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CHAPTER 1 

1. INTRODUCTION 

1.1. SYNTHESIS OF SOLIDS 

There are five general preparative techniques employed for the synthesis of solid 

materials.  First, the high-temperature processes, which include the ceramic method and 

the vapor phase transport (VPT) method.  Second, the low-temperature processes, which 

include the precursor method, a modification of existing structure method (either by 

intercalation or by ion-exchange), and the sol-gel synthesis method.  The third class 

includes the dry, high-pressure method and the hydrothermal method, which both fall 

under high-pressure processes.  The fourth technique is a crystal growth method that can 

be used either for mono- or multi-component systems.  The last set of preparative 

techniques encompasses the chemical and physical preparations of thin films.1,2  The 

second, third, and fifth techniques are incorporated into what is called soft chemistry 

“chimie douce”  routes, which are useful for synthesis of metastable phases that are hard 

to prepare by the conventional ceramic procedure.  These techniques provide better 

control over structure, chemical and textural homogeneity, and stoichiometry and yield 

solid materials in various forms such as fibers, monoliths, and coatings with improved or 

superior properties in comparison to those obtained by the traditional ceramic method.1-3  

1.2. CERAMIC METHOD 

Solid materials are classically prepared by the ceramic method, also known as 

“shake and bake”  or “heat and beat” , in which metal oxides, carbonates, carboxylates,
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or other compounds of the desired metals are mixed and ground together into powders to 

eventually be calcined at high temperatures.  In short, the ceramic method is usually a 

direct solid-state reaction of solid raw materials at high temperatures.1,2  Pulverization of 

reactant powders together is imperative to obtain high surface area grains and to 

maximize contact between the reactants  in order to accelerate the reaction in the solid-

state.1,3  Another important factor for the success of the ceramic method is the 

pelletization of the ground reactant powders for minimization of void spaces and 

increasing contact between grains.3  The ceramic method has many shortcomings that 

make the soft chemistry routes more preferable for preparation of solid materials.  A 

solid-state reaction usually occurs in the ceramic method, which makes the reaction slow 

because the product formation totally depends upon the diffusion of reactant components 

over long distances.  Thus, a mixture of reactants and products is often obtained, 

complicating the separation of the desired products.  Moreover, the ceramic method 

occasionally does not lead to the formation of a homogeneously constituent product, even 

if the reaction is essentially complete.  Utilizing chemical methods, such as freeze-drying, 

spray-drying, co-precipitation, sol-gel, and other techniques, can minimize drawbacks of 

the ceramic method by reducing the lengths of the diffusion path, increasing the surface 

area, and increasing the homogeneity by making the particle size of reactants smaller and 

therefore allow more effective mixing of reactants.  Nevertheless, the ceramic method has 

been employed extensively for synthesis of solid materials because the reagents used in 

the alternative soft chemistry methods are often expensive and difficult to handle on a 

large scale.1-3  
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1.3 CERAMICS:  DEFINITION AND CLASSIFICATION 

Ceramic is a translation of the Greek word keramos, which means pottery or 

“burnt-stuff”.4,5  Moreover, it has an ancient Sanskrit origin designating a substance 

developed with the aid of fire.5  Accordingly, ceramics were traditionally defined as those 

materials made of silicate, such as clay products, cement, and silicate glasses.4,6  

However, this definition is too restrictive to include the modern advancements in 

procedures of synthesis and the exploitation of unprecedented properties of such 

materials for specific applications.  Hence, ceramics are better specified as the art and 

science of making and using solids made up of inorganic, nonmetallic materials, which 

are high-temperature treated during their fabrication or manufacture.5,7  This broader 

definition covers both the old classic ceramics and advanced ceramics, also known as 

engineering ceramics.  The former category includes materials like pottery, porcelain, 

enamels, structural clay products, cements, glass, abrasives, and refractories.  All of these 

materials are fabricated from metallic silicates, oxides, aluminides, beryllides, borides, 

carbides, nitrides, silicides, or sulfides.  The latter category comprises materials such as 

high-temperature oxide superconductors, electroceramics, ferroelectric ceramics, non-

silicate glasses, structural components, and single crystals.4-7 

1.4. CERAMICS:  PROPERTIES AND IMPORTANCE 

Ceramics have attracted increasing attention because they combine several 

desirable attributes.  They possess remarkable chemical- and weathering-resistance, 

excellent electrical-resistance, high stability at high temperatures, good tensile strength, 

and great compressive strength.5 Therefore, they have found many mechanical, 

architectural, electrical, and magnetic applications.4 Besides their useful characteristic 



 4 

properties, ceramics are one of the large-scale industries that provide a foundation for 

other industries.  For instance, abrasives are crucial for the machine-tool and car 

industries.  Electrical and magnetic ceramics, as another example, play a key role for the 

development of computers and other electrical devices.6,7 

1.5. SCOPE OF THIS STUDY 

The investigation of ceramics is based upon two major types of research.  One of 

them is concerned with the creation of novel ceramic materials, while the other focuses 

on the advancement of the synthesis methods of known materials in order to promote 

their features and reduce their manufacturing expenses.8,9  The research reported herein 

addresses the latter concern and utilizes the precursor method and the co-precipitation 

approach for preparation of unary-, binary-, and ternary-metal oxides at lower 

temperatures, with high surface areas and better control over the metallic constituents in 

case of mixtures of metal ceramics.  The precursor has the advantages of increasing the 

degree of homogeneity, dramatically reducing or eliminating the diffusion path of the 

cations and yielding of small particle sizes including nanoparticulate material.1-3 Co-

precipitation produces a solid-state solution of metal cations blended on an atomic or 

molecular scale.  Both methods provide lower temperature of ceramic synthesis and 

faster reaction times in comparison to the traditional ceramic method.1,2  The success of 

the precursor method is controlled by the relative solubilities of precipitates in the 

solvent, the rate of their sedimentation, and prevention of the formation of supersaturated 

solutions.1  Furthermore, co-precipitation is much more favorable when the precipitates 

of the metal cations are isostructural, i.e. possess the same structure.  In this investigation, 

pyruvic acid oxime ligand (PAO-) was used to prepare pre-ceramic materials by 
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precipitation of single cations or cation mixtures from their aqueous solution.  

Coordination complexes of this ligand decompose readily at low temperatures to yield the 

corresponding metal hydroxide, carbonate, or oxide, and volatile organics, including 

acetonitrile and carbon dioxide. 

In chapter 2, the preparation procedure for the PAO complexes of a variety of 

representative, transition, and inner transition metals is described.  These complexes were 

spectroscopically characterized by infrared (IR), solid-state 13C nuclear magnetic 

resonance (NMR), and X-ray diffraction (XRD).  The crystal structure of some of these 

compounds had been determined by single crystal X-ray technique.  Furthermore, the 

thermal behavior of these synthesized compounds was investigated by thermal 

gravimetric analysis (TGA) and differential thermal analysis (DTA).  The morphology of 

their solid pyrolysis products was studied by scanning and transmission electron 

microscopes (SEM and TEM).  The crystallite size of the solid pyrolysis products was 

measured by XRD.  The surface area, acidity, and basicity of the solid pyrolysis products 

were established by nitrogen adsorption at the temperature of liquid nitrogen and 

adsorption of a proper probing molecule at room temperature, respectively. 

Chapter 3 provides the reader with a plausible mechanism for the thermal 

decomposition of the prepared PAO complexes.  This mechanism was established on the 

basis of the analyses of the gaseous pyrolysis products by tandem gas 

chromatography/mass spectroscopy (GC/MS), and by analyses of the solid pyrolysis 

products by IR and XRD spectroscopy techniques.  

Chapters 4, 5, 6, and 7 deal with applications of some of the prepared metal 

oxides, as environmentally benign, inexpensive, heterogeneous catalysts and adsorbents.  
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These oxides are examples of potential catalysts that may save pharmaceutical and 

petrochemical industries billions of dollars annually. 

 In Chapter 4, the synthesis of a significant pharmaceutical compound is described. 

Zinc oxide in the nanometric crystallite size, obtained from the thermal decomposition of 

Zn(PAO)2.2H2O, was used to catalyze the formation of trans-chalcone from 

benzaldehyde and acetophenone at low temperature.  A very good yield of this product 

was obtained employing a very small quantity of the catalyst. 

Nanocrystalline nickel zinc ferrite, produced from the PAO precursor, 

successfully promoted the selective N-methylation of aniline by dimethyl carbonate 

(DMC) at low temperature, using a very small amount of the catalyst, as described in 

Chapter 5.  The catalyst was also prepared by co-precipitation of metals hydroxide and 

then used as for the same reaction under the same conditions employing either DMC or 

MeOH as a methylating agent.  This helped to realize the effect of the synthetic 

procedure of the catalyst on its catalytic behavior.  In addition, the reaction was 

investigated without catalyst under the same circumstances.  This latter process helped to 

understand the reaction behavior and pathway in the absence of the influence of the 

promoter.    

Cobaltic oxide with nanocryatalline phase, prepared from the pyrolysis of 

Co(PAO)2.2H2O, was the  first oxide used as a catalyst for the allylation of benzene and 

displayed a remarkable activity and selectivity, as described in Chapter 6.  The effect of 

changing the source of the oxide and supporting it on silica was also studied.   

 The removal of highly toxic arsenic from aqueous medium is the subject of 

Chapter 7.  This process took advantage of the high surface area of the iron oxide formed 
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from the thermal decomposition of Fe(PAO)2.2H2O.  The motivation for this 

investigation was previous reports that pointed out the high capacity of nanoparticulate 

iron oxide for the remediation of arsenic.10,-12  In addition, zinc and cobaltic oxides, 

obtained from their corresponding PAO complexes, were also utilized as adsorbents for 

arsenic and their adsorption capacities were compared with that of iron oxide.  To the 

best of our knowledge, cobaltic oxide was used for the first time in such an application. 
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CHAPTER 2 

2. SYNTHESIS OF PYRUVIC ACID OXIME (PAO) METAL COMPLEXES 

2.1. BACKGROUND 

 Thermally unstable pre-ceramic compounds can furnish low temperature routes to 

high surface area, porous, nanocrystalline metals and metal oxides.  Additionally, these 

pre-ceramic materials can be beneficial for the fabrication of metastable phases and 

coating of heat-sensitive substrates.1-4 Among these useful precursor materials are the 

metal complexes of α-oximinocarboxylates, which have two functionalities, the 

carboxylate and oximino moieties that are capable of coordinating to a metal ion center.  

Accordingly, such ligands may bond to a metal center by adopting several binding modes 

such as monodentate carboxylate,5 bidentate carboxylate (O,O-chelate) forming four-

membered metallacycles,6 N,O-chelation forming five-membered metallacycles,6-24 and 

N,O,O-chelate-bridging where the second carboxylate oxygen atom serves as a bridge to 

an adjacent metal ion center.1,6,11,14,15,19,21  These various ligating abilities of α-

oximinocarboxylates to metal ions may lead to the formation of 3-dimensionally 

extended frameworks and/or polymeric materials.1,6-11,14-22  The complexes formed by 

these ligands are also significant from the point of view of preparative inorganic1-24 and 

bioinorganic8-10,12,13,17-20,23-25 chemistry for several reasons.  They are structurally 

comparable with the α-amino acids and related to them as shown explicitly in the 

following equation (adapted from reference 18): 
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These compounds, furthermore, may be theoretically advantageous for 

understanding the concerted effect of the donating groups, the modification in the 

coordinating attributes of α-amino acids upon the replacement of the amino group with 

an oxime, and the establishment of a probable stereoselective reaction based on the 

contribution of coordinated ligands.18  All of these expected benefits of α-

oximinocarboxylate complexes can be realized when recognizing that their parent acids, 

α-oximinocarboxylic acids, are important constituents in a chain relating them to their 

pertinent amines and carboxylic acids,18 as displayed in Figure 2.1: 
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Aminocarboxylic Acids

Dicarboxylic Acids

 
 

Figure  2.1 Oxime-amine-carboxylic acid chain (adapted from reference 18) 
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The α-oximinocarboxylic acids are regarded as diprotic acids because both the 

carboxyl and the oxime hydroxyl groups can be deprotonated by the action of a strong 

base.  The latter group would be deprotonated much easier after the coordination of α-

oximinocarboxylic acid to a metal center, a result of exercising the metal center the role 

of an electron-withdrawing group.7,8,12,11,18,20-22  The acidity of the oxime hydroxyl group 

can be perceived through the π-resonance resulting from conjugation between the 

carboxyl and oxime groups as illustrated in Figure 2.2. 
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Figure  2.2.  π-Resonance structures resulted from the carboxyl-oxime conjugation in 

the α-oximinocarboxylic acids 
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 The side chain, R, of an α-oximinocarboxylic acid has a considerable influence 

on the molecular conformation, and hence on the crystal packing pattern, the solubility, 

and both the thermal stability and behavior of this acid and its salts.9, 11, 14, 26  The adopted 

conformation is also restricted by the rotation hindrance caused by the π-bonding nature 

of the oxime imino group, resulting in the possibility for two different configurations, syn 

(Z) and anti (E), as seen in Figure 2.3.  Depending on the R substituent, some of α-

oximinocarboxylic acids are found only in one configuration while some of them can 

exist in both forms. 

 

N

OH

N

HO

Syn (Z) isomer Anti (E) isomer

COOHR COOHR

 

Figure  2.3.  The two diastereomers of an α-oximinocarboxylic acid 
 
  

α-Oximinocarboxylic acids are subjected to a concerted decarboxylation and 

dehydration to give lower nitriles upon refluxing in aqueous medium, under nitrogen,26 as 

represented in the following dissociation equation: 

 

R
OH

N

O

OH

H2O

   N2
reflux
25 min

C NR + C OO + H
O

H (Eq. 2.2)
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A similar result was obtained when hydrolyzing α-oximinocarboxylic acids in 0.1 M 

aqueous HCl. The α-oximinocarboxylic acids pyrolyze at their melting points with the 

evolution of CO2 gas to give nitriles.26  Ahmad27 also established a simple method for the 

synthesis of nitriles at room temperature from α-oximinocarboxylic acids by treating the 

latter with PhN═C═O or PhN═C═S in dry C6H6 under N2.  The conversion of α-

oximinocarboxylic acids to nitriles by this procedure is almost complete with 

concomitant precipitation of diphenylurea or diphenylthiourea and the evolution of CO2 

and/or COS. Recent investigations of the thermolysis of α-oximinocarboxylic acids also 

confirmed their decomposition to nitriles in two steps.  The first is a loss of CO from the 

α-oximinocarboxylic acid to produce a hydroxamic acid which dehydrates to produce 

nitrile.21  In short, hydrolysis and thermal decomposition of α-oximinocarboxylic acids 

pave the way for the synthesis of functionalized nitriles.26-28 

 α-Oximinocarboxylic acids are also promising selective precipitating agents for 

gravimetric analysis determination of metal analytes.29-33 In addition, α-

oximinocarboxylic acids can be slowly generated in the solution of the latter to afford 

homogeneous precipitates, a process called precipitation from homogeneous solution 

(PFHS).31  Copper(II) ions, for instance, were gravimetrically determined by the action of 

phenylpyruvic acid oxime (PPAO), C6H5CH2C(═NOH)COOH, as a precipitant and  a 

complexing  reagent in a pH range of 1.0-5.5, where acidity was adjusted by HCl or NH3.  

It was found that copper could be either estimated in a weighing form of 

Cu[O2CC(═NOH)CH2C6H5]2, after drying the complex at 110-115oC, or as CuO, after 

firing the precipitate.29-31  Generation of PPAO in situ led to the formation of a 

homogeneous, light blue precipitate and allowed for the gravimetrically quantitative 
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determination of Cu(II) too.31  PPAO also selectively precipitated Cu(II) as a blue 

complex from an H2SO4 medium containing both of Cu(II) and Cd(II) ions in the pH 

range of 1-2.32  In addition, both of copper and zinc in brass were determined 

gravimetrically upon utilizing p-methoxyphenylpyruvic acid oxime as a precipitant and 

by controlling the pH parameter of the solution.33   

 The coordination chemistry of α-oximinocarboxylic acids and the thermal 

decomposition of their metal complexes have not been studied extensively. Only recently 

have they attracted the attention of inorganic chemists to explore their complexation 

ability and properties and to develop promising pre-ceramics for high surface area, 

porous, nanocrystalline metal oxides.1-4,6,7,9-11,13-16,18-21,23,24  In this research project, 

several main group and transition metals complexes based on pyruvic acid oxime 

(HPAO), α-oximinopropionic acid, were prepared, characterized, and pyrolyzed to metal 

oxides for catalysis and environmental applications. 

HPAO and its Complexes 

 HPAO is a white, crystalline, water-soluble solid that exists only in the E 

configuration, as determined  by the single-crystal X-ray diffraction analyses of its 

structure34,35 and the structures of several of its salts such as Ce(PAO)3,1,3 

Ca(PAO)2.H2O,6 K[Cu(HA)A].H2O,8 [Cu(phen)A(H2O)],10 Na(PAO).H2O,14 

Y(PAO)3(DMSO)(H2O).2H2O,15 Ni(PAO)2(MeOH)2.2MeOH,16 trans-[Co(HA)A(Im)2],18 

trans-[Co(HA)A(Py)2],18 Mn4(PAO)8.2H2O,19 Cu(HA)A(Py),20 Ni2(HA)A(Im)5.EtOH,21 

[cinchonidinium][PAO],36 [ephedrinium][PAO],36 and [HPy][PAO].HPAO,37 where HA 

is the monoanionic form of HPAO, A is the dianionic form of HPAO obtained by 

deprotonation of both hydroxyl carboxyl and hydroxyl oximino groups, and phen, Im, 
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and Py refers to 1,10-phenanthroline, imidazole and pyridine ligands, respectively.   

Crystal structure investigations of other complexes of PAO performed in the course of 

this research are in agreement with the results of the preceding structural studies.  

Moreover, the 1H and 13C NMR spectra of HPAO show only one set of signals rather 

than two sets, indicating the existence of one isomer only.14-15 The 13C NMR 

spectroscopy studies of isonitrosoketone,38 aldoximes, and ketoximes39-43 revealed that 

Cα atoms that are syn (cis) with respect to the hydroxyl oximino group are significantly 

shielded when compared with their corresponding shifts in parent α-diketones, 

aldehydes, and ketones.   The 13C chemical shift of the methyl group in HPAO is much 

more upfield than that of the methyl group in pyruvic acid (PA)44 as shown in Table 2.1 

(vide infra).  Consequently, an assignment of anti configuration about the C═N for 

HPAO can be deduced.  Another supportive evidence for the fact that HPAO has only the 

E configuration is that all attempts to prepare the Z isomer failed.45 

 
Table  2.1.  13C {1H} NMR Chemical Shifts (ppm) of PA and HPAO 

 

Compound CH3 C═O C═N COO 

PAa 25.45 193.67 --- 161.37 

HPAOb, c 10.9 (10.2) --- 148.9 (150.16) 166.0 (167.22) 
 

aFrom reference 44. 
bFrom reference 14. 
cValues in parenthesis are from reference 36. 

 
The crystal structure of HPAO showed that the hydroxyl of the carboxylate group 

and the C═N of the oximino group adopt a cisoid conformation.34  Ab initio quantum-

chemical calculations proved that this observed conformation of HPAO is more stable by 
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-7.8712 kJ/mol than the conformation in which the mentioned groups are trans to each 

other.35  Therefore, the structural formula of HPAO is represented schematically as 

follows: 

 

C C

N

C

H

H

H

O O H

H

O

 

Figure  2.4.  The molecular structure of HPAO 
 
 
The structure adopted by HPAO suggests a chelating mode of the PAO- ligand to a metal 

center through the nitrogen atom of the oximino group and the oxygen atom of the 

carboxylate to form a five-membered metallacycles. The structure can also be important 

in explaining the thermal behavior and the mechanism of the decomposition of PAO- 

metal salts. 

 HPAO is a moderately strong acid with a pKa of 3.325,26 (an average of four 

reported pKa values in the literature), making it more acidic than formic acid (pKa = 

3.745).46  This is a result of the inductive effect of the α-oximino group.  However, 

HPAO is a weaker acid than its corresponding α-oxocarboxylic acid, pyruvic acid (pKa = 

2.495),46 suggesting that the α-oxo group is stronger electron-withdrawing group than the 

α-oximino group.  

The PAO- ligand complexes of divalent first-row transition metals (Mn-Zn) were 

first synthesized because of interest in their anticipated bioactivities.19,20,22-25  Their 



 17 

structures were determined and the ligating properties of the PAO- ligand were examined 

on the basis of UV-Visible and infrared spectra, magnetic susceptibility measurements, 

and thermal gravimetric analyses. The results suggested a bidentate chelation of the PAO- 

via the oxime nitrogen atom and the oxygen atom of the deprotonated carboxyl hydroxyl 

group to create a five-membered metallacycles23 as illustratively shown in Figure 2.5.  

This conclusion about the metal complex structure is consistent with the fact that the 

stable structure of HPAO has the oximino moiety and the carboxyl hydroxyl group cis to 

each  other  as  mentioned  earlier.34,35   Complexes  of  PAO-  of  Co(III),18  Cu(II),20  and  

 
O

M

N

O

OH  

Figure  2.5.  The N,O-chelate of PAO- ligand to a metal center 
 
 
Ni (II)21 with nitrogen based ligands such as imidazole and pyridine had their crystal 

structures determined by single-crystal X-ray diffraction, confirming the formation of 

such five-membered metallacycle.  The structure of these compounds consisted of two 

equatorial, coplanar metallacycles where the oximino moieties around the metal were cis 

to each other owing to the formation of a hydrogen bond between the deprotonated oxime 

hydroxyl of PAO2- and the protonated oxime hydroxyl of PAO-.13,15-16 Such a 

configuration is also known for dimethylglyoxime complexes.47-59  Although metal 

oxides were the ultimate products of the thermal dissociation of all the transition metal 

PAO- complexes, the foregoing studies were not aimed at fabrication of low temperature 

metal oxide precursors. Apbett et al.1-4 recently exploited the low temperature pyrolysis 
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properties of PAO- compounds to design effective metal oxide preceramics.  For instance, 

they synthesized a suitable precursor for zirconia that decomposed at 251oC and gave 

ZrO2 at 520oC.  Zirconia, however, was produced directly at 186 oC from Zr (PAO2-)2 in 

which the PAO ligand was double deprotonated.4 Moreover, they were successful in 

preparing anatase titania phase with a nanocrystallite size of 12 nm from the 

decomposition of titania preceramic based on the monoanion of PAO.  On the other hand, 

when a titania ceramic precursor was based on the dianion of PAO, decomposition took 

place at 170oC.2  They additionally found that the PAO- ligand, along with fumarate 

dianion, were very useful for incorporating radioactive waste into Synroc, a crystalline 

titanate based upon BaAl2Ti6O16, CaTiO3, and CaZrTi2O7.3  Furthermore, PAO 

complexes have been demonstrated to be potential precursors for ceramic metal oxide 

catalysts.  Ceria, CeO2, for example, a combustion catalyst, was prepared with a 

relatively high surface area of 44 m2/g and a crystallite size smaller than 2 nm upon firing 

Ce(PAO)3 at 170 oC.1  An oxide-ion conductor containing both cerium and samarium, 

Ce0.8Sm0.2O1.9, was obtained as a dense, amorphous material from the pyrolysis at 163oC 

of Ce4Sm(PAO)15 and as crystalline material upon calcination at 700oC.1  Nickel ferrite, 

NiFe2O4, was formed as a fibrous, amorphous material when pyrolyzing 

NiFe(PAO)6.6H2O at 200oC and as a crystalline material at 300oC.1  The success in the 

preparations of these two binary metal oxides is attributed to the formation of a 

homogeneous solid solution upon the co-precipitation of metal ions by PAO-. This is a 

result of structural isomorphism between Ce(PAO)3 and Sm(PAO)3 in the former case 

and between Ni(PAO)2.2H2O and Fe(PAO)2.2H2O in the latter example.1  Notably, PAO- 

complexes were established as significant low temperature precursors to both of uni- and 
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bimetallic oxides.  The PAO- salts of alkali and alkaline earth metals were also 

investigated by Apblett et al.,6,14 who concluded that all such salts decompose to their 

corresponding carbonates as demonstrated by the mass change in the thermal gravimetric 

traces and X-ray diffraction patterns.  In addition, they were able to determine the 

structure of Ca(PAO)2.H2O,6 Na(PAO).H2O,14 Y(PAO)3(DMSO)(OH2).2H2O,15and 

Ce(PAO)3
1 by the aid of single-crystal X-ray diffraction.  Again, the PAO- ligand 

chelates the metal ion center through the nitrogen atom of the oximino moiety and the 

deprotonated hydroxyl oxygen atom of the carboxyl moiety to form a five-membered 

metallacycle, while the other oxygen atom of the carboxyl group is attached to a 

neighboring metal ion center to form a bridge that leads to an extended network in the 

three dimensions.  The ease of decomposition of these complexes and their 

decomposition temperatures is essentially controlled by three factors, their crystalline 

structure, the binding mode of the PAO- ligand, and the formation of strained five-

membered metallacycles.6,14,15  

 The complexes of PAO- pyrolyze to metal oxides or carbonates, depending upon 

the metal, with evolution of small, volatile, organic byproducts of water, carbon dioxide, 

and acetonitrile.  The gases are produced simultaneously as determined by off-gas 

analysis by TGA/MS.4,7,14,15  The violent outgassing and low decomposition temperatures 

that inhibit sintering, are likely to be the main factors responsible for generation of nano-

crystalline, high surface-area, amorphous ceramic materials. 
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2.2. EXPERIMENTAL                           

Materials 

 Sodium pyruvate [H3CC(O)CO2Na (TCI)], hydroxylamine hydrochloride 

[HONH2.HCl (Fisher Scientific)], sodium carbonate [Na2CO3.H2O (EM Science)], lead 

nitrate crystals [Pb(NO3)2 (EM Science)], basic aluminum acetate [(H3CCO2)2AlOH 

(Aldrich)], Celite 545 (Fisher Scientific), magnesium chloride hexahydrate [MgCl2.6H2O, 

ACS reagent (Spectrum Quality Products, Inc.)], zinc sulfate, 7-hydrate [ZnSO4.7H2O (J. 

