes of zinc(II) acetate complexes [40,64,65].
Sometimes, even crystallographically different carbonyl carbons
of the carboxylate moieties were distinguished with the aid of so-
lid-state CP-MAS 13C NMR data [65]. Hence, solid-state CP-MAS 13C
NMR data was recorded for 1–5 and the respective dC values are
listed in Table 4.

The solid-state CP-MAS 13C NMR spectrum of 1 revealed two
peaks at dC = 176.6 and 181.1 ppm assignable to OC(O) carbon nu-
clei. The dC = 176.6 ppm value is assigned to the carbonyl carbon of
the monodentate acetate [40,64] and the dC = 181.1 ppm value is
assigned to the carbonyl carbon of the monodentate acetate



Fig. 10. Differential thermal analyses of 2–5 in air.

Fig. 11. PXRD pattern of ZnO obtained by calcination of 4 at 350 �C for 3 h in air.

Fig. 12. SEM image of highly porous ZnO obtained after calcination of 4 at 350 �C
for 3 h in air.

Fig. 13. SEM image of highly porous ZnO obtained after calcination of 4 at 450 �C
for 6 h in air.
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moiety which is hydrogen bonded to a water molecule. Interest-
ingly, four types of 13C NMR signals (dC = 17.1, 18.3, 20.4, and
25.0 ppm) were observed for CH3 carbon of 1 indicating a chemical
shift anisotropy of CH3 carbon of two distinct 3,5-lutidine and ace-
tate moieties and this observation is consistent with the structure
found in the crystal lattice. Complexes 2–4 revealed two types of
13C NMR signals whereas complex 5 revealed only one for the car-
bonyl carbon as the formerly mentioned complexes possess two
crystallographically distinct carbonyl carbon whereas the latter
possess only one.

Complexes 1–5 revealed a cluster of peaks centered at m/
z = 398, 831, 886, 551, and 550 amu, respectively characteristic of
[M�H2O+H]+ (1) and [M+H]+ (2–5) moities due to different iso-
topes of zinc.
3.4. Thermal decomposition studies

The TGA of complex 1 indicated loss of a water molecule (exper-
imental weight loss 4.25%; Theoretical weight loss: 4.33%) in 37–
175 �C temperature range. No residue was left at the end of ther-
molysis event and this is likely due to the volatile nature of com-
plex 1. The TGA and DTA traces of 2–5 carried out in air are
shown in Figs. 9 and 10, respectively. The TGA data of 2–5 indi-
cated loss of 3,5-lutidine and CO2 molecule in sequence as verified
by weight loss calculations. The total weight loss corresponded to
ZnO in each case as the decomposed product. Depending upon the
nature of carboxylate moieties and nuclearity/carboxylate coordi-
nation modes present in 2–5, different number of intermediates
were observed in the TGA/DTA traces. The DTA traces revealed
the weight losses to be exothermic. Complexes 2–5 were sepa-
rately calcined at 350 �C for 3 h in air that yielded thermodynam-
ically stable hexagonal form of ZnO as deduced from the PXRD
pattern. The observed PXRD pattern matched well with the
authentic ZnO (ICSD-067454) in each case. As a representative
example, PXRD pattern and SEM image for ZnO obtained from
the decomposition of 4 are presented in Figs. 11 and 12, respec-
tively. The porous nature of ZnO shown in the SEM image may
be ascribed to the huge amount of CO2 evolved during thermolysis
event as hypothesized in the thermogravimetric traces. However,
ZnO obtained from the aforementioned experimental condition
was dirty white in color possibly arising due to incomplete
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combustion. On heating the complex 4 at 450 �C for 6 h in air re-
sulted in off-white ZnO indicating the complete removal of carbon.
The morphology of ZnO was different under this condition as ob-
served from the SEM image shown in Fig. 13.
4. Concluding remarks

The mononuclear complex 1 and four 3,5-lutidine coordinated
zinc(II) aryl carboxylate complexes (2–5) were synthesized in high
yield and structurally characterized. Complex 1 possesses two dis-
tinct acetate and 3,5-lutidine moieties as one of the acetates forms
an intermolecular O–H���O hydrogen bonding with a lattice water
molecule as revealed by X-ray diffraction data and further sup-
ported by solid-state CP-MAS 13C NMR data. Complexes 2 and 3
possess a paddlewheel framework, whereas complexes 4 and 5
possess a mononuclear framework with the zinc atom in tetrahe-
dral and an octahedral geometry, respectively. It was observed that
subtle basic/steric properties of the carboxylate moieties influence
their coordination modes which in turn influence the nuclearity of
the products. As basicity of the carbonyl oxygen of the carboxylate
moiety increases in complexes 2–5, its tendency to coordinate with
the Zn center also increases. Hence, the carboxylate coordination
mode shifts from the monodentate in 4 to syn–syn bidentate bridg-
ing in 2 and 3 and to the chelating in 5. The solid-state CP-MAS 13C
NMR data was shown to be a useful technique to distinguish even
the crystallographically different OC(O) carbon in complexes 2–5.
The thermal decomposition study of 2–5 demonstrated the use of
these complexes to be potential precursors for ZnO in conjunction
with PXRD pattern and SEM images.
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