T. Baker Chemical Co.)], cadmium nitrate tetrahydrate [Cd(NO3)2.4H2O (Strem 

Chemicals)], mercuric chloride [HgCl2, crystal (Fisher Scientific)],  manganese (II) 

sulfate monohydrate [MnSO4.H2O (Aldrich)], ferrous sulfate [FeSO4.7H2O (Mallinckrodt 

Chemical)], cobaltous acetate [Co(O2CCH3)2.4H2O (Fisher Scientific)], nickelous sulfate 

[NiSO4.6H2O (Merck & Co. Inc.)], curpric nitrate [Cu(NO3)2.2.5H2O (Fisher Scientific)], 

cupric sulfate [CuSO4.5H2O (EM Science)], potassium bicarbonate [KHCO3, ACS 

reagent grade (ICN Biomedical Inc.)], tetramethylammonium hydroxide {[(H3C)4N]OH, 

25% in aqueous solution (Alfa AESAR)}, tetrachloro-1,4-benzoquinone [(p-chloranil) 

(Aldrich)], phenol [C6H5OH (EM Science)], cyclohexylamine [C6H11NH2 (Aldrich)], 1-

hexadecylamine [H3C(CH2)15NH2 98%(Aldrich)], cyclohexane [C6H12, reagent 

grade(Fisher Scientific)], anhydrous ethanol [USP grade (Pharmco)], and 

dimethylglyoxime [H3CC(═NOH)C(═NOH)CH3, ACS reagent (Aldrich)], were 

commercial reagents and used without further purification.  Lead acetate 

[Pb(O2CCH3)2.3H2O (J. T. Baker Chemical Co.)] was refined by recrystallization from 

water containing several drops of glacial acetic acid.  All FeSO4.7H2O solutions were 
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filtered off before use in order to eliminate basic iron (III) sulfate impurities that result 

from the gradual oxidation of iron (II) sulfate.60  The sodium salt of pyruvic acid oxime, 

[Na(PAO).H2O]14 and zinc carbonate [ZnCO3]61 were prepared by literature methods. 

Physical and Analytical Measurements 

 Diffuse reflectance infrared fourier transform (DRIFT) spectra of a ground 

powders diluted with KBr were recorded on a Nicolet Magna 750 FTIR.  Solid-state 

carbon-13 nuclear magnetic resonance (NMR) spectra were recorded on a Chemagnetics 

CMX-II solid-state NMR spectrometer operating at 75.694 MHz with a Chemagnetics 5 

mm double resonance magic-angle spinning probe and were referenced to 

tetramethylsilane (TMS).  The 13C cross-polarization/magnetic-angle spinning (CP/MAS) 

was executed with a quasi-adiabatic sequence62 employing two pulse phase modulation 

(TPPM) proton decoupling.63  The 13C CP contact pulse of either 5 or 12 millisecond 

length was divided into 11 steps of equal length with ascending radio frequency field 

strength, while the 1H contact pulse had constant radio frequency field strength.  From 

1024 to 10,800 scans were acquired with a delay of 1.0 s, 5.0 s, or 20.0 s between scans.  

The MAS sample spinning frequency was 5.0 kHz, 6.0 kHz, or 10.0 kHz and was 

maintained to within a range of ± 5 Hz or less with a Chemagnetics speed controller.  The 

X-ray powder diffraction (XRD) patterns were acquired on a Bruker AXS D8 Advance 

diffractometer using copper Kα radiation.  The molecular structure of some complexes 

prepared in this study were established by single-crystal X-ray crystallography using 

either a Siemens P4 automated four-circle diffractometer outfitted with a PC-486DX 

computer (performed by the late Professor Elizabeth M. Holt) or a Bruker Apex 

diffractometer (performed by Dr. Masood Khan).   The UV-visible spectra of adsorbed 
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titrants dissolved in either acetonitrile or cyclohexane were obtained on a Hewlett-

Packard 8453 diode array spectrophotometer.  Thermogravimetric analyses (TGA) and 

thermal differential analyses (DTA) were performed on a Seiko EXSTAR 6000 TG/DTA 

6200 instrument using between 2 mg and 30 mg sample under a flow of air of 100 

ml/min.  The temperature was ramped from 25 oC to 625 oC at a rate of 1oC/min.  Bulk 

pyrolyses at different temperatures were executed in ambient air in a temperature-

programmable muffle furnace employing a temperature ramp of 1oC/min.  A JEOL JXM 

6400 Scanning Electron Microscope and a JEOL JEM 100 CX II Transmission Electron 

Microscope were used to study the morphology, shape, and size of the particles of 

precursors and their decomposition products. The BET six-point surface area 

measurements were performed on a Quantachrome Nova 1200 instrument by nitrogen 

adsorption at the temperature of liquid nitrogen.  All compounds prepared were vacuum-

dried at room temperature at ~ 30 mm Hg. 

Synthesis 

Precursors for Metal Oxides 

Generally, aqueous solutions of metal sulfates, nitrates, acetates, or chlorides and 

the sodium salt of pyruvic acid oxime were combined in the suitable stoichiometric ratio.  

Complexes of paramagnetic metal ions, such as Mn+2, Fe+2, Co+2, Ni+2, and Cu+2 could 

not be analyzed by solid-state 13C CPMAS NMR analysis due to the failure of NMR to be 

useful for paramagnetic materials. 

Pyruvic Acid Oxime (HPAO) 

 Pyruvic acid oxime was prepared according to the published procedure18 used to 

prepare Na(PAO).H2O, but without adding sodium carbonate to the solution of sodium 

pyruvate and hydroxylamine hydrochloride.  A sample of NaO2CC(O)CH3 (11.004 g, 100 
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mmol) was dissolved in 30 ml of distilled water.  Then HONH2.HCl (6.949 g, 100 mmol) 

was dissolved in 30 ml of distilled H2O in a separate beaker and was immediately added 

to the solution of sodium pyruvate.  This mixture was stirred for around 3 minutes and 

was then placed in refrigerator at 5oC for 2 days.  The HPAO was collected in portions of 

colorless crystals.  The yield of HPAO was 9.84 g (95.53%).  The XRD pattern of HPAO 

showed the presence of sodium chloride.  Thus, HPAO was purified by dissolving it in 2-

propanol to produce pure, colorless crystals of HPAO, free of NaCl, as indicated by 

XRD.  Solid-state 13C CPMAS NMR:  δ (ppm) 11.4 (CH3), 149.0 (C═N), 167.6 (C═O).  

IR   (cm-1) (KBr):  3222(s, br), 3070(s), 2894(s), 2841(m), 2700(w), 2568(m), 2467(w), 

2116(vw), 1986(vw), 1941(vw), 1770(w), 1695(vs), 1654(m), 1465(s), 1420(m), 

1376(w), 1363(w), 1303(m), 1230(vw), 1178(vs), 1043(vs), 989(m), 912(s), 816(s), 

762(m), 705(vs), 530(w), 462(m).   

PAO- Salts of Main Group Elements 

Mg(PAO)2(H2O)3.2H2O 

 A sample of MgCl2.6H2O (10.17 g, 50 mmol) was dissolved in 50 ml of H2O and 

was mixed with a 50-ml, aqueous solution of Na(PAO).H2O (14.3 g, 100 mmol).  The 

reaction mixture was kept at 5oC for 2 days and deposited colorless crystals of 

Mg(PAO)2(H2O)3.2H2O, which were filtered off and dried under vacuum  to yield 13.81 

g (87.1%) of product.  Mg Calcd.:  7.55%.  Found:   7.37%.  Solid-state 13C CPMAS 

NMR:  δ (ppm) 9.5, and 11.5 (CH3), 154.2 (C═N), 170.1 (C═O), 173.2 (C═O). IR (cm-1) 

(KBr):  3477(m, br), 3266(m, br), 3071(m), 2947(w), 2874(m), 2421(vw), 2349(vw), 

2275(vw), 1757(w), 1672(vs), 1623(vs), 1412(s), 1370(s), 1222(s), 1063(s), 1011(w), 

958(vw), 904(vw), 858(m), 778(m), 742(s), 691(w), 570(w), 547(vw), 513(w), 442(vw), 
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429(vw).  Analysis of the pyrolysis product of Mg(PAO)2(H2O)3.2H2O obtained at 600 

oC by XRD revealed a contamination of the MgO with the halite phase of sodium 

chloride.  The existence of the latter side product had a pronounced impact on the thermal 

behavior of Mg(PAO)2(H2O)3.2H2O, as reflected in its TGA trace.  Therefore, the 

magnesium salt of PAO- was prepared using magnesium hydrodxide (0.598 g, 10.0 

mmol) and HPAO (2.04 g, 20 mmol) to avoid the formation of the byproduct of sodium 

chloride.  The powder of magnesium hydroxide was gradually added to 20-ml, aqueous 

solution of HPAO.  The resultant mixture was magnetically stirred until the magnesium 

hydroxide dissolved and a clear, light yellow solution was obtained.  The latter solution 

was filtered off and allowed to evaporate slowly at room temperature to yield nice, 

hexagonal crystals of the desired product, which were separated and dried under vacuum 

to give a yield of 3.035 (95.29%).  The TGA of these crystals is thoroughly different 

from that of contaminated with NaCl.  XRD patterns of the pyrolysis products of these 

crystals at different temperatures have not shown any peaks referred to sodium chloride.   

HOAl(PAO)2.2H2O 

A sample of HOAl(O2CCH3)2 (8.104 g, 50 mmol) was slowly added to a 35-ml, 

aqueous solution of HPAO (10.3 g, 100 mmol).  The reaction mixture was stirred for 13 

days and was then filtered using Celite to give a clear pale yellow solution.  The latter 

stood in a hood until all the water had evaporated to leave a yellow solid.  The solid was 

stirred with acetone (100 ml), producing a white gelatinous precipitate which was filtered 

off using a membrane filter and dried under vacuum to provide a yield of 10.36 g (72.9%) 

of product.  Solid-state 13C CPMAS NMR: δ (ppm) 8.4 (CH3), 152.0 (C═N), 168.9 

(C═O).  IR (cm-1) (KBr):  3382(w, br), 3065(w), 2951(w), 2887(w), 2834(w), 2363(vw), 
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2339(vw), 1684(m), 1653(m), 1602(m), 1541(w), 1456(w), 1368(m), 1225(m), 1184(w), 

1091(w), 1031(w), 884(w), 801(w), 769(w), 730(w), 685(w), 610(w), 487(vw), 460(vw), 

445(vw), 432(vw). 

Pb(PAO)2.2H2O 

 The lead salt of pyruvic acid oxime was obtained as a white precipitate upon 

mixing a 50-ml, aqueous solution of recrystallized Pb(H3CCO2)2.3H2O (3.79 g, 10 mmol) 

with Na(PAO).H2O (2.86 g, 20 mmol) in 50 ml of distilled water.  After stirring the 

mixture overnight, the solid was filtered and dried under vacuum yielding 3.39 g (75.8%) 

of product.  Alternatively, lead nitrate was used as a source of lead instead of lead 

acetate.  A quantity of 0.70 g (78.3%) of Pb(PAO)2.2H2O was obtained from the reaction 

of Pb(NO3)2 (0.662 g, 2 mmol) in 10 ml of distilled water with a 10-ml, aqueous solution 

of Na(PAO).H2O (0.57 g, 4 mmol).  The 13C and IR spectra of Pb(PAO)2.2H2O obtained 

by both routes were identical.  The following data are those of the one obtained from 

acetate route. Solid-state 13C CPMAS NMR:  δ (ppm) 11.4, 12.2, and 13.9 (CH3), 

155.4,159.7 (C═N), 170.1 (COO).  IR (cm-1) (KBr):  3140(s, br), 3055(s), 2923(m), 

2813(s)1660(s), 1619(vs), 1581(vs), 1524(s), 1453(s), 1394(s), 1369(s), 1348(s), 1195(s), 

1035(vs), 991(vw), 859(w),846(m), 792(w), 766(s), 732(vs), 541(m), 485(m), 458(w). 

PAO- Salts of Group 12 Metals 

Zn(PAO)2.2H2O 

 A 100-ml, aqueous solution of ZnSO4.7H2O (14.375 g, 50 mmol) was combined 

with a 100-ml, aqueous solution of Na(PAO).H2O (14.30 g, 100 mmol).  A white 

precipitate of Zn(PAO)2.2H2O resulted upon mixing of the reactants.  The precipitate was 

filtered off and then dried under vacuum overnight to give 15.02 g (98.37%) of product.  
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Zn Calc.:  21.41%.  Found:  21.69%.  Solid-state 13C CPMAS NMR:  δ (ppm) 11.0 

(CH3), 157.6 (C═N), 166.5 (C═O).  IR (cm-1) (KBr):  3214(s, br), 3107(s, br), 2946(s), 

2266(w), 2094(vw), 2041(vw), 1963(vw), 1771(w), 1675(vs), 1653(vs), 1533(m), 

1486(s), 1429(m), 1391(s), 1367(vs), 1219(s), 1054(s), 1026(w, sh), 886(s), 859(s), 

768(s), 707(m), 560(w), 501(s). Crystals of Zn(PAO)2.2H2O were successfully obtained 

upon gradual addition of a 20-ml, aqueous of Na(PAO).H2O (0.143 g, 1.0 mmol) to a 20-

ml, aqueous solution of zinc sulfate, heptahydrate (2.875 g, 10.0 mmol).  The high mole 

ratio of Zn2+ to PAO- liagand (10:1) does not provide the enough stoichiometric of the 

ligand, and hence prevents the precipitation of the zinc complex and permit the slow 

nucleation for the formation of crystals.  Such conditions would lead to the slow 

formation (kinetic control) of mono-PAO intermediate complex [Zn(PAO)(H2O)4]+, 

which in turn exist in very low concentration in the solution (Eq. 2.3a).  The latter 

intermediate complex either exchanges the water ligand with a PAO- ligand (Eq. 2.3b) or 

two complexes of it inter-exchange ligands with each other to produce the desired 

crystalline bis-PAO complex (Eq. 2.3c):  

[Zn(OH2)6]2+ (aq) + PAO- (aq) [Zn(PAO)(OH2)4]+ (aq) + 2H2O (l)

[Zn(OH2)6]2+ (aq)

[Zn(PAO)(OH2)4]+ (aq) + PAO- (aq) [Zn(PAO)2(OH2)2] (aq) + 2H2O (l)

2[Zn(PAO)(OH2)4]+ (aq) [Zn(PAO)2(OH2)2] (aq) +

Eq. 2.3a

Eq. 2.3b

Eq. 2.3c

Cd(PAO)2 

 A solution of Cd(NO3)2.4H2O (6.17 g, 20 mmol) in 20 ml of water was added to a 

solution of Na(PAO).H2O (5.72 g. 40 mmol) in 30 ml of water. This reaction mixture 
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precipitated a white solid of Cd(PAO)2 which, after stirring the mixture overnight, was 

filtered off and dried under vacuum to give 5.86 g (83.10%) of product.  Cd Calc. 

35.52%.  Found:   35.80%.  Solid-state 13C CPMAS NMR:  δ (ppm) 11.4 (CH3), 154.9 

(C═N), 167.5 (C═O). IR   (cm-1) (KBr):  3590(vw), 3336(w), 3209(w), 3058(w), 

2771(m), 2717(m), 2411(w), 2228(w), 2114(vw), 2050(vw), 1952(vw), 1761(w), 

1678(m), 1634(s), 1532(vw), 1495(w), 1417(w), 1371(m), 1362(m), 1220(s), 1204(s), 

1065(vs), 851(s), 766(m), 739(s), 556(m), 513(s), 490(m).  

Hg(PAO)2  

 A white precipitate of Hg(PAO)2 in a yield of 2.419 g (27.45 %) was obtained 

upon combining HgCl2 (5.43 g, 20 mmol) in 100 ml of H2O with a 36-ml, aqueous 

solution of Na(PAO).H2O (5.72 g, 40 mmol).  Solid-state 13C CPMAS NMR:  δ (ppm) 

12.6 (CH3), 158.2 (C═N), 164.0, and 166.4 (C═O).  IR (cm-1) (KBr):  3582(vw), 3213(s), 

2928(m), 1732(vw), 1656(m), 1610(vs), 1472(m), 1379(s), 1280(vw), 1252(vw), 1206(s), 

1073(w), 1011(s), 961(s), 838(s), 782(s), 732(s), 562(vw), 535(w), 512(vw), 469(vw), 

444(m). 

PAO- Salts of Divalent 3d Transition Metals 

Mn4(PAO)8.2H2O 

A sample of Mn4(PAO)8.2H2O was obtained as a white precipitate from the 

reaction of MnSO4.H2O (6.227 g, 25 mmol) in 70 ml of H2O with a 50-ml, aqueous 

solution of Na(PAO).H2O (7.150 g, 50 mmol).  The resultant mixture was stirred 

overnight, and the precipitate was then filtered off and dried in vacuum to yield 3.02 g 

(51.18%) of product.  Mn Calc. 20.50%.  Found:   20.32%.  IR (cm-1) (KBr):  3373(vs), 

3167(vs), 3035(vs), 2843(vs, br), 2406(w), 2231(w), 2114(vw), 2055(vw), 1919(vw), 
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1772(vw), 1667(s), 1633(s), 1423(m), 1370(m), 1219(s), 1069(s), 859(m), 818(m), 

770(m), 746(m), 552(m), 513(m), 428(vw). 

Fe(PAO)2.2H2O 

 A yellow green precipitate of Fe(PAO)2.2H2O in a yield of 5.310 g (95.99%) was 

obtained upon combining FeSO4.7H2O (13.9005 g, 50 mmol) in 100 ml of H2O with a 

70-ml, aqueous solution of Na(PAO).H2O (14.3 g, 100 mmol).  Fe Calc. 18.88%.  Found:   

18.67%.  IR (cm-1) (KBr):  3232(s, br), 3106(s, br), 2947(s), 2875(s), 2830(s), 2389(m), 

2305(m), 2075(vw), 2026(vw),1830(w), 1768(w), 1668(vs), 1650(vs), 1534(m), 1480(s), 

1434(m), 1389(s), 1367(vs), 1217(vs), 1045(s), 889(m), 858(s), 781(s), 768(s, sh), 

694(m), 558(w), 497(m).  

Co(PAO)2.2H2O 

A sample of Co(PAO)2.2H2O was obtained as a light orange precipitate from the 

reaction of Co(O2CCH3)2.4H2O (6.227 g, 25 mmol) in 100 ml of H2O with a 40 ml 

aqueous solution of Na(PAO).H2O (7.150 g, 50 mmol).  The resultant mixture was stirred 

overnight, and the precipitate was then filtered off and dried in vacuum to provide 6.432 

g (86.07%) of product.  Co Calc. 19.71%. Found:  19.21%.  IR (cm-1) (KBr):  3226(s, br), 

3077 (s, br), 2945 (s), 2868(s), 2829(s), 2387(w), 2276(w), 2084(vw), 2031(vw), 

1828(w), 1771(w), 1669(vs), 1651(vs), 1535(m), 1479(s), 1434(m), 1390(s), 1367(vs), 

1269(vw), 1218(vs), 1050(vs), 895(m), 860(s), 778(s), 770(s, sh), 697(m), 565(w), 

502(m). 
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Ni(PAO)2.2H2O 

 A solution of NiSO4.6H2O (7.8807 g, 30 mmol) in 40 ml of water was added to a 

solution of Na(PAO).H2O (8.580 g, 60 mmol) in 50 ml of water.  From this reaction 

mixture, a blue solid Ni(PAO)2.2H2O precipitated, which, after stirring the mixture 

overnight, was filtered off and dried under vacuum  to give 8.49 g (94.75%) of product.  

Ni Calcd. 19.65%.  Found:   19.04%.  IR (cm-1) (KBr):  3210(s, br), 3072(s, br), 2950(s), 

2833(s), 2389(w), 2278(w), 2098(vw), 2039(vw), 1831(w), 1780(w), 1672(vs), 1655(vs), 

1533(m), 1474(s), 1395(s), 1368(vs), 1222(s), 1058(m), 1025(w, sh), 909(m), 863(m), 

782(m), 767(m, sh), 692(w), 568(w), 500(m).  

Cu(PAO)2.2H2O 

 A 100-ml, aqueous solution of CuSO4.5H2O (12.48 g, 50 mmol) was combined 

with a 100-ml, aqueous solution of Na(PAO).H2O (14.30 g, 100 mmol).  A blue 

precipitate of Cu(PAO)2.2H2O resulted upon stirring the mixture of reactants.  The 

precipitate was filtered off and then dried under vacuum overnight to give a yield of 

14.38 g (94.79%) of product.  Suitable crystals of Cu(PAO)2.2H2O for X-ray structure 

determination were obtained by adding solid Cu(PAO)2.2H2O (0.201g, 0.662 mmol) to a 

10 ml, 2.0 M solution of Na(PAO).H2O.  This mixture was filtered off after 1 day to 

calculate the amount of undissolved Cu(PAO)2.2H2O, and hence the amount of dissolved 

complex (0.182 g, 0.6 mmol).  Slow evaporation of the filtrate left behind rectangular, 

pale blue crystals of Cu(PAO)2.2H2O.  Cu Calc. 20.93%.  Found:   21.02%.  IR (cm-1) 

(KBr):  3160(s, br), 2884(m), 2812(m), 1776(vw), 1674(vs), 1632(vs), 1523(vw), 
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1442(m), 1388(m), 1365(s), 1220(s), 1097(s), 1085(s), 1026(vw), 998(w), 865(w), 

761(m), 634(vw), 573(vw), 512(m), 451(vw). 

PAO- Salts of Some Lanthanides 

Ce(PAO)3  

A 7-ml, aqueous solution of CeCl3.7H2O (11.18 g, 30 mmol) was combined with  

a 100-ml, aqueous solution of Na(PAO).H2O (12.87 g, 90 mmol).  A white precipitate of 

Ce(PAO)3 resulted upon stirring the mixture of reactants.  The precipitate was filtered off 

and then dried under vacuum overnight to give 13.35 g (99.75%) of product.    IR (cm-1) 

(KBr):  3286(s, br), 2383(vw), 2264(vw), 2090(vw), 2033(vw), 1909(vw), 1763(vw), 

1686(m),, 1666(m), 1633(m), 1469(w),1414(w), 1371(w), 1216(m), 1058(m), 987(w), 

854(w), 779(w), 735(w), 550(vw), 472(w), 427(vw), 411(vw). 

Pr(PAO)3 

 A 20-ml, aqueous solution of Pr(NO3)3.6H2O (8.709 g, 20 mmol) was combined 

with a 60-ml, aqueous solution of Na(PAO).H2O (8.58 g, 60 mmol).  A light green, 

crystalline precipitate of Pr(PAO)3 resulted after 10 minutes of combining the solutions 

of reactants.  The precipitate was filtered off and then dried under vacuum overnight to 

give 8.84 g (98.88%) of product. Very pretty, light green crystals of the 

praseodymium(III) complex were obtained by the slow evaporation of the filtrate over a 

period of two months.  These crystals were collected to get the crystal structure.  The 

yield of the desired Pr(III) complex becomes 100% upon the summation of the precipitate 

and crystals weights.   Therefore, complexation with an equivalent amount of PAO- 

ligand in aqueous medium furnished a simple, gravimetric determination procedure for 

Pr(III).    IR (cm-1) (KBr):  3439(vs, br), 3348(vs, br), 3197(vs, br), 2892(s), 2608(vw), 
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2363(vw), 2342(vw), 2268(vw), 2092(vw), 2036(vw), 1908(vw), 1852(vw), 1764(w), 

1688(s), 1666(s), 1640(s), 1468(m), 1412(m), 1372(m), 1216(m), 1060(m), 988(w), 

855(w), 779(w), 734(w), 557(w), 478(w), 426(vw), 408(vw).   

PAO2- Salts  

[(H3C)4N]+[Cu(PAO-)(PAO2-)(H2O)]-.H2O 

 A sample of Cu(PAO)2.2H2O (6.071 g, 20 mmol) was gradually added to an 

aqueous solution of  25% wt/wt [(H3C)4N]OH (1.82 g, 20 mmol), diluted by 100 ml of 

H2O.  This mixture was stirred until the Cu(PAO)2.2H2O completely dissolved, resulting 

in a dark, deep blue solution, which gave dark blue, star-like crystals of the desired 

product upon the slow evaporation of the solution at room temperature over a period of 

10 days.  These crystals were filtered off and air dried to provide a yield of 7.408 g of 

product (the extra mass is a result of hydration of the product).  The structure of this 

product was resolved by single-crystal, X-ray crystallography.  IR (cm-1) (KBr):  

3549(w), 3281(w), 3036(m), 2964(w), 2923(w), 2671(vw), 2596(vw), 2527(vw), 

2498(vw), 2365(vw), 2339(vw), 1788(vw), 1722(vw), 1658(m), 1649(m), 1642(m), 

1632(m), 1614(m), 1597(m), 1546(w), 1517(vw), 1490(m), 1389(m), 1376(m), 1342(s), 

1290(w), 1208(s), 1129(m), 1078(w), 1028(vw), 990(w), 952(m), 920(w), 863(w), 

851(w), 765(m), 745(w), 668(vw), 569(vw), 501(w), 454(w), 416(w), 411(w). 

[H3C(H2C)15NH3]+[Fe(PAO-)(PAO2-)]- 

A sample of technical grade (90%) of 1-hexadecylamine (1.16 g, 4.328 mmol) 

was dissolved in 50 ml of methanol. This solution was then filtered through a membrane 

filter.  To this latter filtrate, a sample of solid Fe(PAO)2.2H2O (1.28 g, 4.328 mmol) was 

gradually added over 5 minutes to give a brown suspension that turned to a clear brown 
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solution after twenty minutes.  The resultant solution was left to stir overnight, and then 

the methanol was evaporated using a rotary evaporator to deposit a crystalline, brown 

substance (1.94 g, 89.40%).  IR (cm-1) (KBr): 2920(vs), 2851(vs), 2058(vw), 1765(vw), 

1657(s), 1641(s), 1631(s), 1612(s), 1549(m), 1502(w), 1467(m), 1355(m), 1214(m), 

1116(m), 1023(vw), 955(vw), 865(m), 769(m), 721(w), 587(w), 558(w). 

[H3C(H2C)15NH3]+[Zn(PAO-)(PAO2-)(H2O)]- 

 A sample of technical grade (90%) of 1-hexadecylamine (2.68 g, 10 mmol) was 

dissolved in 100 ml of methanol. This solution was then filtered through a membrane 

filter to eliminate the insoluble impurities. To this latter solution, a sample of solid 

Zn(PAO)2.2H2O (3.0539 g, 10 mmol) was gradually added over 5 minutes. This gave a 

white suspension that turned to a clear solution after stirring for few minutes.  The 

resultant solution was filtered, and then the methanol was evaporated using a rotary 

evaporator to deposit a crystalline, white substance (4.02 g, 78.69%).  IR (cm-1) (KBr):  

3297(m), 3269(m), 2922(s), 2852(s), 2063(vw), 1761(vw), 1632(m), 1617(m), 1582(m), 

1469(m), 1362(m), 1214(m), 1118(m), 1078(m), 1024(m), 979(vw), 905(w), 855(m), 

773(m), 746(m), 726(m), 666(vw), 550(w), 494(w), 438(vw).   

[H3C(H2C)15NH3]+[Ce(PAO-)2(PAO2-)(H2O)]- 

 A sample of 1-hexadecylamine (2.46 g, 10 mmol) was dissolved in 100 ml of 

methanol. This solution was then filtered through filter paper.  Solid Ce(PAO)3 (4.46 g, 

10 mmol) was gradually added to this methanolic solution to give a yellowish suspension 

that turned to a clear yellow solution after twenty minutes.  The resultant solution was left 

to stir for 3 hours, and then the methanol was evaporated using a rotary evaporator to 

deposit a crystalline, yellow substance (6.72 g, 97.04%).  IR (cm-1) (KBr):  3177(m, br), 
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3053(s), 2924(vs), 2853(vs), 2072(vw), 1745(w), 1605(vs, br), 1466(m), 1363(s), 

1209(s), 1046(s), 981(w), 851(m), 776(w), 736(m), 664(vw), 597(vw), 543(w), 474(w). 

X-ray Data Collection and Structure Determinations 

Method 1:  This method describes the technique used by Dr. Elizabeth M. Holt.  

Generally, crystals of suitable dimensions were selected to execute structural 

determinations on the basis of diffraction of monochromatic X-ray beams emitted from a 

molybdenum anode at a wavelength of 0.71073 Å (a weighted average of Kα1 and Kα2).  

A good quality single crystal was mounted on a glass fiber carried on a brass support, 

which was placed in a goniometer head and mounted on a Siemens P4 automated four-

circle diffractometer equipped with a PC-486DX computer.  Unit cell dimensions were 

determined using the centered angles from 25-50 independent strong reflections which 

were refined by least-squares method using automated procedure in XSCANS.64  

Intensity data were collected at 28oC using a variable scan rate, a θ-2θ scan mode and a 

scan range of 0.60 below kα1 and 0.60 above kα2 to a maximum 2θ value (normally 

60.00o).  Backgrounds were measured at the ends of the scan range for a combined time 

equal to the total scan time.  The intensities of three standard reflections were remeasured 

after every 97 reflections to monitor crystal decomposition.65  The raw intensity data 

collected were corrected for Lorentz, polarization, absorption, decomposition, centering 

and background effects (semi-empirical based on ψ scans),66 after which redundant and 

space group forbidden data were removed.  The profile fitting technique for data 

reduction was employed.  Observed reflections [F > 4.0 F(l)] were used to arrive at the 

non-hydrogen atoms positions by direct methods.67-69  Refinement of the scale factor, 

positional and anisotropic thermal parameters for all atoms was carried out using either 
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XLS (refinement on F)70 or SHELXL71 (refinement on F2) to convergence.  Scattering 

factors were taken from the International Tables for Crystallography.72  Hydrogen atoms 

positions were calculated using idealized geometry.  A weighting scheme {w = [σ2(F) + 

abs(g)(F2)]-1} and extinction correction were applied at the last stages of refinement.  

Final refinement led to the agreement factor, R [R = ∑(│Fo│ - │Fc│]/∑[│Fo│)]. 

Method 2:  This method describes the technique used by Dr. Masood Khan. The 

data were collected at a range of 120-173 K on a Bruker Apex diffractometer73 using 

MoKα (λ = 0.71703 Å) radiation. Intensity data which approximately covered the full 

sphere of the reciprocal space were measured as a series of ω oscillation frames each 0.3o 

for 4-15 sec/frame. The detector was operated in 512 x 512 mode and was positioned 

6.12 cm. from the crystal. Coverage of unique data was 97.3-99.3% complete to 52.0o-

55.04o (2θ).  Cell parameters were determined from a non-linear least square fit of 2345- 

6723 reflections in the range of  3.2o < θ < 26.9o. A total of 3375-17502 reflections were 

measured. 

The structure was solved by the direct method using SHELXTL system,74 and 

refined by full-matrix least square on F2 using all reflections. All the non-hydrogen atoms 

were refined anisotropically and were included with idealized parameters.  

Final R1 = 0.013-0.042 was based on 3374-3610 “observed reflections” [I>2σ(I)] 

and WR2 = 0.034-0.111 was based on all reflections (3375-3617 reflections). Thermal 

ellipsoids were drawn at 50% level. 

X-ray Structure Determination of Mg(PAO)2(H2O)3.2H2O 

 Crystals of the titled compound were obtained upon cooling the reaction solution 

to 5oC for a couple of days. A single crystal having the dimensions of 0.2 x 0.2 x 0.2 mm 
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was mounted on the above mentioned diffractometer, and the crystallographic data and 

structure refinement were performed as described previously (vide supra).  The 

crystallographic data and data collection parameters are summarized in Table 2.2. 

 
Table  2.2.  Crystallographic Data for Mg(PAO)2(H2O)3.2H2O 

 
Empirical formula C6H18Mg N2O11 

Color;  Habit Colorless rhombic  
Formula weight 318.5 

Crystal size  0.2 x 0.2 x 0.2 mm 
Crystal system  Triclinic 
Space group P1 

Unit cell dimensions 
  a = 7.696(9) Å         α = 108.88(6)o 
  b = 9.545(10) Å       β = 99.16(6)o 
  c = 10.629(14) Å      γ = 99.72(5)o 

Volume 707.4(14) Å3 
Z, Calculated density 2, 1.495 Mg/m3 

Absorption coefficient (µo) 0.181 mm-1 
F(000) 336 

2θ  Range 3.5-60.0o 
Scan speed Variable;  10.00 to 30.00o/min in ω 

Scan range (ω) 1.20o plus Kα-separation 
Index ranges -10 ≤ h ≤ 1, -12 ≤ k ≤ 12, -14 ≤ l ≤ 14 
Reflections 
Collected 

Independent 
observed 

 
4869 

4031 (Rint = 0.0826) 
3170 [F > 6.0σ(F)] 

Number of parameters refined 182 
Final R indices (observed data) R = 0.0511, wR = 0.0709 

R indices (all data) R = 0.0615, wR = 0.0791 
Goodness-of-fit (GOF) 1.79 

Extinction coefficient (χ) 0.0058(13) 
Largest difference peak and hole 

(∆ρmax, min) 
0.77 and -0.40 eÅ-3 

 

X-ray Structure Determination of Zn(PAO)2.2H2O 

 A sample of ZnSO4.7H2O (2.875 g, 10.0 mmol) was dissolved in 20 ml of 

distilled water.  A 20-ml, aqueous solution of Na(PAO).H2O (0.143 g, 1.0 mmol) was 
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added gradually to the solution of zinc through the beaker’s wall.  Small crystals were 

obtained after one week upon slow evaporation of the solution.  These crystals were 

separated and re-dissolved in 100 ml of distilled water.  Slow evaporation of this mother 

liquor led to the formation of large, twin crystals.  The IR spectrum of these crystals was 

similar to that of the zinc PAO complex precipitate obtained on large scale of 

1Zn2+:2PAO- mole ratio.  A crystal having the dimensions of 0.28 x 0.20 x 0.18 mm was 

mounted on the above mentioned diffractometer, and the crystallographic data and 

structure refinement were performed as described previously.  The crystal data are given 

in Table 2.3. 

 
Table  2.3.  Crystallographic Data for Zn(PAO)2.2H2O 

 
Empirical formula  C6H12N2O8Zn 

Color; Habit Colorless block 
Formula weight 305.55 

Crystal size 0.28 x 0.20 x 0.18 mm 
Crystal system Triclinic 
Space group P-1 

Unit cell dimensions 
a = 4.6920(11) Å  α = 85.643(4)o 
b = 6.4211(16) Å  β = 89.169(4)o 
c = 8.9746(16) Å  γ = 74.847(4)o  

Volume 260.23(10) Å3  
Z, Calculated density 1, 1.950 Mg/m3 

Absorption coefficient (µo) 2.396 mm-1 
F(000) 156 

2θ Range 3.30-27.49o 
Index ranges -6 ≤ h ≤ 6, -8 ≤ k ≤ 8, -11 ≤ l ≤ 11   
Reflections 
Collected 

Independent 
Number of parameters refined 

3371 
3375 (Rint = 0.0000) 

83 

Final R indices [I > 2σ(I)] R1 =0.0420, wR2 = 0.1114 
R indices (all data) R1 =0.0420, wR2 = 0.1114 

Goodness-of-fit (GOF) on F2 1.054 
Largest difference peak and hole       (∆ρmax, min) 0.394 and -0.534 eÅ-3 
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X-ray Structure Determination of Cu(PAO)2.2H2O 

 Saturation of 10 ml, 2 M Na(PAO).H2O solution with Cu(PAO)2.2H2O, followed 

by slow evaporation of the mother liquor, led to the formation of the crystals of 

Cu(PAO)2.2H2O.  A single crystal of appropriate dimensions (0.1 x 0.3 x 0.3 mm) was 

mounted on the diffractometer and its crystallographic data and structure refinement were 

determined as elucidated formerly. Table 2.4 displays the crystal data structure 

refinement of the titled compound.  

 
Table  2.4. Crystallographic Data for Cu(O2CC(═NOH)CH3)2.2H2O 

 
Empirical formula C6H12Cu N2O8 

Color;  Habit Blue plate  
Formula weight 303.7 

Crystal size  0.1 x 0.3 x 0.3 mm 
Crystal system  Triclinic 
Space group P1 

Unit cell dimensions 
  a = 4.907(7) Å         α = 87.71(1)o 
  b = 6.680(11) Å       β = 87.83(1)o 
  c = 8.770(13) Å        γ = 76.11(1)o 

Volume 278.7(9) Å3 
Z, Calculated density 1, 1.810 Mg/m3 

Absorption coefficient (µo) 1.993 mm-1 
Reflections 
Collected 

Independent 
observed 

 
2076 
1572  

1260 [F > 5.0σ(F)] 
Number of parameters refined 80 

 R  0.0590 
Rw  0.0864 

Goodness-of-fit (GOF) 1. 09 
Largest difference peak and hole 

(∆ρmax, min) 
1.00 and -1.42 eÅ-3 
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X-ray Structure Determination of Pr(PAO)3(H2O)2 

 The filtrate of the reaction solution after the removal of the PAO complex of Pr3+ 

precipitate was kept due to its very light green color, indicating the existence of some 

Pr3+ ions.  Slow evaporation of the filtrate over 2 months at room temperature led to the 

formation of very beautiful light green crystals of the titled complex.  The 

crystallographic data of this complex are provided in Table 2.5.  

 
Table  2.5.  Crystallographic Data for Pr(PAO)3(H2O)2 

 
Empirical formula C9H16N3O11Pr 

Color Light green 
Formula weight 483.16 

Crystal size 0.46 x 0.42 x 0.38 mm 
Crystal system Orthorhombic 
Space group Pna2(1) 

Unit cell dimensions 
a = 7.6679(4) Å    α = 90o 
b = 18.3180(9) Å  β = 90o  
c = 11.3777(6) Å   γ = 90o  

Volume 1598.12(14) Å3 
Z, Calculated density 4, 2.008 Mg/m3 

Absorption coefficient (µo) 3.111 mm-1 
F(000) 952 

2θ Range 2.22-27.52o 
Index ranges -9 ≤ h ≤ 9, -23 ≤ k ≤ 23, -14 ≤ l ≤ 14 
Reflections 
Collected 

 
17502 

Independent 3617 (Rint = 0.0204) 
Number of parameters refined 236 

Final R indices [I > 2σ(I)] R1 =0.0128, wR2 = 0.0341 
R indices (all data) R1 =0.0129, wR2 = 0.0341 

Goodness-of-fit (GOF) on F2 1.076 
Extinction coefficient (χ)  0.00796(16) 

Largest difference peak and hole 
(∆ρmax, min) 

0.322 and -0.458 eÅ-3 
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X-ray Structure Determination of [(H3C)4N][Cu(PAO-)(PAO2-)(H2O)].H2O 

Crystals of the title compound were obtained upon slow evaporation of the 

reaction solution at room temperature over a period of 10 days.  The crystal data, data 

collection, and structure refinement were summarized in Table 2.6.  

 
Table  2.6.  Crystallographic Data for [(H3C)4N][Cu(PAO-)(PAO2-)(H2O)].H2O 

 
Empirical formula C10H23Cu N3O8 

Formula weight 376.85 
Crystal size  0.40 x 0.15 x 0.06 mm 

Crystal system  Monoclinic 
Space group P2(1) 

Unit cell dimensions 
  a = 11.0905(7) Å        α = 90o 
  b = 6.6715(4) Å          β = 113.1010(10)o 
  c = 11.5372(7) Å         γ = 90o 

Volume 785.19(8) Å3 
Z, Calculated density 2, 1.594 Mg/m3 

Absorption coefficient (µo) 1.434 mm-1 
F(000) 394 

2θ  Range 1.92-28.31o 
Index ranges -14 ≤ h ≤ 14, -8 ≤ k ≤ 8, -15 ≤ l ≤ 15 
Reflections 
Collected 

Independent 
 

 
7894 

3616 (Rint = 0.0169) 
 

Number of parameters refined 220 
Final R indices [I > 2σ(I)] R1 = 0.0203, wR2 = 0.0542 

R indices (all data) R1 = 0.0205, wR2 = 0.0543 
Goodness-of-fit (GOF) on F2 1.078 

Largest difference peak and hole 
(∆ρmax, min) 

0.353 and -0.248 eÅ-3 
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Pyrolysis 

The metal PAO salts were pyrolyzed in a temperature programmable, muffle 

furnace under ambient air at temperatures that corresponded to completion of 

decomposition steps observed by TGA experiments.  The solid product obtained at every 

thermal decomposition step was characterized by IR and XRD analyses. 

Pyrolysis of PAO- Salts of Main Group Elements 

Drying Mg(PAO)2(H2O)3.2H2O under Vacuum 

 A specimen of 0.9212 g of Mg(PAO)2.5H2O was placed in a preweighed 20-ml, 

vial with cover.  The vial was then placed in a desiccator under vacuum at room 

temperature for 3 nights to yield 0.7065 g (76.69%) of a white product.  The change in 

weight corresponded to the loss of 4 moles of water.  Therefore, the product obtained had 

a molecular formula of Mg(PAO)2.H2O.  IR (cm-1) (KBr):  3363(m), 3205(m), 3075(m), 

2256(vw), 2116(vw), 1932(vw), 1628(vs), 1413(s), 1370(s), 1221(s), 1063(s), 858(m), 

779(m), 743(m), 649(w), 565(w), 517(w), 449(vw). 

Dehydration of Mg(PAO)2(H2O)3.2H2O at 80 oC 

A sample of 0.9780 g of Mg(PAO)2.5H2O was placed in a 250-ml, Erlenmeyer 

flask.  The magnesium salt was then heated in the muffle furnace at 80 oC overnight to 

give a yield of 0.7669 g (78.42%) of a white product.  IR (cm-1) (KBr):  3943(vw), 

3550(m, sharp), 3182(s), 3053(s), 2416(vw), 2299(vw), 2245(vw), 2134(vw), 2058(vw), 

1942(vw), 1788(w), 1672(s), 1645(vs), 1603(vs), 1552(s),1505(s), 1475(s), 1435(vs), 

1413(vs), 1368(s), 1225(s), 1073(s), 1039(s), 998(vw), 856(s), 833(s),814(s), 777(m), 

744(s), 685(w), 525(m), 495(w), 440(vw), 432(vw), 420(vw). 
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Pyrolysis of Mg(PAO)2(H2O)3.2H2O at 175oC 

A sample of 0.8443 g of Mg(PAO)2.5H2O was placed in a 250-ml, Erlenmeyer 

flask.  The magnesium salt was then heated in the muffle furnace at 175oC overnight to 

yield 0.5534 g (65.55%) of a white product.  IR (cm-1) (KBr):  3180(s), 3052(s), 2946(s), 

2868(s), 2844(s), 2416(vw), 2363(vw), 2299(vw), 2222(vw), 2176(vw), 2138(vw), 

2069(vw), 2057(vw), 1965(vw), 1941(vw), 1787(w), 1674(s), 1648(vs), 1603(vs), 

1471(m), 1435(s), 1412(s), 1367(s), 1227(s), 1079(s), 1034(w), 998(vw), 858(m), 

809(m), 748(m), 555(vw), 523(w), 459(vw), 448(vw), 438(vw), 432(vw), 424(vw), 

406(vw). 

Pyrolysis of Mg(PAO)2(H2O)3.2H2O at 220oC 

A sample of 1.0670 g of Mg(PAO)2.5H2O was placed in a 250 ml Erlenmeyer 

flask and  heated to 220 oC in a muffle furnace overnight to yield 0.3022 g ( 28.32%) of a 

white product.  IR (cm-1) (KBr):  3456(m, br), 2427(vw), 2275(vw), 1967(vw), 1769(vw), 

1507(s), 1439(s), 1385(s), 1220(w), 1103(w), 859(m), 780(w), 759(w), 692(w). 

Pyrolysis of Mg(PAO)2(H2O)3.2H2O at 250oC 

A sample of 0.8883 g of Mg(PAO)2.5H2O was placed in a 250-ml, Erlenmeyer 

flask.  The magnesium salt was then heated in the muffle furnace at 250oC overnight to 

yield 0.2343 g (26.38%) of a white product.  IR (cm-1) (KBr):  3554(m, br), 2617(vw), 

2427(vw), 2206(vw), 1961(vw), 1794(vw), 1520(s), 1445(s), 1223(vw), 1104(w), 

1026(vw), 858(w), 781(w), 760(w), 620(w). 

Pyrolysis of Mg(PAO)2(H2O)3.2H2O at 450oC 

A sample of 1.0769 g of Mg(PAO)2.5H2O was placed in a 100-ml, volumetric 

flask.  The magnesium salt was then heated in the muffle furnace at 450oC overnight to 
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yield 0.1402 g (13.02%) of a white product.  IR (cm-1) (KBr):  3613(w, br), 3472(w), 

3600(vw), 2926(vw), 2848(vw), 2207(vw), 1636(vw), 1497(w), 1436(w), 1393(w), 

1070(vw), 1043(vw), 940(vw), 864(vw), 602(m, br). 

Pyrolysis of Mg(PAO)2(H2O)3.2H2O at 500oC 

A sample of 0.9510 g of Mg(PAO)2.5H2O was placed in a 250-ml, Erlenmeyer 

flask.  The magnesium salt was then heated in a muffle furnace at 500 oC overnight to 

yield 0.1367 g (14.37%) of a white product.  IR (cm-1) (KBr):3768(vw, sh), 3719(vw, sh), 

3609(w, br), 3471(w), 3088(vw), 2343(vw), 2210(vw), 1773(vw), 1506(m), 1430(m), 

1380(w), 1252(vw), 1147(vw), 1067(vw), 983(vw), 864(w), 652(s, br). 

Pyrolysis of Mg(PAO)2(H2O)3.2H2O at 600oC 

 A porcelain crucible containing 0.8367 g of Mg(PAO)2.5H2O was placed in a 

muffle furnace and heated to 600 oC overnight to yield 0.1233 g ( 14.74%) of a white 

product.  IR (cm-1) (KBr):  3567(w), 3465(w), 1636(w), 1496(m), 1220(vw), 1148(vw), 

1080(vw), 979(vw), 861(vw), 652(m, br). 

Pyrolysis of Mg(PAO)2(H2O)3.2H2O at 900oC 

A yield of 0.1323 g (13.04%) of a white product was obtained when 1.0147 g of 

Mg(PAO)2.5H2O was heated overnight at 900 oC in a muffle furnace.  IR (cm-1) (KBr):  

3478(vw, br), 3048(vw), 1758(vw), 1685(vw), 1636(vw), 1506(vw), 1437(vw), 

1391(vw), 1372(vw), 1207(vw), 1069(vw), 938(vw), 848(vw), 589(s, br). 

 Pyrolysis of HOAl(PAO)2.2H2O at 100oC 

A sample of 0.2794 g of HOAl(PAO)2.2H2O was taken in a 250-ml Erlenmeyer 

flask and placed in a muffle furnace and heated to 100 oC overnight to yield 0.2350 g ( 

84.12%) of a white product.  IR (cm-1) (KBr):  3365(s, br), 2477(w), 1942(vw), 1669(vs), 
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1439(m), 1363(s), 1228(s), 1145(s), 1086(m), 1029(w), 885(w), 801(w), 772(w), 610(w, 

br), 427(vw), 419(vw), 407(vw), 401(vw).  

Pyrolysis of HOAl(PAO)2.2H2O at 125oC 

A sample of 0.2685 g of HOAl(PAO)2.2H2O was placed in a 250-ml, Erlenmeyer 

flask.  The aluminum salt was then heated in a muffle furnace at 125 oC overnight to give 

0.1974 g (73.25%) of a white product.  IR (cm-1) (KBr):  3400(s, br), 2926(m), 2854(m), 

2450(vw), 2256(vw), 2089(vw), 1940(vw), 1672(s), 1440(m), 1363(s), 1229(m), 

1147(m), 1026(w), 1005(w), 884(w), 800(w), 772(w), 752(w), 635(w, br), 442(vw), 

430(vw), 422(vw), 407(vw). 

Pyrolysis of HOAl(PAO)2.2H2O at 150oC 

 A yield of 0.6433 g (59.78%) of a white product was obtained when 1.0762 g of 

HOAl(PAO)2.2H2O was heated overnight at 150 oC in a muffle furnace.  IR (cm-1) (KBr):  

3461(m, br), 2845(w), 2363(vw), 2337(vw), 2259(vw), 1622(s), 1654(s), 1506(vw), 

1437(w), 1364(m), 1229(m), 1147(m), 1022(vw), 999(vw), 885(w), 801(w), 774(vw). 

Pyrolysis of HOAl(PAO)2.2H2O at 200oC 

A sample of 0.2908 g of HOAl(PAO)2.2H2O was placed in a 250-ml, Erlenmeyer 

flask and heated to 100 oC in a muffle furnace overnight to yield 0.1133 g ( 38.96%) of a 

white product.  IR (cm-1) (KBr):  3508(m, br), 2447(vw, br), 2223(vw), 1883(vw), 

1763(vw), 1653(m), 1603(m), 1449(w), 1394(w), 1229(vw), 1143(vw), 886(m), 866(m), 

726(m), 458(vw), 442(vw), 437(vw), 417(vw). 

Pyrolysis of HOAl(PAO)2.2H2O at 250oC 

 A sample of 0.3372 g of HOAl(PAO)2.2H2O was placed in a 250-ml, Erlenmeyer 

flask.  The aluminum salt was then heated in a muffle furnace at 250oC overnight to give 
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0.1151 g (34.13%) of a white product.  IR (cm-1) (KBr):  3518(m, br), 2503(vw), 

2245(vw), 2035(vw), 1817(vw), 1594(m), 1465(w), 1420(w), 1299(vw), 1141(vw), 

1052(w), 887(m), 868(m), 446(vw), 442(vw), 435(vw), 428(vw), 419(vw), 411(vw), 

403(vw). 

Pyrolysis of HOAl(PAO)2.2H2O at 300oC 

A sample of 1.3759 g of HOAl(PAO)2.2H2O was put in a porcelain crucible and 

calcined at 300 oC in a muffle furnace overnight to yield 1.3991 g (29.00%) of a white 

product.  IR (cm-1) (KBr):  3479(w, br), 2932(vw), 2851(vw), 2418(vw), 1595(w), 

1465(w), 1381(vw), 1300(vw), 1238(vw), 1173(vw), 1053(vw), 838(w, br). 

Pyrolysis of HOAl(PAO)2.2H2O at 450oC 

 A sample of 4.4799 g of HOAl(PAO)2.2H2O was placed in a 250-ml, Erlenmeyer   

flask.  The aluminum salt was then heated in a muffle furnace at 450 oC overnight to give 

1.5838 g (35.35%) of a white product.  IR (cm-1) (KBr):  3511(m, br), 2349(vw), 

2284(vw), 1652(vw), 1540(vw), 1061(w), 869(w, br), 664(w), 408(vw). 

Pyrolysis of HOAl(PAO)2.2H2O at 600oC 

A yield of 2.4028 g (82.77%) of a white product was obtained when 2.9031 g of 

HOAl(PAO)2.2H2O, previously pyrolyzed at 450oC, was heated overnight at 600oC in a 

muffle furnace.  IR (cm-1) (KBr):  3514(m, br), 2351(w), 2363(vw), 2093(vw), 1645(w), 

1540(w), 1291(vw), 1069(w), 890(w), 773(w). 

Pyrolysis of PAO- Salts of Group 12 Metals 

Pyrolysis of Zn(PAO)2.2H2O at 150oC 

 A sample of 0.9963 g of Zn(PAO)2.2H2O was placed in a 250-ml, Erlenmeyer 
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flask.  The zinc salt was then heated in a muffle furnace at 150oC overnight to give 

0.5886 g (59.08%) of light pink product.  Solid-state 13C CPMAS NMR:  δ (ppm) 9.1 and 

20.8 (CH3), 153.4 (C═N), 169.3 (COO).  IR (cm-1) (KBr):  3208(s, br), 3058(s, br), 

2836(s, br), 1792(w), 1618(vs), 1415(m), 1367(s), 1223(s), 1121(m), 1075(s), 994(vw), 

947(vw), 866(m), 772(m), 670(vw), 579(vw), 510(vw), 424(w). 

Pyrolysis of Zn(PAO)2.2H2O at 200oC 

 A sample of 1.4192 g of Zn(PAO)2.2H2O was placed in a 250-ml, Erlenmeyer 

flask and heated to 200 oC in a muffle furnace overnight to yield 0.6325 g ( 44.57%) of a 

white product.  Solid-state 13C CPMAS NMR:  δ (ppm) 10.3 and 22.3 (CH3), 152.2 and 

158.0 (C═N), 171.2 (COO), and 181.7 (C═O).  IR (cm-1) (KBr):  3359(s, br), 1608(vs), 

1437(s), 1365(s), 1224(m), 1127(m), 868(w), 772(w), 675(vw), 550(vw). 

Pyrolysis of Zn(PAO)2.2H2O at 290oC 

 A sample of 2.0098 g of Zn(PAO)2.2H2O was put in a 250-ml, Erlenmeyer flask 

and calcined at 290oC in a muffle furnace overnight to give 0.5378 g (26.76%) of a white 

product.  Solid-state 13C CPMAS NMR:  δ (ppm) 166.9 (COO).  IR (cm-1) (KBr):  

3479(m, br), 2359(vw), 2079(vw), 1912(vw), 1813(vw), 1521(vs), 1362(s), 1250(vw), 

1129(vw), 1065(vw), 890(w), 569(m). 

Pyrolysis of Zn(PAO)2.2H2O at 389oC 

 A yield of 0.2282 g (26.52%) of an off white product was obtained when 0.8605 g 

of Zn(PAO)2.2H2O was heated overnight at 389oC in a muffle furnace. IR (cm-1) (KBr):  

3519(w, br), 1522(w, br), 1348(w), 884(w, br), 527(vs). 
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 Pyrolysis of Cd(PAO)2 at 200oC 

A 100-ml, volumetric flask containing 1.0247 g of Cd(PAO)2 was placed in a 

muffle furnace and heated to 200oC overnight to yield 0.6481 g ( 63.25%) of a pink 

product.  Solid-state 13C CPMAS NMR:  δ (ppm) 13.6 (CH3), 160.5 (C═N), 173.7 

(COO).  IR  (cm-1) (KBr):  3346(m,br), 2968(w), 2796(w), 2575(vw), 2453(vw), 

2241(vw), 2073(vw), 1607(s), 1588(m), 1552(m), 1387(m), 1368(m), 1209(m), 1066(s), 

863(s), 776(s), 755(s), 678(vw), 619(vw), 533(w), 505(vw), 440(vw), 403(vw). 

Pyrolysis of Cd(PAO)2 at 300oC 

A sample of 1.1007 g of Cd(PAO)2 was placed in a 100-ml, volumetric flask.  The 

cadmium salt was then heated in a muffle furnace at 300oC overnight to give 0.3851 g 

(34.99%) of red-brown product.  IR (cm-1) (KBr):  3007(m, vbr), 493(vw).  

Pyrolysis of Cd(PAO)2 at 400oC 

  A sample of 1.9127 g of Cd(PAO)2 was placed in a 100-ml, volumetric flask and 

heated to 400 oC in a muffle furnace overnight to yield 0.6731 g (35.19%) of red-brown 

product.  IR (cm-1) (KBr):  3511(vw), 2479(vw, br), 1483(vw), 1356(vw), 1186(vw), 

1078(vw), 949(vw), 859(vw), 514(vw), 448(vw), 429(vw), 420(vw), 409(vw). 

Pyrolysis of Hg(PAO)2 at 90oC 

 A sample of 1.0534 g of Hg(PAO)2 was put in a 150-ml, Erlenmeyer flask and 

pyrolyzed at 90oC in the muffle furnace overnight to yield 0.9641 g (91.52%) of a white 

product.  Solid-state 13C CPMAS NMR:  δ (ppm) 24.8 (CH3), 178.8 (COO).  IR (cm-1) 

(KBr):  3331(s,), 3211(m), 2991(w), 2927(w), 2465(vw), 2291(vw), 1943(vw), 1668(s), 

1598(s), 1534(s), 1450(m), 1422(m), 1390(m), 1226(w), 1164(vw), 1013(w), 938(vw), 

881(vw), 805(vw), 716(w), 673(vw), 565(w), 455(vw), 414(vw). 
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Pyrolysis of PAO- Salts of Divalent 3d Transition Metals 

Pyrolysis of Mn4(PAO)8.2H2O at 200oC Under N2 

 A sample of 2.00 g of Mn(PAO)2.2H2O was placed in a pressure tube, which was 

then evacuated and filled with ultra high purity N2 gas for 4 hours.  The tube was then 

placed in a cylindrical oven at 200 oC (overnight).  A brown solid resulted from the 

pyrolysis.  This product, along with the tube, was washed with H2CCl2 and then was 

placed in the sonicator for 1 hour.  The H2CCl2 extract (1 x 30 ml) was then analyzed by 

GC/MS, which identified the presence of acetamide.  The brown solid obtained was 

washed with MeOH and then with water.  After drying, the IR and XRD analyses of this 

solid matched the spectrum of MnCO3.  IR (cm-1) (KBr):  3373(vw), 2885(vw), 

2834(vw), 2490(vw), 1796(vw), 1635(vw), 1477(m), 1211(vw), 1075(vw), 968(vw), 

864(w), 725(vw), 614(vw), 513(vw). 

Pyrolysis of Mn4(PAO)8.2H2O at 533oC 

A sample of 0.8219 g of Mn4(PAO)8.2H2O was placed in a 250-ml, Erlenmeyer 

flask.  This PAO salt was then heated in a muffle furnace at 533oC overnight to give 

0.2399 g (29.19%) of a black product.  IR (cm-1) (KBr):  3360(vw), 3036(vw), 2837(vw), 

2338(vw), 1759(vw), 1570(vw), 1325(vw), 975(vw), 674(w), 606(w), 401(vw).  

Pyrolysis of Fe(PAO)2.2H2O at 285oC 

A sample of 1.3461 g of Fe(PAO)2.2H2O was placed in a 100-ml, volumetric 

flask.  This PAO salt was then heated in a muffle furnace at 522oC overnight to give 

0.3707 g (27.54%) of a brown product.  IR (cm-1) (KBr):  3670(m, sharp), 3629(m, 

sharp), 3431(s, br), 2338(m), 2200(vw), 1734(vw), 1653(m), 1559(m), 1506(m), 

1339(m), 754(vs), 617(m), 494(m). 
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Pyrolysis of Fe(PAO)2.2H2O at 463oC 

A sample of 1.1040 g of Fe2(PAO)2.2H2O was placed in a 250-ml, Erlenmeyer 

flask and was heated to 463oC in a muffle furnace overnight to yield 0.2947 g ( 26.93%) 

of a brown product.  IR (cm-1) (KBr):  3736(vw), 3508(vw, br), 3008(vw, br), 2892(vw), 

2342(vw), 1772(vw), 546(s), 474(s). 

Pyrolysis of Co(PAO)2.2H2O at 276oC 

 A sample of 0.8395 g of Co(PAO)2.2H2O was placed in a 250-ml, Erlenmeyer 

flask.  The cobalt salt was then heated in a muffle furnace at 276oC overnight to give 

0.2196 g (26.16%) of a black product.  IR (cm-1) (KBr):  3711(vw, br), 3363(vw), 

3021(vw), 2953(vw), 2886(vw), 2341(vw), 1384(vw), 665(s), 576(s). 

Pyrolysis of Ni(PAO)2.2H2O at 349oC 

A yield of 0.1313 g (25.45%) of a black product was obtained when 0.5160 g of 

Ni(PAO)2.2H2O was heated overnight at 471oC in a muffle furnace.  IR (cm-1) (KBr):  

3558(w), 2924(vw), 2852(vw), 2426(vw), 1940(vw), 1769(vw), 1769(vw), 1718(vw), 

1641(vw), 1506(vw), 1384(m), 1119(vw), 1041(vw), 839(vw), 578(m), 425(vw), 

404(vw). 

Hydrolysis of Cu(PAO)2.2H2O  

A sample of Cu(PAO)2.2H2O (10 g, 32.94 mmol) was mixed with 250 ml of 

distilled water in a 500-ml, round-bottomed flask.  This mixture was refluxed for a month 

to give 2.26 g of light brown, highly crystalline Cu2O, as indicated by the very sharp 

peaks in the X-ray diffraction spectrum.  This result corresponded to 95.89% reduction of 

Cu2+ to Cu1+.  The filtrate was turquoise in color due to the presence of the unreduced 

Cu2+,  which made this filtrate slightly acidic (pH = 5.034) and caused a broad absorption 
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peak in the visible region that had a maximum at 694 nm and absorption of 0.236.  This 

filtrate, after 2 days, precipitated 0.09 g of a well-crystallized, light blue material that was 

identified by XRD to be copper oxalate. 

Pyrolysis of Cu(PAO)2.2H2O at 421oC 

 A sample of 0.4153 g of Cu(PAO)2.2H2O was placed in a 100-ml, volumetric 

flask.  The copper salt was then heated in a muffle furnace at 421 oC overnight to give 

0.1093 g (26.32%) of dark brown product.  IR (cm-1) (KBr):  3040(vw), 2897(vw), 

2827(vw), 2342(vw), 1793(vw), 1653(vw), 1522(vw), 1384(w), 1359(vw), 1179(vw), 

1081(vw), 880(vw), 824(vw), 735(vw), 594(s), 462(m). 

Pyrolysis of PAO2- Salts 

Pyrolysis of [(H3C)4N]+[Cu(PAO-)(PAO2-)(H2O)]-.H2O 

  A sample of 2.6242 g of [(H3C)4N]+[Cu(PAO-)(PAO2-)(H2O)]-.H2O was placed in 

a 250-ml, Erlenmeyer flask.  The copper salt was then heated in a muffle furnace at 314 

oC overnight to give 0.5804 g (22.12%) of a black product.  IR (cm-1) (KBr):  3016(vw), 

2766(vw), 1890(vw), 1521(vw), 1383(vw), 1118(vw), 549(m), 460(w). 

Pyrolysis of [H3C(H2C)15NH3]+[Fe(PAO-)(PAO2-)]- at 574oC 

A sample of 1.5033 g of [H3C(H2C)15NH3]+[Fe(PAO-)(PAO2-)]- was placed in a 

250-ml, Erlenmeyer flask and heated to 574 oC in a muffle furnace overnight to yield 

0.2540 g (16.90%) of red-brown product.  IR (cm-1) (KBr):  3853(vw, sharp), 3438(w, 

br), 3059(vw), 2859(vw), 2339(vw), 1506(vw), 1389(vw), 1247(w), 1155(w), 1037(vw), 

914(vw), 625(s), 481(m), 420(vw). 
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Pyrolysis of [H3C(H2C)15NH3]+[Zn(PAO-)(PAO2-)(H2O)]- at 101oC 

 A sample of 2.0037 g of [H3C(H2C)15NH3]+[Zn(PAO-)(PAO2-)(H2O)]- was placed 

in a 250-ml, Erlenmeyer flask.  This PAO salt was then heated in a muffle furnace at 101 

oC overnight to yield 1.9118 g (95.41%) of white product.  IR (cm-1) (KBr):  3263(m), 

2922(s), 2852(s), 1759(vw), 1629(m), 1582(m), 1468(m), 1362(m), 1214(m), 1114(w), 

1078(m), 1024(w), 980(vw), 905(vw), 855(w), 838(w), 773(m), 745(w), 726(w), 

663(vw), 552(vw), 492(w), 420(vw), 407(vw). 

Sintering of [H3C(H2C)15NH3]+[Zn(PAO-)(PAO2-)(H2O)]- at 140oC 

 A sample of 1.5191 g of [H3C(H2C)15NH3]+[Zn(PAO-)(PAO2-)(H2O)]-, previously 

heated  at 101oC, was placed in a 250-ml, Erlenmeyer flask.  This PAO salt was then 

heated in a muffle furnace at 140 oC overnight to yield 1.1981 g (78.87%) of white, 

glassy product.  IR (cm-1) (KBr):  3255(m), 3144(w), 2921(vs), 2851(vs), 1638(m), 

1468(w), 1354(m), 1211(w), 1114(m), 862(w), 771(m), 721(w), 663(vw), 551(vw), 

503(vw), 419(vw), 406(vw). 

Sintering of [H3C(H2C)15NH3]+[Zn(PAO-)(PAO2-)(H2O)]- at 208oC 

 A sample of 0.8174 g of [H3C(H2C)15NH3]+[Zn(PAO-)(PAO2-)(H2O)]-, previously 

heated  at 140oC, was placed in a 250-ml, Erlenmeyer flask.  This PAO salt was then 

heated in a muffle furnace at 208oC overnight to yield 0.5530 g (67.65%) of dark brown, 

glassy product.  IR (cm-1) (KBr):  3319(w), 2936(m), 2858(m), 2729(w), 2682(w), 

2315(vw), 2216(vw), 2026(vw), 1913(vw), 1714(w), 1468(w), 1351(w), 1242(vw), 

1074(vw), 964(vw), 721(vw), 541(vw), 409(vw). 

Sintering of [H3C(H2C)15NH3]+[Zn(PAO-)(PAO2-)(H2O)]- at 411oC 

A sample of 0.5463 g of [H3C(H2C)15NH3]+[Zn(PAO-)(PAO2-)(H2O)]-, previously 

heated  at 208oC, was placed in a 250-ml, Erlenmeyer flask.  This PAO salt was then 
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heated in a muffle furnace at 411oC overnight to give 0.1672 g (30.61%) of white, 

crystalline product.  IR (cm-1) KBr):  3504(vw, br), 2387(vw), 1520(vw), 1379(vw), 

882(vw), 238(m), 530(m), 442(w), 406(vw). 

Pyrolysis of [H3C(H2C)15NH3]+[Ce(PAO-)2(PAO2-)(H2O)]- at 289oC 

 In a 250-ml, Erlenmeyer flask was placed 3.0077 g of 

[H3C(H2C)15NH3]+[Ce(PAO-)2(PAO2-)(H2O)]- in a muffle furnace and heated to 289 oC 

overnight to yield 0.7614 g (25.32%) of a yellow product.  IR (cm-1) (KBr):  3424(m, br), 

1507(m), 1384(m), 1060(vw), 846(vw), 721(vw), 551(w), 464(w), 406(vw). 

Acidity and Basicity Measurements 

 The acidities and basicities of all metal oxides prepared were determined from 

Langmuir adsorption isotherms of an adsorbate (a titrating agent).75 The equilibrium 

concentration (C) of the adsorbate was determined from the difference in UV absorption 

before and after the adsorption of the titrating agent on the metal oxide (adsorbent).  In 

practice, 10 ml of the titrating agent solution was added to a specific amount of the 

adsorbent in a 20-ml vial.  This mixture was then magnetically stirred overnight.  

Filtering this mixture through a membrane filter, and then measuring the UV absorption 

at the λmax of the adsorbate, gave C, and hence the amount of the titrating agent adsorbed 

per unit mass of investigated adsorbent (X).  The number of acidic or basic sites on the 

surface of the adsorbent expressed in µmol/g is equal to the amount of adsorbate 

adsorbed by the adsorbent in the monolayer (Xm), which, in turn, is equal to the reciprocal 

of the slope of the straight line obtained from the plot of C/X versus C according to 

Langmuir equation:75 

X
C  = 

mX
b  + 

mX
C    (Eq. 2.4) 
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where b is a characteristic constant of the adsorbent under study and is determined 

experimentally. Cyclohexylamine (pKa = 10.64,76 λmax = 226 nm77) dissolved in 

cyclohexane and chloranil (electron affinity = 2.40 eV, λmax = 288 nm)78 dissolved in 

acetonitrile  were used to measure the acidity of the adsorbent.  Phenol (pKb = 4.11,76 

λmax = 271.6 nm77) dissolved in cyclohexane was used to measure the basicity of the 

adsorbent. 

2.3. RESULTS AND DISCUSSION 

 All of the PAO metal salts and complexes were prepared in this investigation by 

ligand exchange process in an aqueous medium at room temperature as shown in the 

following equation: 

 
MXn (aq) + nNaO2CC(=NOH)CH3 (aq) nNaX (aq) + M[O2CC(=NOH)CH3]n

25 oC
(Eq. 2.5)

 

where X = SO4
2-, NO3

-, H3CCOO-, or Cl- exchanges with PAO- to form precipitates with 

most metals and crystals with the others. 

PAO- Salts of Main Group Elements 

 The alkaline earth metal salts of PAO- were synthesized and characterized by 

spectroscopic methods including IR, NMR, and by XRD, which resulted in a different 

pattern for each salt, indicating that each one has its own unique structure.6  These 

structural differences partially influenced the decomposition temperatures.6,14  The 

magnesium PAO- salt structure, illustrated in Figure 2.6, was determined in this 

investigation, and confirmed the preceding conclusion concerning the structural 

variations in that it has a completely different crystalline lattice than that observed for the 

calcium salt.6  The magnesium ion center lies in a pseudo-octahedral environment, i.e. 
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has a coordination number of six, where three coordination sites are occupied by the 

oxygen atoms of three water molecules with bond lengths of 2.075(3), 2.058(3), 2.066(3) 

Å corresponding to Mg(1)—O(21), Mg(1)—O(22), Mg(1)—O(23), respectively (see 

Table 2.7), which are comparable to those found in magnesium acetate tetrahydrate 

[Mg(O2CCH3)2(H2O)4]79 where two water molecules are attached to Mg2+ at a distance of 

2.0577(9) and the other two at a distance of 2.1091(8) Å.  The differences in the Mg—O 

bond lengths for the magnesium complexes is due to the variation in the distortion of the 

octahedron environment of the Mg2+, which in turn is a consequence of the different 

ligands, PAO- and H3CCOO-, the different ligating mode of both ligands, and the 

different natures of the H-bonding in both salts.  The coordination in the magnesium 

sphere of Mg(PAO)2(H2O)3.2H2O is completed by two ligands of PAO-, where one of 

them is monodentate attached through the deprotonated hydroxyl oxygen atom of 

carboxylate moiety, Mg(1)—O(91), having a distance of 2.061(3) Å. This distance is 

close to that found in magnesium acetate tetrahydrate (2.0761(8) Å),79 where the acetate 

is also coordinated to the Mg2+ in a monodentate fashion.  This monodentate PAO- ligand 

shows partial delocalization of the negative charge because of the slight large difference 

(0.026 Å) in the bond length of the two carbon-oxygen bonds of the carboxylate moiety, 

O(91)—C(91) = 1.268(3) Å & O(92)—C(91) = 1.242(2) Å. The longer distance of the 

former bond can be ascribed to the fact that O(91) oxygen atom is bonded to the 

magnesium ion center.  The bond distances of the remaining bonds in the monodentate 

PAO-, C(91)—C(92), C(92)—C(93), C(92)—N(94), and N(94)—O(94), are, respectively, 

1.529(3), 1.486(4), 1.289(3), and 1.416(3) Å.  The other PAO- chelates the magnesium 

center to form a five-membered metallacycle, which is similar to that previously found in 
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the Na(PAO).H2O18 and Ca(PAO)2.H2O6 structures. However, the bond length of the 

magnesium—oximino nitrogen atom contact, Mg(1)—N(4), has a bond distance of 

2.217(3) Å, that is much smaller than those reported for sodium14 and calcium6 

derivatives (2.440(2),14 and 2.503(2)6 Å, respectively).  

   

Figure  2.6. Crystal structure of Mg(PAO)2(H2O)3.2H2O 
 
 

Table  2.7.  Bond Distances (Å) for Mg(PAO)2(H2O)3.2H2O 
 

Mg(1)—O(1) 2.114(3) Mg(1)—N(4) 2.217(3) 

Mg(1)—O(91) 2.061(3) Mg(1)—O(21) 2.075(3) 

Mg(1)—O(22) 2.058(3) Mg(1)—O(23) 2.066(3) 

O(1)—C(1) 1.259(3) O(2)—C(1) 1.264(2) 

C(1)—C(2) 1.524(3) C(2)—C(3) 1.472(4) 

C(2)—N(4) 1.297(2) N(4)—O(4) 1.385(3) 

O(91)—C(91) 1.268(3) O(92)—C(91) 1.242(3) 

C(91)—C(92) 1.529(3) C(92)—C(93) 1.486(4) 

C(92)—N(94) 1.289(3) N(94)—O(94) 1.416(3) 
Numbers in parentheses are estimated standard deviations in the least significant digits. 
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Moreover, the magnesium-oxygen atom of the deprotonated hydroxyl group of 

the carboxyl moiety, Mg(1)—O(1), having a bond length of 2.114(3) Å, is also much 

smaller than those published for both sodium14 and calcium6 derivatives (2.490(2),14 and 

2.513(1)6 Å, respectively).  The smaller bond lengths of M—N and M—O (M = Na, Ca, 

or Mg) observed for the so-formed N,O-chelate five-membered ring in the Mg derivative 

reflect the smaller size of the hexa-coordinated Mg2+
 (0.720 Å)80 in comparison to the 

equal size (1.12 Å)80 of the hepta-coordinated Na1+ and the octa-coordinated Ca2+.  

Moreover, the different coordination environment and number of each metal cation, and 

the different ligating modes adopted by PAO- in each salt play a role.  The carboxyl 

group of the N,O-chelate PAO-  in the magnesium salt has almost equal C—O bond 

lengths, O(1)—C(1) = 1.259(3) Å & O(2)—C(1) = 1.264(2) Å, indicating the full 

delocalization of the negative charge on the carboxylate moiety.  Comparing these bond 

distances with typical C—O (1.36 Å), and C═O (1.23 Å) bond lengths demonstrates that 

carboxylate carbon-oxygen bonds have intermediate distances between the single and 

double carbon-oxygen bond lengths.81  This affirms the deduction of  the complete 

negative charge delocalization.  A similar full delocalization of the negative charge of the 

carboxylate moiety of the N,O-chelate PAO- was also observed earlier in the 

Na(PAO).H2O salt.14,15  The values of the bond lengths for the rest of the bonds in the 

five-membered ring are 1.524(3), 1.472(4), 1.297(2), and 1.385(3) Å for C(1)—C(2), 

C(2)—C(3), C(2)—N(4), and N(4)—O(4), respectively. These are also similar to those 

reported for the PAO- complexes of Na1+ (1.515(2), 1.487(2), 1.281(2), and 1.396(2) Å, 

respectively),14 Ca2+ (1.624(2), 1.487(3), 1.275(2), and 1.392(2) Å, respectively),6 Ni2+ 

(1.50(2), 1.47(2), 1.28(2), and 1.38(1) Å, respectively),21 and Cu2+ (1.49(1), 1.47(1), 
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1.27(1), and 1.360(8) Å, respectively).20  The similarity between each of these bonds 

suggests that the different metal ion centers have only a slight effect on the geometry of 

the N,O-chelated PAO- ligand. 

 The Mg2+ ion center has a distorted octahedral environment due to the N,O-

chelate adopted by one of the PAO- ligand to create a five-membered metallacycle, 

leading to decline of the O(1)—Mg(1)—N(4) angle from 90o to ca. 74.0(1)o (see Table 

2.8), which in turn reflects the rigidity of the O═C—C═N fragments of the PAO- ion.18  

This bite angle of N,O-chelate PAO- is larger than those observed in sodium14 and 

calcium6 derivatives [64.08(5),14 and 62.28(5)o,6 respectively], and similar to that 

observed in Ni2+ related complex [76.8(3)o],21 but smaller than those noticed in the 

relevant Co3+(Im)2,18 Co3+(Py)2,18 and Cu(II)20 complexes [83.46(7),18 82.78(5),18 and 

82.0(2)o,20 respectively].  The metallacycle atoms are almost coplanar, as can be inferred 

from the angles around each corner atom (N(4), C(2), C(1), and O(1)) forming the 

metallacycle.  The angles around the C(91), the carbon atom of the carboxylate moiety of 

the monodentate PAO- have the values of 118.1(2)o, 117.1(2)o, and 124.7(2)o, which 

makes the bonds around the C(91) center almost coplanar.  The bonds around the C(92), 

the carbon atom of the oximino moiety of the monodentate PAO-, are also almost 

coplanar because of the angles of 115.5(2)o, 118.4(2)o, and 126.1(2)o.  As a consequence, 

the carboxylate and oximino moieties of the monodentate PAO- are coplanar.  The other 

angles around the Mg2+ ion center vary from 86.3(1)o to 172.8(1)o reflecting the 

distortion of the octahedral sphere around the magnesium.  
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Table  2.8.  Interbond Angles (o) for Mg(PAO)2(H2O)3.2H2O 
 

O(1)—Mg(1)—N(4) 74.0(1) O(1)—Mg(1)—O(91) 172.8(1) 

N(4)—Mg(1)—O(91) 98.9(1) O(1)—Mg(1)—O(21) 93.8(1) 

N(4)—Mg(1)—O(21) 97.7(1) O(91)—Mg(1)—O(21) 86.3(1) 

O(1)—Mg(1)—O(22) 89.2(1) N(4)—Mg(1)—O(22) 162.8(1) 

O(91)—Mg(1)—O(22) 98.0(1) O(21)—Mg(1)—O(22) 86.5(1) 

O(1)—Mg(1)—O(23) 94.5(1) N(4)—Mg(1)—O(23) 91.4(1) 

O(91)—Mg(1)—O(23) 86.4(1) O(21)—Mg(1)—O(23) 169.1(1) 

O(22)—Mg(1)—O(23) 86.5(1) Mg(1)—O(1)—C(1) 119.6(1) 

O(1)—C(1)—O(2) 124.3(2) O(1)—C(1)—C(2) 116.4(1) 

O(2)—C(1)—C(2) 119.3(2) C(1)—C(2)—C(3) 120.4(1) 

C(1)—C(2)—N(4) 113.8(2) C(3)—C(2)—N(4) 125.7(2) 

Mg(1)—N(4)—C(2) 116.0(1) Mg(1)—N(4)—O(4) 128.2(1) 

C(2)—N(4)—O(4) 115.7(2) Mg(1)—O(91)—C(91) 140.0(2) 

O(91)—C(91)—O(92) 124.7(2) O(91)—C(91)—C(92) 117.1(2) 

O(92)—C(91)—C(92) 118.1(2) C(91)—C(92)—C(93) 118.4(2) 

C(91)—C(92)—N(94) 115.5(2) C(93)—C(92)—N(94) 126.1(2) 

C(92)—N(94)—O(94) 113.8(2)   
Numbers in parentheses are estimated standard deviations in the least significant digits.  

     
The unit cell contains two Mg(PAO)2(H2O)3 complexes connected via two 

intermolecular hydrogen-bonds between the N,O-chelate PAO- carboxylate oxygen atom 

[O(1)].  The latter is attached to a magnesium ion center of one complex molecule, and a 

proton of the water molecule, which is marked by O(22) coordinated to the magnesium 

center on the other complex molecule as illustrated by dashed lines in the following 

Figure 2.7: 
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Figure  2.7.  A view of the unit cell contents of [Mg(PAO)2(H2O)3] complex molecules 

joined by hydrogen bonds, denoted by the dashed lines 
 

As shown in Figure 2.7, there are two ancillary water solvent molecules for each 

complex molecule occupying the available voids in the unit cell, and forming hydrogen 

bonds between the two complex molecules contained within the unit cell.  These water 

molecules also form hydrogen bonds that join the complexes within the unit cell to 

complexes in the adjacent unit cells.  Each complex in the unit cell is also linked to 

another complex in a neighboring unit cell via two hydrogen bonding connections 

between a water molecule ligating to the adjacent magnesium ion center of a complex 

and the monodentate  PAO- carboxylate oxygen atom that is not bonded to the 

magnesium ion center in the other complex molecule in the adjacent unit cell.  The 

resultant of this hydrogen bond is an extended 3-dimensional network, as depicted in 

Figure 2.8. 
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Figure  2.8.  Hydrogen-bonded [Mg(PAO)2(H2O)3.2H2O] units within the unit cell 
and adjacent unit cells.  The dashed lines represent the hydrogen-bonds 

 

Spectroscopic Characterization of PAO- Salts of Main Group Elements 

 Both IR and solid-state 13C NMR spectroscopy techniques were utilized to 

describe the main group element salts of PAO- prepared in this investigation.  The 

important distinguishing IR vibrational frequencies are displayed in Table 2.9.  The bands 

attributable to the vibrational frequencies of C═N and N—O groups were identified on 

the basis of earlier work by Russian scientists20-21 who synthesized HPAO and PPAO 

enriched with the 15N isotope, which caused splitting of the ν(C═N) band at 1660 cm-1 into 

two bands at 1660 cm-1 and 1645 cm-1 in the IR spectra of both α-oximinocarboxylic 

acids.  The ν(N—O) at 1045 cm-1 for HPAO was split into two bands at 1045 cm-1 and 1030 

cm-1, and the ν(N—O) at 1023 cm-1 for PPAO was split into two bands at 1023 cm-1 and 
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1008 cm-1.  A remarkable character of the IR spectra of PAO- salts is that the asymmetric 

stretch of the carboxylate group decreases significantly by 72-76 cm-1 and its symmetric 

  
Table  2.9.  Distinctive IR Vibrational Frequencies (cm-1) of the Salts of Main Group 

Elements of PAO- 
 

Compound ν(C═N) νas(COO) νs(COO) ∆ν(COO)
a ν(N−O) 

HPAOb 1654 
(1652) 

1695 
(1696) 

1420 
(1420) 

275 
(276) 

1043 
(1048) 

Mg(PAO)2(H2O)3.2H2Oc  
1672 

(1674) 
1623 

(1647) 
1370 

(1394) 
253 

(253) 
1063 

(1045) 

HOAl(PAO)2.2H2Od 
1684 

(1692) 
1653 

(1654) 
1368 

(1366) 
285 

(288) 
1091 

(1041) 

Pb(PAO)2.2H2Od 
1660 

(1664) 
1619 

(1619) 
1394 

(1399) 
225 

(220) 
1035 

(1033) 

Na(PAO).H2Ob 1661 1599 1375 224 1008 

Ca(PAO)2.2H2Oc 1675 1617  
1640 

1386  
1418 

231  
222 1038 

a∆ν(COO) = νas(COO) - νs(COO).  bValues in parenthesis are from reference 14 
cValues for Mg(PAO)2.2H2O are from reference 6 
dValues for Al(PAO)3.EtOH and for Pb(OH)(PAO).1.89H2O  are from reference 15 
Vibration stretch by 21-54 cm-1 in comparison to the parent acid, HPAO   
 

 
These observations, which are common for the carboxylates of metals,82 are 

attributed to the deprotonation, delocalization of the negative charge in the carboxylate 

moiety and its coordination to the metal center.  The stretching vibrations of C═N groups 

in these salts, where the metal ion center is bonded to the nitrogen atom of the oximino 

group of PAO-, are comparable to those observed in the protonated form of PAO-,14 

which agrees with the data reported previously for the light alkali metal (Li, Na, and K),14 

alkaline earth metal,6 and the divalent 3d transition metal (Mn, Co, Ni, Cu, Zn) salts of 

PAO-.23  The ν(N—O) stretching frequency increases by 20-48 cm-1 except for the lead 
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derivative in which the corresponding frequency declines slightly by 8 cm-1, as compared 

to that observed for the parent acid, HPAO. The observed increase in the ν(N—O) 

frequency stretch is similar to that observed for the some of the first row transition metal 

PAO- complexes23 but is opposite the trend realized for the alkali14 and the earth alkaline6 

metal derivatives, in which a decrease in this frequency is observed.  The lowering of the 

ν(N—O) frequency stretch observed in the lead compound may be ascribed to the weak 

coordination of the oximino nitrogen atom to the metal ion center, similar what was 

observed for the alkali14 and earth alkaline6 salts.  The existence of IR absorption bands 

in the 820-860 cm-1 region are assigned to the vibrations of water molecules coordinated 

to the metal ion center,23 while the broad bands at higher wave number than 2600 cm-1 

are suggestive of the existence of hydrogen bonds in the crystalline structure23 of these 

compounds in Table 2.9.  Such conclusions regarding the coordinated water molecules to 

the metal ion center and hydrogen bonds on the basis of IR spectra are evidenced by the 

crystal structure of Mg(PAO)2(H2O)3.2H2O (see p. 54). 

 The difference between the asymmetric and symmetric stretching frequencies of 

the carboxylate group, ∆ν(COO), is a function of the coordination modes (monodentate, 

chelate, and bridging) of the carboxylate.83 The monodentate mode usually has the 

highest ∆ν(COO).  For the PAO- ligand, this remains true, the ∆ν(COO) was found to descend 

as follows:7 

monodentate, bridging, chelate

decreasing of ∆ν(COO)  

The monodentate has a ∆ν(COO) > 250 cm-1, the bridging has 225 < ∆ν(COO) < 250, 

and the chelate has a ∆ν(COO) < 200 cm-1.  On this basis, it can be concluded that the PAO- 
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ligand carboxylate group adopts a monodentate configuration in coordination in both of 

its salts of magnesium and aluminum, while it is bridging in the lead compound.  This 

inference, based on the IR spectra, concerning the coordination mode of carboxylate, is 

consistent with the X-ray single crystal structural determination of 

Mg(PAO)2(H2O)3.2H2O (see p. 54), which revealed that the carboxylate groups of both 

of the PAO- ligands are monodentate.  However, one PAO- ligand also chelates to the 

Mg2+ ion center with its oximino nitrogen atom.  The IR spectrum shows only one set of 

asymmetric and symmetric stretches of the carboxylate group (Table 2.9), which may be 

assigned to the N, O-chelate PAO- because they are close to the frequencies observed in 

the calcium6 and sodium14 derivatives with the same type of chelate.  The stretches 

corresponding to the PAO- group, which is only attached to Mg2+ through its carboxylate 

moiety in a monodentate fashion, are not distinguishable in the IR, presumably because 

they lie very close to the bands of the carboxylate of the N, O-chelate PAO-, and hence 

require an IR instrument with a higher resolution to separate these bands.  The νas(COO) 

observed for the aluminum salt is higher than the corresponding frequency observed in 

compounds having N,O-chelate PAO- by 30-54  cm-1, which indicates that the PAO- 

ligand is only attached to Al3+ through the oxygen atom of the deprotonated hydroxyl of 

the carboxylate moiety as also concluded from the ∆ν(COO).  This is, in addition, 

supported by the result obtained by the solid state 13C NMR CPMAS spectroscopy (see p. 

63).  Accordingly, a possible structure of the aluminum compound can be proposed as 

follows in Figure 2.9: 
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Figure  2.9.  A suggested structure of HOAl(PAO)2.2H2O 
 
 

The νas(COO) observed for the lead salt, on the other hand, is similar to those 

observed in sodium14 and calcium6 salts, which implies that the PAO- is coordinated to 

the lead ion center as an N,O-chelate.  The other oxygen of the carboxylate moiety is 

attached to a neighboring lead ion center, serving as a bridge between two Pb2+ ions.  

 The solid state 13C NMR CPMAS spectra are very instructive because the 

chemical shifts are quite sensitive to the local electron density changes in the PAO- 

ligand, resulting from the deprotonation of the HPAO and the coordination mode of PAO- 

to the metal ion center. Moreover, this spectroscopic technique is capable of resolving the 

peaks, owing to the existence of various binding modes of the carboxylate moiety.  The 

chemical shifts for each compound are given in Table 2.10.  The solid-state 13C chemical 

shifts for HPAO are similar to those obtained from liquid 13C{1H} NMR using dimethyl-

d6 sulfoxide as a solvent.  The methyl carbon, which has a chemical shift range from 8.4 

to 13.9 ppm, is slightly influenced by the deprotonation of HPAO and the coordination of 

PAO- to the metal ion center, as indicated by shifting of its signal upfield by 1.9-3.0 ppm 

and downfield by 0.0-2.5 ppm from the corresponding peaks of HPAO (11.4 ppm).  

However, both of the oximino and carboxylate carbons have chemical shifts that are more 

affected by the deprotonation and complexation. The signal of the oximino carbon is 
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shifted downfield by 3.0-10.7 ppm in comparison to that of HPAO resonance at 149.0 

ppm. In contrast, the peak of the carboxylate carbon is shifted downfield by 1.9-6.2 ppm 

with respect to the HPAO resonance at 167.0 ppm.  The 13C NMR CPMAS spectrum of 

Mg(PAO)2(H2O)3.2H2O is in accordance with its X-ray structure determination in that it 

displays two sets of peaks due to the existence of two different ligating PAO- 

carboxylates. 

 
Table  2.10.  Solid-State 13C NMR CPMAS Chemical Shifts (ppm) of the Salts of 

Main Group Elements of PAO- 
 

Compound CH3 C═N COO 

HPAOa 11.4 (10.9) 149.0 (148.9) 167.0 (166.0) 

Mg(PAO)2(H2O)3.2H2O 9.5, and 11.5 154.2 170.1, and173.2 

HOAl(PAO)2.2H2O 8.4 152.0 168.9 

Pb(PAO)2.2H2O 
11.4,12.2, and 

13.9 
155.4, 

and159.7 170.1 

Na(PAO).H2Ob 12.2 153.5 171.7 

Ca(PAO)2.H2Oc 11.4, and 12.1 153.5 168.6, and 171.6 
aValues for HPAO 13C{1H} NMR (DMSO-d6) referenced to TMS in parenthesis are from 
reference 14. 
bFrom reference 14. 
cFrom reference 6. 
 

 
Two peaks at 9.5 ppm and 11.5 ppm are assigned to two methyl carbon atoms 

residing in two different electronic environments.  A set of double peaks are also 

observed for the two carboxylate carbons at 170.1 ppm and 173.2 ppm. However, there is 

only one peak for the oximino carbons at 154.2 ppm.  The signals at 11.5 ppm and 173.2 

ppm may be assigned to the N,O-chelate PAO- due to their similarity to those observed in 
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the sodium14 salt of PAO- (12.2 and 171.7 ppm, respectively) and those noticed in the 

calcium6 derivative (12.1 and 171.6 ppm, respectively).  Hence, the signals at 9.5 ppm 

and 170.1 ppm can be assigned to the monodentate PAO- ligand.  The carbons of the 

oximino groups have their signals unresolved, probably because of their high electronic 

asymmetry and interaction with quadrapolar 14N, which leads to one broad signal.6  The 

13C NMR CPMAS spectrum of HOAl(PAO)2.2H2O consists only of one set of signals 

that indicates the existence of one type of monodentate of PAO- coordinated to the Al3+ 

ion center. The chemical shifts are not similar to those observed for the compounds 

containing the N, O-chelate PAO- ligand type, especially the methyl carbon which has a 

peak shifted upfield from that of the parent acid.  The carboxylate carbon has a chemical 

shift close to that of the free acid.  On the other hand, the chemical shifts of aluminum 

salts are similar to those for the monodentate PAO- carboxylate in the magnesium salt.  

Therefore, it can be inferred that the PAO- carboxylate is monodentate in the aluminum 

salt, suggesting the structure shown in Figure 2.9 (see p. 63).  The 13C NMR CPMAS 

spectrum of Pb(PAO)2.2H2O is complicated compared to the spectrum of the other 

compounds prepared in this investigation.  The spectrum of the lead compound is 

composed of three signals assigned to the methyl carbons, two signals of the oximino 

carbons, and one signal to the carboxylate carbons.  Accordingly, the methyl carbons are 

found in three different electronic environments, and the oximino carbons exist in two 

different electronic environments, while the carboxylate carbons lie in similar electronic 

environment.  The chemical shifts at 12.2 ppm and 155.4 ppm for the methyl and 

oximino carbons, respectively, are close to those observed for the sodium14 and calcium6 
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derivatives.  This may imply that this PAO- is the N, O-chelate type with its second 

carboxylate oxygen bridging adjacent lead ions. 

Thermal Behavior of PAO- Salts of Main Group Elements   

Figure  2.10.  The TGA trace for Mg(PAO)2(H2O)3.2H2O, contaminated with NaCl, 
in dry air with a heating rate of 1 oC/min 

 

Figure 2.10 displays the TGA of Mg(PAO)2(H2O)3.2H2O, contaminated with 

NaCl. The TGA trace is made up of seven steps leading to weight loss.  The first weight 

change step, beginning at around 60oC, corresponds to a loss of four water molecules. 

The same weight loss was observed upon drying the magnesium salt under vacuum for 3 

nights or dehydrating at 80oC.  The IR spectra of the products from both dehydration 

experiments still showed distinctive bands for the PAO- ligand, indicating that the ligand 

was un-decomposed during dehydration.  The second step, with a start at 110oC, is a 

complete dehydration of the salt and the beginning of the destruction of the ligand as 

indicated by the mass loss and the IR analysis of the decomposition product obtained 
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after heating at 175oC.  The successive step has an onset at 200oC and results in 

formation of carbonate as can be inferred from the weight change.  The IR spectra of the 

solid products at 220oC and 250oC are similar to that published for authentic sample of 

magnesium carbonate.84  The formation of magnesium carbonate was also confirmed by 

the evolution of bubbles of CO2 gas when the 250oC decomposition product was treated 

with concentrated HCl.  This observation is in agreement with the previous study of the 

thermal pyrolysis of Mg(PAO)2.2H2O to magnesium carbonate.6  Moreover, it was shown 

that the entire alkali and alkaline earth PAO- derivatives decompose to their 

corresponding carbonates.6,14  The next step in the pyrolysis is the decomposition of the 

magnesium carbonate to give magnesium oxide that starts around 400oC.  The formation 

of magnesium oxide is evidenced by the mass loss and by the IR analysis of the 

decomposition product obtained at 450oC.  The last step in the TGA trace is due to 

calcination of MgO and existence of the halide phase of sodium chloride.  The MgO 

obtained at 500, 600, 700, 800, and 900oC was white, and crystalline, as indicated by 

XRD analysis.  However, the crystalline MgO was contaminated with NaCl, as indicated 

by the XRD pattern of the pyrolysis product obtained at 600oC.  The MgO was found to 

be nanocrystalline, as revealed by XRD measurements of crystallite size.  The MgO 

obtained at 500, 600, and 900 oC had an average crystallite size of 3.8, 6.2, and 90.1 nm, 

respectively, with a maximum of relative frequency of 2.2, 28.7, and 46.9 nm, 

respectively.   

The TGA diagram of pure Mg(PAO)2(H2O)3.2H2O derived from Mg(OH)2 is 

depicted in Figure 2.11.  It can be seen that the TGA trace is composed of three weight-

loss steps.  The first one has an offset at 51oC, corresponding to complete dehydration of 



 68 

the magnesium salt, i.e. a loss of five water molecules as deduced from the percentage of 

mass remained at 113oC.  However, existence of sodium chloride does not allow for this 

whole dehydration of the magnesium salt, but rather only four water molecules are lost as 

explained above. The material obtained upon heating to 113oC was found to be 

crystalline as proved by XRD analysis.  The XRD pattern of this anhydrous material is 

different from that of the starting magnesium PAO- salt, implying a change in the 

crystalline phase upon dehydration.  In addition, the 13C NMR CPMAS of the anhydrous 

phase of magnesium PAO- supported the result from XRD analysis.  The chemical shifts 

are dramatically shifted upfield, comparing to those of the hydrous form of magnesium 

PAO- salt.  Therefore, it can be inferred that dehydration led to a crystalline structure 

which made all the carbons of the PAO- ligand resided in more shielded electronic 

environment.  The methyl carbon atoms are observed at -2.8 and -0.1 ppm, indicating the 

existence of two different methyl side groups of the two PAO- ligands.  The carboxylate 

carbons have a peak at 159.3 ppm.  The signal of the oximino carbons is broad and 

located at 143.4 ppm.  This broadness can be ascribed to the interacation with 

quadrapolar 14N and to their high electronic asymmetry.  

The second step starts around 150oC and it is due to the decomposition of the two 

PAO- ligands to give magnesium carbonate as indicated by the weight% remained at 304 

oC.  The last step is ascribed to the decomposition of magnesium carbonate to yield 

magnesium oxide at 399oC.  XRD analysis of the magnesium oxide obtained at the latter 

temperature revealed the existence of a nanocrystalline phase with an average of 

crystallite size of 2.2 nm and maximum of relative frequency of 1.3 nm. 
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Figure  2.11.  The TGA trace for pure Mg(PAO)2(H2O)3.2H2O in dry air with a 

heating rate of 1 oC/min 
 
 
The thermal behavior of the aluminum PAO- salt differs markedly from that 

exhibited by the magnesium salt.  The aluminum salt does not thermally decompose in 

stepwise fashion, but rather it decomposes in one step (Figure 2.12) to produce 

nanocrystalline, amorphous, aluminum oxide (alumina) at 300oC, as confirmed by XRD 

analysis and a morphology study by SEM (Figure 2.13).  The weight loss of the salt when 

heated to 100oC corresponds to dehydration (see the pyrolysis part of the Experimental 

section of this chapter).  The IR spectrum of the product obtained at this temperature 

indicates the existence of PAO- ligand.   Heat treatments of the salt at 125oC, 150oC, 

200oC, and 250oC cause the decomposition of the PAO- ligand as can be inferred from 

the weight change observed from bulk pyrolysis.  The XRD pattern of the product 
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obtained at 150oC produced a non-crystalline substance.  The product obtained at 450oC 

was alumina as confirmed by the weight loss. The XRD spectrum of the product obtained 

at 400oC consists of very broad peaks, an indication of a nanocrystalline phase, that 

matches alumina with a primitive, orthorhombic (a = 7.934, b = 7.956, and c = 11.711 Å) 

unit cell. 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  2.12.  The TGA trace for HOAl(PAO)2.2H2O in dry air with a heating rate of 
1 oC/min 
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Figure  2.13.  SEM electromicrographs of HOAl(PAO)2.2H2O heated to 300 oC 

 

Surprisingly, heating the aluminum salt to 600oC, led to the formation of an 

alumina phase with cubic unit cell (a transition alumina) and broad peaks, suggesting the 

presence of nanocrystalline material.  On the other hand, corundum alumina phase was 

obtained upon calcinations at 900oC, and the XRD pattern peaks were sharp, implying a 

highly crystalline material (see Figure 2.14). 

Figure  2.14.  The XRD pattern of HOAl(PAO)2.2H2O calcined at 900 oC 
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Textural and Surface Acid-Base Properties of Main Group Element Oxides 

 Table 2.11 summarizes the chemical and textural properties of MgO obtained 

from pyrolysis of Mg(PAO)2(H2O)3.2H2O at 900 oC and compares them to data for MgO 

produced from other sources.77,85  The specific surface area in m2/g is denoted by SBET, 

while both of acidity and basicity are given in units of µmol/g.  Division of the values of 

acidity and basicity by the SBET gives the acidity and basicity per surface area (µmol/ m2).   

 The MgO obtained from the sintering of commercially available Mg(OH)2 source 

has a surface area that is 10 to 11 times as large as those of MgO yielded from the 

calcination of Mg(PAO)2(H2O)3.2H2O and Mg4(OH)2(CO3)3.3H2O.  The latter sources, 

however, gave MgO with comparable surface areas upon pyrolysis. All of the three 

sources, on the other hand, lead to the formation of MgO with predominantly basic 

surfaces.  This is due to the presence of the strong Brønsted and Lewis base oxide-sites.  

Of course, the weakness of the Mg2+ ions as Lewis acids is known.86  The basicity of 

MgO is demonstrated by its ability to  deprotonate water molecules (Eq. 2.6): 

 
+ (Eq. 2.6)MgO H2O Mg(OH)2  

 
The MgO derived from the Mg(OH)2 has the largest number of basic sites per mass unit, 

which is almost 9 and 5 times of those of MgO produced from the PAO and carbonate 

sources, respectively.  The basic carbonate produced MgO with surface basic site 

populations per gram almost twice the amount of PAO-derived MgO.  However, the 

basicity is best compared as a function of surface area.  The MgO derived from the basic 

carbonate has the largest population of surface basic sites, 1.6 to 2 times as large as those 

of MgO from the other two sources.  The number basic sites of the MgO from Mg(PAO)2 
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source is higher than those of the MgO derived from the Mg(OH)2 by around 20%.  The 

variations in these textural and acid-base features for the magnesium oxides produced in 

each case are attributed to chemical differences among the sources and the heat treatment 

that the precursor was subjected to give the final desired oxide. 
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The surface area was measured for the alumina product obtained at different 

calcination temperatures of HOAl(PAO)2.2H2O.  The SBET decreases, as expected, with 

increasing temperature due to sintering of smaller particles to form larger particles or 

agglomerates.  The decline of SBET with the elevation of temperature of calcination is 

almost linear as illustrated in Figure 2.15. 

 
Figure  2.15.  Change of SBET with temperature for calcined HOAl(PAO)2.2H2O 

 
 

PAO- Salts of Group 12 Metals 

 A group 12 metal salts of PAO- were prepared and characterized by spectroscopic 

methods, including IR, NMR, and by XRD analyses. Each salt had a different XRD 

pattern indicating that each had a unique structure (Figure 2.16).  These structural 

differences may partially influence the decomposition temperatures (see below for the 

thermal behavior discussion of these salts).  However, Zn(PAO)2.2H2O has an XRD 

pattern similar to those of Fe, Co, Ni, and Cu derivatives of PAO-, implying that all those 

four complexes are isostructural (see the result and discussion of  PAO- salts of divalent 
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Figure  2.16.  The XRD patterns of (A) Zn(PAO)2.2H2O, (B) Cd(PAO)2, and (C) 
Hg(PAO)2 

 

3d transition metals).  This conclusion regarding the structure of zinc complex on the 

basis of XRD analysis is confirmed by single crystal X-ray determination of its structure.  

The zinc PAO- salt structure is illustrated in Figure 2.17.   

(C) 

(B) 

(A) 
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Figure  2.17. Crystal structure of Zn(PAO)2.2H2O drawn at 50% level 
 

 
The zinc ion center lies in a pseudo-octahedral environment, i.e. is a six-

coordinate, where two coordination sites are occupied by the oxygen atoms of two water 

molecules with bond length of 2.1746(10) Å corresponding to Zn(1)—O(4)A, and 

Zn(1)—O(4) (see Table 2.12), which are comparable to those found in zinc acetate 

dihydrate [Zn(O2CCH3)2(H2O)2] where two water molecules are attached to Zn2+ at a 

distance of 1.987 Å.87  The differences in the Zn—OH2 bond lengths for the zinc 

complexes is due to the variation in the distortion of the octahedron environment of the 

Zn2+, which in turn is a consequence of the different ligands, PAO- and H3CCOO-, the 

different ligating mode of both ligands and the different natures of the H-bonding in both 

salts.  
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Table  2.12.  Bond Distances (Å) for Zn(PAO)2.2H2O 
 

Zn(1)-O(3) 2.0386(11) O(3)-C(3) 1.2745(19) 

Zn(1)-O(3)#1 2.0386(11) O(4)-H(4D) 0.8772 

Zn(1)-N(1)#1 2.1673(13) O(4)-H(4E) 0.8798 

Zn(1)-N(1) 2.1673(13) N(1)-C(2) 1.2790(19) 

Zn(1)-O(4)#1 2.1746(10) C(1)-C(2) 1.483(2) 

Zn(1)-O(4) 2.1746(10) C(1)-H(1A) 0.9800 

O(1)-N(1) 1.3910(15) C(1)-H(1B) 0.9800 

O(1)-H(1) 0.8766 C(1)-H(1C) 0.9800 

O(2)-C(3) 1.2321(18) C(2)-C(3) 1.527(2) 

Numbers in parentheses are estimated standard deviations in the least significant digits. 
Symmetry transformations used to generate equivalent atoms:  #1 -x+1,-y+1,-z+1  
      
 

The coordination in the zinc sphere of Zn(PAO)2(H2O)2 is completed by two 

ligands of PAO-, where both of them chelate the zinc center to form a five-membered 

metallacycle attached through the nitrogen atom, Zn(1)—N(1) and Zn(1)—N(1A), 

having a distance of 2.1673(13) and through the deprotonated hydroxyl oxygen atom of 

carboxylate moiety, Zn(1)—O(3) and Zn(1)—O(3A), having a distance of 2.0386(11) Å.  

These distances are close to that found in zinc acetate dihydrate 2.179(4) and 2.189(5) Å, 

where the acetate is also coordinated to the Zn2+ in a bidentate fashion.87  This bidentate 

PAO- ligand shows partial delocalization of the negative charge because of the slight 

large difference (0.0424 Å) in the bond length of the two carbon-oxygen bonds of the 

carboxylate moiety, O(3)—C(3) = 1.2745(19) Å & O(2)—C(3) = 1.2321(18) Å. The 
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longer distance of the former bond can be ascribed to the fact that O(3) oxygen atom is 

bonded to the zinc ion center. The PAO- chelates the zinc center to form a five-membered 

metallacycle, which is similar to that previously found in the Na(PAO).H2O,14 

Ca(PAO)2.H2O,6 Ce(PAO)3,1,3 and Y(PAO)3(DMSO)(H2O).H2O15 structures. However, 

the bond length of the zinc—oximino nitrogen atom contact, Zn—N, has a bond distance 

of 2.1673(13) Å that is much smaller than those reported for sodium14 and calcium6 

derivatives (2.440(2)14 and 2.503(2)6 Å, respectively). Also, the oxygen atoms of the 

deprotonated hydroxyl groups of the carboxyl moieties, Zn(1)—O(3) and Zn(1)—O(3)A, 

have a bond length of 2.0386(11) Å, which is also much smaller than those published for 

both sodium14 and calcium6 derivatives (2.490(2)14 and 2.513(1)6 Å, respectively).  The 

smaller bond lengths of M—N and M—O (M = Na, Ca, or Zn) observed for the so-

formed N,O-chelate five-membered ring in the Zn derivative reflect the smaller size of 

the hexa-coordinated Zn2+
 (0.740 Å)80 in comparison to the equal size (1.12 Å)80 of the 

hepta-coordinated Na1+ and the octa-coordinated Ca2+.  Moreover, the different 

coordination environment and number of each metal cation and the different ligating 

modes adopted by PAO- in each salt play a role.  The carboxyl group of the N, O-chelate 

PAO- in the zinc salt has C—O bond lengths, O(2)—C(3) = 1.2321(18) Å and O(3)—

C(3) = 1.2745(19) Å.  Comparing these bond distances with typical C—O (1.36 Å), and 

C═O (1.23 Å) bond lengths demonstrates that carboxylate carbon-oxygen bonds have 

intermediate distances between the single and double carbon-oxygen bond lengths.81  The 

values of the bond lengths for the rest of the bonds in the five-membered ring are 

1.483(2),1.527(2), 1.2790(19), and 1.3910(15) Å for C(1)—C(2), C(2)—C(3), C(2)—

N(1), and N(1)—O(1), respectively. These are also similar to those reported for the PAO- 
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complexes of Na1+ (1.487(2), 1.515(2), 1.281(2), and 1.396(2) Å, respectively),14 Ca2+ 

(1.487(3), 1.624(2), 1.275(2), and 1.392(2) Å, respectively),6 Ni2+ (1.47(2), 1.50(2), 

1.28(2), and 1.38(1) Å, respectively),21 and Cu2+ (1.47(1), 1.49(1), 1.27(1), and 1.360(8) 

Å, respectively).20  The similarity between each of these bonds suggests that the different 

metal ion centers have only a slight effect on the geometry of the N,O-chelated PAO- 

ligands. 

 The Zn2+ ion center has a distorted octahedral environment due to the N,O-chelate 

adopted by the PAO- ligands to create a five-membered metallacycle, leading to decline 

of the O(3)—Zn(1)—N(1) and O(3)A—Zn(1)—N(1)A angle from 90o to ca. 77.34(4)o 

(see Table 2.13), which in turn reflects the rigidity of the O═C—C═N fragments of the 

PAO- ion.18  This bite angle of N,O-chelate PAO- is larger than those observed in 

sodium14 and calcium6 derivatives [64.08(5),14 and 62.28(5)o,6 respectively], and similar 

to that observed in Ni2+ related complex [76.8(3)o],21 but smaller than those noticed in the 

relevant Co3+(Im)2,18 Co3+(Py)2,18 and Cu(II)20 complexes [83.46(7),18 82.78(5),18 and 

82.0(2)o,20 respectively].  The metallacycle atoms are almost coplanar, as can be inferred 

from the angles around each corner atom (N(1), C(2), C(3), and O(3) and N(1)A, C(2)A, 

C(3)A, and O(3)A) forming the metallacycle.  The other angles around the Zn2+ ion 

center vary from 88.92(4)o to 180.0o reflecting the distortion of the octahedral sphere 

around the zinc. 
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Table  2.13.  Interbond Angles (o) for Zn(PAO)2.2H2O 
 

O(3)-Zn(1)-O(3)#1 180.0 Zn(1)-O(4)-H(4E) 111.6 

O(3)-Zn(1)-N(1)#1 102.66(4) H(4D)-O(4)-H(4E) 112.3 

O(3)#1-Zn(1)-N(1)#1 77.34(4) C(2)-N(1)-O(1) 114.16(11) 

O(3)-Zn(1)-N(1) 77.34(4) C(2)-N(1)-Zn(1) 114.34(9) 

O(3)#1-Zn(1)-N(1) 102.66(4) O(1)-N(1)-Zn(1) 131.32(9) 

N(1)#1-Zn(1)-N(1) 180.0 C(2)-C(1)-H(1A) 109.5 

O(3)-Zn(1)-O(4)#1 89.95(4) C(2)-C(1)-H(1B) 109.5 

O(3)#1-Zn(1)-O(4)#1 90.05(4) H(1A)-C(1)-H(1B) 109.5 

N(1)#1-Zn(1)-O(4)#1 91.08(4) C(2)-C(1)-H(1C) 109.5 

N(1)-Zn(1)-O(4)#1 88.92(4) H(1A)-C(1)-H(1C) 109.5 

O(3)-Zn(1)-O(4) 90.05(4) H(1B)-C(1)-H(1C) 109.5 

O(3)#1-Zn(1)-O(4) 89.95(4) N(1)-C(2)-C(1) 126.84(13) 

N(1)#1-Zn(1)-O(4) 88.92(4) N(1)-C(2)-C(3) 113.92(12) 

N(1)-Zn(1)-O(4) 91.08(4) C(1)-C(2)-C(3) 119.23(12) 

O(4)#1-Zn(1)-O(4) 180.0 O(2)-C(3)-O(3) 125.75(14) 

N(1)-O(1)-H(1) 107.5 O(2)-C(3)-C(2) 116.97(13) 

C(3)-O(3)-Zn(1) 116.99(9) O(3)-C(3)-C(2) 117.27(12) 

Zn(1)-O(4)-H(4D) 108.8   

Numbers in parentheses are estimated standard deviations in the least significant digits. 
Symmetry transformations used to generate equivalent atoms:  #1 -x+1,-y+1,-z+1 
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The unit cell contains one Zn(PAO)2(H2O)2 complex connected via hydrogen-

bonds to other complexes in the adjacent unit cells (Table 2.14).  The coordinated water 

molecules are involved in this H-bond network.  The water molecules form hydrogen 

bonds between their oxygen atoms and the oxime protons on adjacent complexes and 

complementary bonds between one of the water’s protons and the metal-coordinated 

carboxylate hydroxyl deprotonated oxygen on the adjoining complexes.  The second 

proton of each water molecule forms a hydrogen bond to the uncoordinated carboxylate 

carbonyl oxygen of a metal complex on the adjacent complex so that the zinc complexes 

are linked into sheets along the yz-plane (Figure 2.18). 

 
Table  2.14.  Hydrogen Bonds for Zn(PAO)2.2H2O [Å and o] 

 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

O(1)-H(1)...O(4)#2 0.88 1.81 2.6891(15) 175.6 

O(4)-H(4E)...O(2)#3 0.88 1.73 2.6092(15) 173.8 

O(4)-H(4D)...O(3)#4 0.88 1.82 2.6177(15) 149.7 

Numbers in parentheses are estimated standard deviations in the least significant digits. 
Symmetry transformations used to generate equivalent atoms:  #1 -x+1,-y+1,-z+1     
#2 -x+2,-y+1,-z+1    #3 -x+1,-y,-z+1     #4 x+1,y,z       
 
 
The resultant of this hydrogen-bonding is an extended 3-dimensional network, which can 

account for the sparingly soluble Zn(PAO)2.2H2O. 
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Figure  2.18.  A perspective view of the zinc complex sheet along the yz-plane 
 

Spectroscopic Characterization of PAO- Salts of Group 12 Metals 

 Both IR and solid-state 13C NMR spectroscopic techniques were used to 

characterize the group 12 element salts of PAO- prepared in this work.  The important 

distinctive infrared vibrational frequencies are displayed in Table 2.15.   

   
Table  2.15.  Distinctive IR Vibrational Frequencies (cm-1) of the Salts of Group 12 

Elements of PAO- 
 

Compound ν(C═N) νas(COO) νs(COO) ∆ν(COO) ν(N−O) 

Zn(PAO)2.2H2O 1675  1653  1391  262  1054  

Cd(PAO)2 1678 1634 1371 263 1065 

Hg(PAO)2 1656 1610 1379 231 1073 
1011 
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As seen for the PAO- salts of main group elements, two of the characteristics of 

the IR spectra of the PAO- salts are that the asymmetric vibrational stretch of the 

carboxylate group decreases significantly by 42-85 cm-1 and its symmetric vibration 

stretch by 29-49 cm-1 in comparison to the parent acid, HPAO.  This phenomenon is 

common for the carboxylates of metals and is attributed to the deprotonation and 

delocalization of the negative charge in the carboxylate moiety and its coordination to the 

metal center.82  The stretching vibrations of C═N in these salts are comparable to that 

observed for HPAO in agreement with the data reported previously for the light alkali 

metal (Li, Na, and K),14 alkaline earth metal,6 and the divalent 3d transition metal (Mn, 

Co, Ni, Cu, Zn) salts of PAO-.23  The ν(N—O) stretching frequency increases by 11-30 cm-1 

compared to that observed for the parent acid, HPAO. This increase in the ν(N—O) 

frequency stretch is similar to that observed for some of the first row transition metal 

PAO- complexes23 and is opposite the trend observed for the alkali14 and the alkaline 

earth6 metal derivatives. These showed a decrease in the N—O frequency with respect to 

HPAO.  This difference may be due to much stronger interaction of the nitrogen atom 

with transition metal centers. This would lead to strengthening of the N—O bond through 

inductive effects.  The IR spectrum of the mercury complex shows two bands for ν(N—O), 

indicating the existence of two types of the coordination of the PAO- ligand.  This 

conclusion is consistent with the result of solid-state 13C NMR spectroscopy (vide infra).  

One of these frequencies of ν(N—O) is lower than that seen for HPAO by 32   cm-1.  Such a 

decrease was noticed previously in the alkali,14 alkaline earth,6 and lead salts (see above).  

The existence of IR absorption bands in the 820-860 cm-1 region are attributed to as 

vibrations of water molecules coordinated to the metal ion center,23 while the broad bands 
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at wave numbers higher than 2600 cm-1 are suggestive of the existence of hydrogen 

bonds in these compounds.23  The difference between the asymmetric and symmetric 

stretching frequencies of the carboxylate group, ∆ν(COO) indicates that the coordination 

mode of the carboxylate moiety of the PAO- ligand is monodentate81 in both the zinc and 

cadmium compounds. It may also be concluded that the PAO- is bound to the metal ion 

center through its nitrogen atom of the oximino group to form N, O-chelate five-

membered metallacycles as evidenced from the ν(C═N) in the IR spectra.   

The ∆ν(COO) calculated for the mercuric compound corresponds to a bridging 

carboxylate.81 This conclusion regarding the coordination of the PAO- ligands 

coordinated to the Hg2+ is supported by the similarity between the νas(COO) = 1610 cm-1 

and νs(COO) = 1379 cm-1 for the mercuric salt with those reported for the sodium (1599  

cm-1 and 1375 cm-1, respectively)14 and calcium (1617 cm-1 and 1386 cm-1, respectively)6 

derivatives. These both contain PAO ligands that have carboxylates that bridge two 

adjacent metal ions.  However, the two different N—O stretches suggest that there are 

two different coordination modes for the PAO- ligands, one in which the nitrogen is 

coordinated to the metal and one where it is not. The absorption at 1073 cm-1 can be 

assigned to an N, O chelating PAO while the one at 1011 cm-1 could be due to a non-

chelating O-bonded PAO ligand.  

 The solid-state 13C chemical shifts for each of the group 12 metal salts of PAO- 

are shown in Table 2.16.  The methyl carbon has a chemical shift range from 11.0 to 12.6 

ppm, and is slightly affected by the deprotonation of HPAO and the coordination of PAO- 

to the metal ion center, as indicated by its signal shifted upfield by 0.4 ppm or downfield 

by 1.2 ppm from the corresponding peak of HPAO (11.4 ppm).  The oximino carbons, 
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however, have chemical shifts reflecting considerable influence of deprotonation and 

complexation since the signals for these carbons are downfield shifted by 5.9-9.2 ppm 

relative to the HPAO resonance (149.0 ppm).  The carboxylate carbon peak, 

unexpectedly, was shifted slightly upfield by 0.1-3.6 ppm from the HPAO resonance at 

176.0 ppm. This is opposite the downfield shifting reported for this carbon in the alkali14 

and alkaline earth6 compounds.   The difference probably arises from the influence of the 

d-electrons of the transition metals that can back donate into the π* system of the 

carboxylate.  In terms of purely inductive effects, this would shield the carboxylate 

carbons but there is also likely to be a strong influence of paramagnetic effects.  Notably, 

there is also a monotonic decrease in the chemical shift of the carboxylate as Group 12 is 

descendent. 

  
Table  2.16. Solid-State 13C NMR CPMAS Chemical Shifts (ppm) of the Salts of 

Group 12 Elements of PAO- 
 

Compound CH3 C═N COO 

Zn(PAO)2.2H2O 11.0 157.6 166.5 

Cd(PAO)2 11.4 154.9 167.5 

Hg(PAO)2 12.6 158.2 164.0 and 166.4 

 
 

The 13C NMR CPMAS spectrum of Zn(PAO)2.2H2O consists only of one set of 

signals indicating the existence of one type of monodentate of PAO- coordinated to the 

Zn2+ ion center. The chemical shifts are similar to those observed for the compounds 

containing the N,O-chelate PAO- ligand type in the sodium,14 calcium6 and magnesium 

(this work) salts.  Therefore, it can be inferred that the PAO- forms the N, O-chelate in 
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the zinc salt in agreement with the conclusions drawn from the IR and XRD spectra, and 

structural determination by X-ray single crystal.  The 13C NMR CPMAS spectrum of 

Cd(PAO)2 also displays only one set of signals at positions similar to those observed in 

zinc, sodium,14 calcium,6 and magnesium compounds, and hence the PAO- ligand is 

coordinated to the Cd2+ ion center through its oximino nitrogen atom and the oxygen 

atom of the deprotonated hydroxyl of the carboxylate moiety, a conclusion that is in 

accord with the IR spectral results.  The mercury complex, on the other hand, has two 

peaks for the carboxylate carbon dwelling in two different electronic environments, 

accounting for the existence of two kinds of ligations of PAO- ligand.  The resonance of 

the methyl carbon at 12.6 ppm and that of carboxylate carbon at 166.4 ppm are similar to 

those found in sodium (12.2 and 171.7 ppm, respectively)14 and calcium (12.1 and 171.6 

ppm, respectively).6  Consequently, it can be said that this PAO- ligand in the mercuric 

salts adopts the N,O,O-chelate-bridge mode.  The other carboxylate carbon of the other 

PAO- ligand has a chemical shift at 164 ppm, which is close to those observed in both of 

zinc and cadmium derivatives, and thus it might be ascribed to N, O-chelate mode.  The 

methyl and oximino carbons atoms signals were not resolved in the recorded spectrum 

due to the broadness of their peaks and presumably due to the electronic asymmetry 

resulted from the different modes of coordination of both PAO- ligands to Hg2+ ion 

center. All of these deductions from the 13C NMR CPMAS spectrum regarding the 

structure of Hg(PAO)2 are parallel to those revealed by the IR spectroscopic 

investigation.       
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Thermal Behavior of PAO- Salts of Group 12 Metals 

 

Figure  2.19.  The TGA and DTA traces for Zn(PAO)2.2H2O in dry air with a 
heating rate of 1 oC/min 

 
 

The TGA and DTA investigations of Zn(PAO)2.2H2O are depicted in Figure 2.19.  

As can be seen, the zinc salt decomposes in a stepwise fashion.  The first weight change 

step, beginning at around 80oC, corresponds to an endothermic process of losing the two 

crystallization water molecules. This relatively high temperature of removal of water 

molecules is an indication of the coordination of these water molecules to the Zn2+ ion 

center, as proposed on the basis of IR, NMR, XRD, and X-ray single crystal analyses (see 

above Figure 2.17).  The second step, with a start at 130oC, is a slightly exothermic for 

decarboxylation and a lost of an acetonitrile owing to the decomposition of one of the 

PAO- ligand as indicated by the mass loss.  The following step is extremely exothermic 

and has an onset at 206oC referring to the dissociation of the remaining PAO- ligand to 
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oxide (the major product) and to carbonate (very small amount) by the loss of carbon 

dioxide and acetonitrile molecules, as can be inferred from the weight variation and the 

IR and solid-state 13C CPMAS NMR spectra of the decomposition products at 290 

(Figure 2.20).  The last step is pyrolysis of this carbonate to oxide and sintering of the 

oxide particles.  The formation of zinc oxide as the final product of pyrolysis of the zinc 

PAO- salt is in accord with the preceding study of the thermal decomposition of 

Zn(PAO)2.2H2O.23   

 To gain a deeper insight into the thermolytic behavior of the zinc salt, IR and 

solid-state 13C CPMAS NMR techniques were employed besides the TGA and DTA 

studies.  The solid-state 13C CPMAS NMR instrumentation was demonstrated to be a 

very efficient, informative tool to probe the mechanism of the pyrolysis of this PAO- 

compound and to confirm the results of the TGA experiment.  The solid-state 13C 

CPMAS NMR spectra recorded for the pyrolysis products yielded at 150oC, 200oC, and 

290oC are shown in Figure 2.20.  The spectrum of the product obtained at 150oC still 

displays the distinctive peaks for the PAO- ligand but broader and with less intensities 

than those for the thermally untreated salt.  The observation of two signals for the methyl 

carbon is a sign of the existence of two carbons in two different electronic environments.  

The IR spectrum of this product, in addition, verify the existence of the PAO- ligand 

[νas(COO) = 1618, νs(COO) = 1367, ν(N−O) = 1075 cm-1].  The signals noted in the spectrum 

of the 200oC-pyrolysis product refer to the existence of PAO- ligand (10.3 ppm, 158.0 

ppm, and 171.2 ppm) and of acetamide [H3CC(=O)NH2] at 22.3 ppm for the methyl 

carbon and 181.7 ppm for the amide carbon, which are comparable to those observed for 

an authentic sample in D2O of acetamide (22.11 and 178.06 ppm, respectively).44  
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However, the IR spectrum is difficult to interpret and to predict the existence of these 

species.  The product obtained at a calcination temperature of 290oC displays a small, 

broad peak at 166.9 ppm which matches with that of zinc carbonate synthesized 

according to the procedure reported in the literature.61 The bands seen in IR spectrum of 

the 290oC-product at 1521 cm-1 and 1362 cm-1 can be assigned for the νas(COO) and νs(COO) 

stretches of carbonate anion, respectively, because they are similar to those obtained for 

the synthesized ZnCO3 (1500 cm-1 and 1387 cm-1, respectively).  It seems this carbonate 

is amorphous because it is not detected by the XRD (see Figure 2.21).  The amount of 

material formed at this temperature is very small, lying on the surface of the ZnO, 

because no bubbles of CO2 were noted upon treatment with concentrated HCl. 

 

Figure  2.20. Solid-state 13C CPMAS NMR spectra of Zn(PAO)2.2H2O heated to (A) 
25oC, (B) 150oC, (C) 200oC, and (D) 290oC.  (E) is the spectrum of synthesized 

ZnCO3 
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Figure  2.21.  XRD patterns of Zn(PAO)2.2H2O heated to 150, 200, 290, and 389oC 

  
 
The XRD spectra recorded for the products resulted from the calcinations of 

Zn(PAO)2.2H2O at 150oC, 200 oC, 290oC, and 389oC are shown in Figure 2.21.  Clearly, 

the products obtained at 150 oC (black) and 200 (red) oC are amorphous.  The product 

obtained at 290 oC (blue) has broad peaks which match with those of zincite, ZnO (no 

peaks for zinc carbonate) and are superimposable on those of the product produced at 389 

oC (green) with sharper peaks, implying a zincite phase having larger crystallites than 

those of the 290oC-product.  The crystallite size measurements by XRD also confirms 

that the zincite produced at 290oC has an average crystallite size of 6.2 nm, which is 

much smaller than that of the zincite obtained at 389oC (24.6 nm) as shown in Figure 

2.22.  Moreover, TEM images prove that the particle size is smaller for the ZnO obtained 
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at 290oC in comparison to that of ZnO obtained at 389oC (vide infra Figure 2.23).  

Investigation of the morphology of Zn(PAO)2.2H2O and its pyrolysis products produced 

at various calcination temperatures 150 oC, 200 oC, 290 oC, and 389oC revealed that the 

morphology of the original zinc PAO- complex, rod-like shape was maintained in the 

pyrolysis products.  In contrast, the particle size increased with increasing the 

temperature of calcinations due to sintering of the particles, except those at 150oC had 

smaller particles than those of the Zn(PAO)2.2H2O (Figure 2.24).  The surface area 

measurements are consistent with this increasing trend observed for particle size.  The 

SBET declines with increasing the temperature of pyrolysis, except the SBET of the product 

obtained at 150oC which is higher than that of the starting material, Zn(PAO)2.2H2O and 

represents a maximum of SBET.  The latter may occur because its decomposition starts at 

this point to yield smaller particles than those of Zn(PAO)2.2H2O (Figure 2.25). 
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Figure  2.22.  Crystallite size measurements by XRD of ZnO obtained at 290 oC (left) 

and at 389 oC (right) 
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Figure  2.23.  TEM images of ZnO particles obtained at 290oC (top) and at 389oC 
(bottom) 
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Figure  2.24.  SEM electromicrographs of Zn(PAO)2.2H2O and its pyrolysis products 
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Figure  2.25.  Variation of specific surface area (SBET) with temperature for 
Zn(PAO)2.2H2O 

 
  

The Cd(PAO)2 and Hg(PAO)2 systems have completely different thermal 

behaviors from each other and from that exhibited by Zn(PAO)2.2H2O, which is partially 

attributed to the variation in their own structures.  The cadmium salt does not show a 

dehydration step because it does not contain water molecules of crystallization, but the 

process begins with the decomposition of the  PAO- ligand at 200oC in two steps to give 

highly crystalline cadmia (CdO) upon calcination at 400oC, as indicated by the sharp 

peaks of its XRD pattern (not shown here).  The mercuric compound, on the other hand, 

decomposes gradually over a wide range of temperature to give mercury metal as the 

final product at 300oC. 

  The group 12 metal salts of PAO- have their thermal decomposition temperature 

increased with increasing the ionic radius of the metal ion on going down the group, as 
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illustrated diagrammatically in Figure 2.26.  This observed trend follows the ionic model 

based on lattice enthalpies, predicting that large anion salt becomes more stable and has 

higher decomposition temperature when the ionic radius of the metal ion increases.88  The 

obeying of the group 12 metal salts of PAO- this ionic model, however, is contradictory 

to the deviation of the thermal behavior of both of alkali14 and alkaline earth6 derivatives 

from this model.  In addition, comparing the thermal decomposition temperature of each 

compound in the group 12 with those of compounds of the alkali and alkaline earths in   
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Figure  2.26.  Decomposition temperature in oC of the divalent group 12 metal 2-
hydroxyiminpropanoates as a function of the metal ion radius 

 

the same period shows that decomposition temperatures increase with decreasing the 

metal ion radius in the same period, except the metals of the fourth period which show a 

maximum with calcium compound as seen in Figure 2.27.  This trend of increasing the 

decomposition temperature on going from left to right in both periods 4 and 5 contradicts 

the ionic model notion which forecasts that the highly charged cation lowers the 

decomposition temperature of the salt of the large anion.88       
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Figure  2.27.  Decomposition temperatures versus the ionic radius of PAO- 

complexes of metals of periods (A) 4, (B) 5, and (C) 6 
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Thus, decreasing the decomposition temperature on going from calcium to zinc is 

consistent with the ionic model, while increasing the decomposition temperature on going 

from potassium to calcium is contrary to it.  (All of the ionic radii in Figures 2.26 and 

2.27 are taken for the metal ion with coordination number 6 from reference 80). 

Textural and Surface Acid-Base Properties of Group 12 Metal Oxides 

  Table 2.17 summarizes the chemical and textural properties of ZnO obtained from 

pyrolysis of Zn(PAO)2.2H2O at 389oC and compares them to data published in the 

literature.75  The acidity and basicity are expressed in µmol/g and µmol/ m2 units. The 

ZnO obtained from the sintering of the Zn(PAO)2.2H2O source has almost SBET 19 times 

as large as that of ZnO obtained from the calcination of a commercially available 

Zn(OH)2 source. The ZnO derived from the first source has larger number of basic sites 

per mass unit, which is almost 14 times of those of ZnO produced from the second 

source.  The basicity as function of the surface area, however, differs markedly from the 

trend exhibited by the basicity per mass unit.  The ZnO derived from the second source 

has a population of surface basic sites which is 23.5% more than those of the ZnO 

derived from the first source.  The ZnO originating from the second source is not acidic 

at all and is extremely basic, while the one derived from the first source is highly acidic 

in that its acidity exceeds its basicity by almost 61% per gram and/or per square meter.  

The variations in these textural and acid-base features for the zinc oxides produced in 

each case are undoubtedly ascribed to the differences among sources and their fabrication 

methods and to the heat treatment that the precursor was subjected to to give the final 

desired oxide. 
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PAO- Salts of Divalent 3d Transition Metals 

 The complexes of PAO- were synthesized and characterized by IR and by XRD 

which showed that not only the cobalt, nickel, copper, and zinc complexes were 

isostructural as previously claimed by Skopenko et al.,23 but also that the iron complex 

had the same structure of these complexes as confirmed through our investigation (Figure 

2.28).  The manganese complex gave a completely different XRD pattern which agreed 

with the prediction of Skopenko et al.23 in that manganese compound was not 

isostructural to the Co2+, Ni2+, Cu2+, and Zn2+ derivatives which was confirmed later by 

the crystal structure determination of the manganese complex.19  The latter was totally 

different from the structure determined by single crystal X-ray crystallography for Cu 

complex in this work (Figure 2.29).7  The copper complex of PAO- has a pseudo-

octahedral cupric ion center ligated to two molecules of water trans to each other and 

chelated to PAO- ligands adopting the N,O-chelate mode, whereas the oximino moieties 

lie trans to each other around the Cu2+ ion center, and all the non-hydrogen atoms of 

these PAO- ligands are coplanar.  Accordingly, the copper complex belongs to the point 

group of D2h.  The arrangement of the PAO- ligands in Cu(PAO)2.2H2O is contrary to the 

cis arrangement noted for the oximino moieties in the potassium8 and the pyridinium20 

copper salts containing PAO- and PAO2- ligands, K+[CuII(PAO)2]- and 

[HPy]+[CuII(PAO)2]-, coordinated to the Cu2+ center in square planar geometry.  This cis 

arrangement is also a result of the hydrogen-bond bridging of the oximino hydroxyl 

group of PAO- and its  deprotonated analogous of PAO2-, where the hydrogen atom is 

located in the middle between the two oxygen atoms of the oximino groups to endow a 

high symmetry to the anion [CuII(PAO)2]-.8,20  
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Figure  2.28.  XRD patterns of (A) Mn4(PAO)8.2H2O, (B) Fe(PAO)2.2H2O, (C) 
Co(PAO)2.2H2O, (D) Ni(PAO)2.2H2O, (E) Cu(PAO)2.2H2O, (F) Zn(PAO)2.2H2O 
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Figure  2.29.  Crystal structure of Cu(PAO)2.2H2O 

 
 
The bond lengths and angles for the Cu(PAO)2.2H2O complex are summarized in 

Table 2.18 and Table 2.19.  Comparing the Cu—N distance in the Cu(PAO)2.2H2O 

complex with its analogs found in the K+[CuII(PAO)2]- salt8 and in the [HPy]+ 

[CuII(PAO)2]- salt20 shows that the Cu—N bond in the former compound [2.044(5) Å] is 

longer than those in the potassium and pyridinium salts [1.942,8 1.925 Å,20 respectively], 

which may account for the greater negative charge on the nitrogen atom in the latter salts 

because of the removal of a proton from the oxime and the square planar geometry of the 

deprotonated salt. Moreover, the Cu—N bonds in the K+[CuII(PAO)2]- and 

[HPy]+[CuII(PAO)2]- salts are very comparable to that found in a prototypical, square 

planar, copper dimethylglyoximate (1.93-1.96 Å).56  The effect of deprotonation of the 

PAO- ligand to form a PAO2- ligand does not only reduce the Cu—N bond length, but 

also results in decreasing of the N—O and the C═N distances.  The N—O bond 
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decreases from 1.393(6) Å in Cu(PAO)2.2H2O to an average of 1.355(3) Å8 and 1.353(8) 

Å20, respectively, in the potassium and pyridinium copper salts, while the C═N bond 

contracts from 1.301(7) Å to an average of 1.28(3) Å8 and 1.28(1) Å,20 respectively.  The 

carboxylate O—Cu contacts for Cu(PAO)2.2H2O, K+[CuII(PAO)2]-, and [HPy]+ 

[CuII(PAO)2]- are identical within experimental error and fall within the range of 1.93-

2.03 Å, observed in other copper carboxylates.81  The Cu—OH2 distance in 

Cu(PAO)2.2H2O is 2.482(5) Å, which is significantly longer than that observed in the 

dihydrate of cupric acetate (2.1613(17) Å),89 indicating a much weaker binding of the 

water molecule in the PAO- complex. 

 The observation of monodentate carboxylates in Cu(PAO)2.2H2O, 

K+[CuII(PAO)2]-, and [HPy]+[CuII(PAO)2]- is in sharp contrast with other reported PAO- 

structures for Na(PAO).H2O,14 Ca(PAO)2.H2O,6 and Ce(PAO)3
1,3 in which the 

carboxylates bridge adjacent metal centers.  This monodentate nature of the carboxylate 

in the copper complex is reflected in the large variation in the two carboxylate C—O 

distances (6.9 %) indicating significant double bond character in the shorter bond to the 

uncoordinated oxygen.  By comparison, the percentage difference in the carboxylate 

bonds for Na(PAO).H2O14 and Ca(PAO)2.H2O6 is only 0.32% and 1.3%, respectively.                     

Table  2.18.  Bond Distances (Å) for Cu(PAO)2.2H2O 
 

Cu(1)—O(1) 2.482(5) C(12)—C(13) 1.474(8) 

Cu(1)—O(11) 1.944(5) Cu(1)—N(11) 2.044(8) 

O(11)—C(11) 1.293(7) O(12)—C(11) 1.240(7) 

O(13)—N(11) 1.393(6) C(11)—C(12) 1.531(7) 

C(12)—N(11) 1.301(8)   
Numbers in parentheses are estimated standard deviations in the least significant digits. 
Symmetry transformation used to generate equivalent atoms (A):  -x, -y, -z. 
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The extremely low solubility of Cu(PAO)2.H2O in water can be accounted for by 

the extensive network of strong hydrogen bonds that tie together the individual copper 

complexes (Figure 2.30).  Since the copper ions sit on the corners of the unit cell, the 

copper complexes are stacked in chains along the a-axis.  The metal complexes in each of 

these chains are tied together by a network of hydrogen bonds that involve the 

coordinated water molecules.  Within each chain, the water molecules form hydrogen 

bonds between their oxygen atoms and the oxime protons on adjacent complexes and 

complementary bonds between one of the water’s protons and the metal-coordinated 

carboxylate oxygen on the adjoining complexes.  The second proton of each water 

molecule forms a hydrogen bond to the uncoordinated carboxylate oxygen of a metal 

complex on the adjacent chain so that the chains are linked into sheets along the b-axis. 

 
Table  2.19.  Interbond Angles (o) for Cu(PAO)2.2H2O 

 
O(1)—Cu(1)—N(11) 91.3(2) C(13)—C(12)—N(11) 126.8(5) 

O(1)—Cu(1)—N(11A) 88.7(2) Cu(1)—N(11)—C(12) 114.8(3) 

O(1)—Cu(1)—O(1A) 180.0 O(13)—N(11)—C(12) 113.0(4) 

O(1)—Cu(1)—O(11) 88.7(2) O(11)—Cu(1)—N(11A) 98.7(2) 

O(1)—Cu(1)—O(11A) 91.3(2) O(11A)—Cu(1)—N(11A) 81.3(2) 

O(11)—Cu(1)—N(11) 81.3(2) O(11)—C(11)—O(12) 125.1(5) 

N(11)—Cu(1)—O(11A) 98.7(2) O(12)—C(11)—C(12) 117.8(5) 

Cu(1)—O(11)—C(11) 115.2(3) C(11)—C(12)—N(11) 111.6(4) 

O(11)—C(11)—C(12) 117.1(4) Cu(1)—N(11)—O(13) 132.1(3) 

C(11)—C(12)—C(13) 121.6(5)   
Numbers in parentheses are estimated standard deviations in the least significant digits.  
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Figure  2.30.  Perspective view of (A) the stacked chains of the copper 

complexes along the a-axis and (B) the extensive network of hydrogen bonds tying 
the copper complexes 

 
 

(A) 

(B) 
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Spectroscopic Characterization of PAO- Salts of Divalent 3d Transition Metals 

 The IR was recorded for these compounds and the characteristic absorption bands 

are summarized and compared to those previously reported in Table 2.20.  A marked 

characteristic of the IR spectra of PAO- complexes was that the asymmetric vibrational 

stretch of the carboxylate group decreased significantly by 40-63 cm-1 and its symmetric 

vibrations stretch by 25-55 cm-1 in comparison to the parent acid, HPAO.   

 
Table  2.20.  Distinctive IR Vibrational Frequencies (cm-1) of the PAO- Salts 

of Divalent 3d Transition Metals 
 

Compound ν(C═N) νas(COO) νs(COO) ∆ν(COO) ν(N−O) 

Mn4(PAO)8.2H2Oa 
1667 

(1670) 
1633  

(1620) 
1370 

(1400) 
263  

(220) 
1069 

(1060) 

Fe(PAO)2.2H2Ob 
1668 

(1668) 
1650  

(1647) 
1389 

(1395) 
261  

(252) 
1045  

(1043) 

Co(PAO)2.2H2Oa 
1669 

(1670) 
1651  

(1645) 
1390 

(1395) 
261  

(250) 
1050  

(1060) 

Ni(PAO)2.2H2Oa 
1672 

(1670) 
1655  

(1650) 
1395 

(1395) 
260  

(255) 
1058  

(1060) 

Cu(PAO)2.2H2Oc 
1674 

(1660) 
1632  

(1638) 
1365 

(1369) 
267  

(269) 
1085  

(1077) 
a, b, cValues in parenthesis are from references 23, 15, and 7, respectively. 

 
Such observations are common for the carboxylates of metals and are attributed to 

the deprotonation, delocalization of the negative charge in the carboxylate moiety and its 

coordination to the metal center.82 The stretching vibrations of C═N in these complexes, 

where the metal ion center is bonded to the nitrogen atom of the oximino group of PAO-, 

are comparable to those observed in the protonated form of PAO-, which agrees with the 

data reported previously for these complexes of divalent 3d transition metals,23 the light 

alkali metal (Li, Na, and K),14 and alkaline earth metal salts.6  The ν(N—O) stretching 
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frequency increased by 2-42 cm-1 compared to that observed for the parent acid, HPAO. 

The noted increase in the ν(N—O) frequency stretch may be attributed to the strong 

coordination of the oximino nitrogen atom to the transition metal ion center in these 

PAO- complexes and opposite to the trend realized for the alkali14 and the alkaline earth 6 

metal derivatives in which a decrease in this frequency was observed.  The existence of 

IR absorption bands in the 820-860 cm-1 region are referred to the vibrations of water 

molecules coordinated to the metal ion center,23 while the broad bands at higher wave 

number (> 2600 cm-1) are suggestive of the existence of H-bonds in the crystalline 

structure of these compounds23 (Table 2.20).  Such conclusions regarding the coordinated 

water molecules to the metal ion center and H-bonds on the basis of IR spectra is 

evidenced by the crystal structure of Cu(PAO)2.2H2O obtained in this work7 (vide supra), 

and by the crystal structure of Mn4(PAO)8.2H2O reported in literature.19  The difference 

between the asymmetric and symmetric stretching frequencies of the carboxylate group, 

∆ν(COO), suggests that the coordination mode of the carboxylate moiety of the PAO- 

ligand is monodentate81 in the complexes of Fe2+, Co2+, Ni2+, and Cu2+.  At the same time 

the PAO- is bound to the metal ion center through its nitrogen atom of the oximino group 

to form N, O-chelate five-membered metallacycles, as evidenced from the ν(C═N) in the 

IR spectra.  Moreover, XRD spectra of Fe2+, Co2+, and Ni2+ derivatives are similar to 

those recorded for the copper compound, which had its structure determined (see above), 

implying that all of the Fe2+, Co2+, and Ni2+ compounds have the same structure as 

determined for the Cu complex.  Accordingly, a likely structure of the Fe2+, Co2+, and 

Ni2+ complexes is as follows (Figure 2.31): 
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Figure  2.31.  Suggested structure of iron, cobalt, and nickel PAO- complexes 
based on their IR and XRD spectra 

 
 

On the other hand, the ∆ν(COO) calculated for the manganese compound 

corresponds to the existence of two types of coordination modes of the PAO- ligand to 

the Mn2+ ion center.  The one with ∆ν(COO) = 220 cm-1 is a bridging carboxylate83 via 

chelating the metal ion center with its oximino nitrogen atom, i.e. N, O, O-chelate-bridge. 

The other one has a ∆ν(COO) = 263 cm-1, corresponding to N, O-chelate PAO- ligand.  

This conclusion, on the basis of IR spectrum, regarding the coordination of both of the 

PAO- ligands coordinated to the Mn2+ is supported by the observation of these modes of 

coordination in the structure of the manganese complex determined by single crystal X-

ray crystallography.19   

Thermal Behavior of PAO- Salts of Divalent 3d Transition Metals 

 The TGA trace of Mn4(PAO)8.2H2O is displayed in Figure 2.32.  As can be seen, 

there are two distinctive decomposition steps.  The first takes place over the range of 147-

200oC, resulting in a weight loss of around 39.5% of mass, which accounts for the lost of 

two water molecules and decomposition of one PAO- ligand.  However, the mass loss 

was found to be 69.5% when carrying out bulk pyrolysis in the muffle furnace (see above 
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section 2.3 of this Chapter).  The difference between the TGA and the bulk pyrolysis in 

the percentage of the remaining mass can be ascribed to the fact that heat process during 

the TGA analysis is fast, and thus not enough time is allowed for the material to pyrolyze 

at this temperature.  The latter mass loss resulting from the bulk pyrolysis may be 

ascribed to deaquation and complete decomposition of the PAO- ligand.  No dehydration 

step is observed before 147oC, implying that the two water molecules are tightly bounded 

to the Mn2+ ion centers.   

 

Figure  2.32.  The TGA trace for Mn4(PAO)8.2H2O in dry air with a heating 
rate of 1 oC per minute 

 

The XRD spectrum of the solid obtained at 200oC superimposes on that of the 

hausmannite phase of manganite, [MnII]tet[MnIII
2]octO4.  In addition, the peaks of this 
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XRD spectrum are broad, indicating the existence of nanocrystalline phase of manganite.  

Measurement of the crystallite size by XRD confirmed this prediction where the 

crystallite size was found to be 6.3 nm.  The second step starts at around 220oC and 

finishes at 487oC.  On the basis of bulk pyrolysis in the muffle furnace at 347oC, the 

weight change is owing to the dehydroxylation of the manganite surface because the 

mass decreases only by 3.91% upon raising temperature from 200oC to 347oC.    The X-

ray analysis of the solid, produced at 347oC, revealed the co-existence of the hausmannite 

phase of manganite and manganese oxide Mn5O8 (MnII
2MnIV

3O8).  The formation of the 

latter metastable manganese oxide phase takes place via the oxidation of manganite 

manganese (III) to manganese (IV) as illustrated in the following chemical equation.90-93  

 
Mn3O4 (s) + 2/5O2 (g) 3/5Mn5O8 (s) (Eq. 2.7)  

 
The X-ray spectrum of the solid, obtained at 347oC, is composed of broad peaks of 

crystallite size of 7.4 nm. On the other hand, according to the TGA trace, the mass 

change is 26% upon heating the manganese complex to the latter temperature.  This mass 

loss would correspond to a dissociation of the other PAO- ligand to carbon dioxide and 

acetonitrile.  The increase in weight mass around 500oC is due to the oxidation of the 

manganite Mn2+ to Mn3+ and reduction of Mn5O8 to manganese trioxide, as shown in the 

following chemical equations:90,91 

 
Mn3O4 (s) + 1/4O2 (g) 3/2Mn2O3 (s)

3/5Mn5O8 (s) 3/20O2 (g) 3/2Mn2O3 (s)+

(Eq. 2.8a)

(Eq. 2.8b)  
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The summation of these two equations is an oxidation to manganese trioxide as follows: 
 

Mn3O4 (s) + 1/10O2 (g) 3Mn2O3 (s)3/5Mn5O8 (s) + (Eq. 2.8c)  

 
The formation of Mn2O3 was confirmed by XRD investigations of the 

decomposition products obtained at 478oC and 533oC.   Moreover, the only crystalline 

phase observed in these XRD patterns is that of Mn2O3.  The crystallite sizes, measured 

by XRD, were found to be 32.1 nm and 49.8 nm for Mn2O3 obtained at 478oC and 533oC, 

respectively. Interestingly, heating the manganese complex at 200oC under nitrogen gives 

a rhodochrosite synthesized phase of manganese carbonate having a hexagonal unit cell 

as proved by XRD analysis.  Acetamide was identified by GC/MS as a byproduct of this 

decomposition under N2.  Such a product may result from the hydrolysis of the H3CC≡N 

generated by the thermolysis of the PAO- ligand. 

 Figure 2.33 displays the TGA and DTA thermograms of the PAO- derivative of 

ferrous cation.  The TGA trace is not multi step like that observed for zinc complex, but 

rather is more similar to that noticed for the manganese compound in that the complex 

undergoes dehydration and ligand dissociation at the same time.  This step takes place 

over a range of temperature between 100oC and 200oC.  The loss of water molecules 

starts at a temperature close to 100oC, indicating the strong binding of these water 

molecules to the ferrous ion center.  The weight lost at 132oC is 16%, corresponding to a 

lost of two water molecules.  This latter temperature can also be taken as the temperature 

at which the anhydrous complex of ferrous cation is formed.  Interestingly, comparing to 

the PAO complex of zinc, dehydrated at 80oC and completely dehydrated at 129oC, it can 

be inferred that the aqua ligand is more strongly coordinated to the ferrous center.  
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Figure  2.33.  The TGA and DTA traces for Fe(PAO)2.2H2O in dry air with a 
heating rate of 1 oC/min 

 

These facts derived from the TGA investigation regarding deaquation support the 

structure proposed for the ferrous PAO complex on the basis of its IR and XRD spectra 

analyses.  The removal of the ligated water is an energy consuming process as reflected 

by the endothermic peak in the DTA trace.  The PAO ligand decomposition can be said 

to start at a temperature higher than 132oC.  The DTA shows this step is accompanied 

with the release of a large amount of energy, as indicated by a dramatically exothermic 

peak.  This exothermic behavior can be accounted for by the evolution of carbon dioxide 

and acetonitrile/acetamide resulted from the decomposition of the PAO ligand.  The iron 

oxide thus resulted from the pyrolysis of the PAO complex seems to undergo two 

successive weight loss steps accompanied with three consecutive, exothermic steps as 

revealed by the TGA and DTA investigation.  However, the mass difference is small 
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between the beginning weight and the end weight of each of these two steps.  The mass 

loss can be ascribed to the dehydration of the hydroxyl groups existing on the surface of 

the iron oxide and/or conversion of maghemite phase (γ-Fe2O3) to hematite phase (α-

Fe2O3).  The former phase was observed in the X-ray spectrum of the pyrolysis product 

of the ferrous PAO complex at 197oC under an air stream.  However, upon the pyrolysis 

of the ferrous PAO complex in air atmosphere at 285oC, hematite (α-Fe2O3) and 

maghemite (γ-Fe2O3) were detected by X-ray while at 463oC hematite (α-Fe2O3) was the 

only detected phase of iron oxide by XRD (Figure 2.34).  The latter result is logical 

because the alpha phase is the most thermodynamically stable phase of iron oxide under 

the oxidation conditions.  The XRD analysis of the crystallite size of the hematite 

obtained at 197 oC, 285 oC, and 463 oC reveals that the crystallite size increases with 

increasing the temperature, as also reflected by increasing the sharpness of the peaks in 

the XRD spectra. The average crystallite sizes are 3.0, 1.3, and 30.0 nm with size 

distribution of 4.2, 2.7, 24.9 nm (full width at half height, FWHM) for the iron oxide 

obtained at 197 oC, 285 oC, and 463 oC, respectively.  
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Figure  2.34.  The XRD spectra for Fe(PAO)2.2H2O heated under air stream 
to (A) 285 oC and (B) 463 oC 

 

In Figure 2.35, the TGA trace of the cobalt PAO complex is depicted.  It is 

obvious that this TGA resembles those of nickel and zinc derivatives in which the 

complex is decomposed in stepwise fashion.  The first step refers to the dehydration 

process of the cobalt complex with an onset at 100oC.  After the completion of the 

deaquation process at 149oC, the weight of the complex changes by 18%, which 

corresponds to the loss of two water molecules.  The relative high temperature of 

(A) 

(B) 

γ-Fe2O3 
 

α-Fe2O3 

 
α-Fe2O3 
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dehydration indicates that these water molecules are ligated to the cobaltous cation 

center.  This attachment of water molecules to the cobalt ion center, concluded from the 

TGA, agrees with the structure suggested for Co(PAO)2.2H2O on the basis of its IR and 

XRD spectra. The occurrence of the deaquation of the cobalt complex over a range of 

100oC-149oC may indicate a stronger binding of the water molecules to the cobaltous 

center compared to ferrous and zinc centers with ranges of dehydration of 100oC-132oC 

and 80oC-129oC, respectively.  The second step is assigned to the thermal dissociation of 

one of the PAO ligand.  The third step refers to the pyrolysis of the other PAO ligand.  In 

each of the second and third decomposition step, the weight lost is owing to the evolution 

of a molecule of carbon dioxide and a molecule of acetonitrile.   

 

Figure  2.35.  The TGA trace for Co(PAO)2.2H2O in dry air with a heating 
rate of 1 oC/min 
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The final product of the pyrolysis of the cobalt PAO complex at 276 oC was found 

to be a cobaltosic oxide (CoIICoIII
2O4), as defined by the XRD analysis (Figure 2.36).  

The peaks in the XRD spectrum are broad, indicating the existence of a nanocrystalline 

phase.   

 

Figure  2.36.  The XRD spectrum for Co(PAO)2.2H2O heated under air stream to 
276 oC 

 

Measurement of the crystallite size by the XRD confirms this expectation, where 

the average crystallite size was found to be 6.4 nm with a narrow distribution (5.8 nm full 

width at half height, FWHM) (Figure 2.37).   

 

 

 

 

 

 

Figure  2.37.  Crystallite size of Co3O4 obtained under air stream at 276 oC 
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The morphology of the Co3O4 thus obtained was studied by SEM (Figure 2.38) 

revealing that the particles have a rod-like shape and are porous.  These two 

morphological features (the nanometric size and porosity) endow the Co3O4 with a 

relatively high BET surface area of 58.76m2/g. 

 

 

Figure  2.38.  The SEM electromicrographs of Co3O4 obtained at 276 oC 
 
 
The TGA and DTA thermograms of the nickel PAO complex are shown in Figure 

2.39.  It can be noticed that the TGA trace is made up of three steps.  The first one is 

attributed to the deaquation of the complex.  This step has an onset at 100oC and an end 

around 169oC.  This dehydration step results in weight loss of 19%, which corresponds to 

the loss of two water molecules.  Again, the relative high temperature range at which the 

dehydration occurs is an implication of the strong binding of these water molecules to the 

nickelous cation center.  In addition, it can be deduced that the bond between ligated 

x 1,000 x 10,000 



 118 

water and the Ni (II) center is much stronger than that found in iron (II), cobalt (II), and 

zinc complexes.  As expected, the dehydration step requires adsorption of some of the 

energy in order to take place, reflected by the endothermic peak in the DTA trace.  These 

facts drawn from the removal of the water molecules step are in agreement with the 

structure predicted for Ni(PAO)2.2H2O on the basis of its IR and XRD spectrum.  The 

second step, following the loss of coordinated water molecules, is due to the 

decomposition of one PAO ligand and is responsible for weight loss of 27.5%, which is 

attributed to the loss of a molecule of carbon dioxide and a molecule of acetonitrile.  The 

third step corresponds to a weight loss of 21.4% and it can be ascribed to the loss of a 

molecule of carbon dioxide and a molecule of acetonitrile resulting from the 

decomposition of the other PAO ligand.  The second and third steps are exothermic as 

revealed by the DTA investigation.  The general pattern of TGA of the nickel PAO 

complex is very similar to those observed for cobalt and zinc derivatives.  

 

Figure  2.39.  The TGA and DTA traces for Ni(PAO)2.2H2O in dry air with a 
heating rate of 1 oC/min 
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Bulk pyrolysis of the nickel complex at 340 oC led to the formation of nickel 

oxide and nickel metal along with nickel carbonate, as revealed by XRD analysis (Figure 

2.40A). Formation of nickel metal can be attributed to a radical oxidation mechanism in 

which PAO- ligand undergoes decarboxylation and formation of the radical [OHN═C—

CH3]., which is converted either to dimethylglyoxime or acetaldoxime.   Nickel oxide, 

however, was found to be the pyrolysis product after heating Ni(PAO)2.2H2O at 538oC 

overnight, as confirmed by XRD analysis of the solid remain (Figure 2.40B).   

Pyrolysis of Ni(PAO)2.2H2O at 340oC in a pressure tube allowed a greater insight 

into its thermal decomposition mechanism through the analysis of the confined products.  

The analysis of the off-gases by GC-MS revealed the detection of carbon dioxide.  The 

analysis of the crystals accumulated on the walls of the tube by XRD showed the 

existence of crystalline ammonium bicarbonate.  Washing the remaining contents of the 

tube after removal of the latter crystals with methanol and then analysis of this alcoholic 

extract by GC-MS led to detection of acetamide and acetic acid.  Acetamide might have 

resulted from the hydrolysis of acetonitrile produced during the pyrolysis course of the 

PAO- ligand.  Further hydrolysis of acetamide would be responsible for the formation of 

acetic acid and ammonium cation.  The hydrolysis of nitriles is a well-known synthetic 

path to carboxylic acids in the discipline of organic chemistry.  Bicarbonate anion is 

readily formed by the hydrolysis of carbon dioxide.  Acetamide, however, could be 

formed through a Beckmann rearrangement, as it is discussed in detail in Chapter 3.  It 

appears that the thermal decomposition of the nickel complex is complicated and diverse 

mechanistic pathways can be followed to reach the final products.   
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Figure  2.40.  The XRD spectra for Ni(PAO)2.2H2O heated to (A) 340 oC and 
(B) 538 oC 
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The TGA and DTA of Cu(PAO)2.2H2O analyses are shown in Figure 2.41.  The 

TGA trace is composed of two weight losses.  The first of these occurs over the range of 

54oC to 100oC, results in loss of 11.9% of the mass, and corresponds to dehydration of 

the complex.  By comparison, dehydration of Cu2(O2CCH3)4.2H2O was previously 

reported to occur over the range 100-180oC, indicating that the waters are much less 

loosely bound in Cu(PAO)2.2H2O.  In addition, the temperature range at which 

Cu(PAO)2.2H2O dehydrates is lower than those for the ferrous, cobaltous, nickelous, and 

zinc derivatives, indicating that the water molecules bind more weakly to the cupric 

center. This weak coordination of the aqua ligand to the cupric center in the 

Cu(PAO)2.2H2O can be attributed to Jahn-Teller distortion, a common, well-known 

phenomenon observed for octahedral-coordinated cupric ion center.  Accordingly, the 

Jahn-Teller distortion in Cu(PAO)2.2H2O is a tetragonal elongation along the z-axis.  The 

second weight loss is due to decomposition of the ligand and has an onset temperature of 

148oC and is complete at 290oC.  Thus, the decomposition of Cu(PAO)2 has an onset 

temperature that is 52oC lower than that of Cu2(O2CCH3)4, which decarboxylates over the 

range 200-290oC.   

The XRD analysis of the ceramic residue from a bulk sample of Cu(PAO)2.2H2O 

pyrolyzed under nitrogen yielded a mixture of cuprous and cupric oxides.  The formation 

of cuprous oxide suggested a second mechanism of decomposition other than that shown 

in Figure 3.1 in Chapter 3.  Analysis of the organic byproducts of the thermal 

decomposition by GC/MS demonstrated that, in addition to the expected acetonitrile, the 

pyrolysis reaction also produced acetoxime and dimethylglyoxime. These products are 

likely derived from the radical decomposition pathway shown in Figure 2.42.   
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Figure  2.41.  The TGA and DTA traces for Cu(PAO)2.2H2O in dry air with a 
heating rate of 1 oC/min 

 

Cupric carboxylates are particularly prone to undergoing decarboxylation via a redox 

process leading to the formation of cuprous salts or copper metal.  The competing 

thermal decomposition mechanisms likely account for the complex shape of the TGA 

trace for the pyrolysis step.  Also, it is likely that the products from the radical pathway 

account for the relatively high temperature for complete removal of organics as compared 

to other 2-oximinopropionate complexes.  

  
2{Cu[O2CC(=NOH)CH3]2} Cu2O + 4CO2 + HON=CCH3 + 2H3CCN + H2O

[H]

HON=CHCH3(HON=CCH3)2  
 

Figure  2.42.  Radical pyrolysis pathway of Cu(PAO)2 
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Heating Cu(PAO)2.2H2O in an aqueous suspension to reflux was found to almost 

completely convert it to cuprous oxide, albeit rather slowly, indicating that the radical 

decomposition pathway is favored at lower temperatures.  DTA (Figure 2.41) indicates 

that the dehydration process is endothermic.  The thermal decomposition step is slightly 

better resolved in the DTA trace and three separate exotherms can be identified, an initial 

one from 148-181oC and two overlapping exotherms in the range 196-267oC. 

Pyrolysis of bulk sample of Cu(PAO)2.2H2O at 220oC (approximately the most 

exothermic point in the thermal decomposition) in air produces a voluminous brown-

black solid.  The XRD analysis (Figure 2.43) demonstrated that the only detectable 

crystalline product present was the tenorite phase of cupric oxide.  No cuprous oxide was 

observed since it would have been readily oxidized to cupric oxide by ambient oxygen 

under the experimental conditions used.   

 

 

Figure  2.43.  The XRD spectrum for Cu(PAO)2.2H2O heated under air stream to 
220 oC 
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Crystallite size analysis (Figure 2.44) of the pattern yielded an average crystallite 

size of 8.9 nm while the crystallite size with highest frequency is 1.6 nm.  Thus, there is a 

large size-distribution but very small particles predominate.  SEM (Figure 2.45) shows 

that the particles are aggregated into filamentous clusters.  BET surface area analysis 

demonstrated a surface area of 21.7m2/g.  By comparison, commercial cupric oxide 

powders have surface area of 3.1-3.4m2/g while the one prepared by low-pressure spray 

pyrolysis, a favored method for synthesis of nanoparticulate powders, was reported to 

yield a material with a surface area of 17m2/g using copper acetate as the copper source.  

Thus, it may be concluded that complexes of 2-oximinopropionates are promising 

precursors for nanoparticulate metal oxides with high surface areas.  It is likely that 

dispersing the metal complex in air or in an inert solvent before pyrolysis will yield 

powders with less agglomeration and higher surface areas.  

 

 

Figure  2.44.  Crystallite size of CuO obtained under air stream at 220 oC 
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Figure  2.45.  SEM electronmicrograph of CuO obtained under air at 220 oC 
 

PAO- Salts of Some Trivalent Lanthanides 

 The cerium and praseodymium derivatives were prepared and characterized by IR 

and XRD spectroscopy.  The crystal structure of the praseodymium complex was also 

established by single crystal X-ray diffraction spectroscopy (Figure 2.46).  
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Figure  2.46.  Crystal structure of Pr(PAO)3(H2O)2 drawn at 50% level 
 

It is demonstrated by the latter technique that the praseodymium and the cerium 

complexes are not isostructural, opposing the previous claim based on their XRD 

patterns.15 The praseodymium (III) ion center has a coordination number of nine, where 

two coordination sites are occupied by the oxygen atoms of two water molecules with 

bond length of 2.4730(12) and 2.5272(12) Å corresponding to Pr(1)—O(10), and Pr(1)—

O(11) (see Table 2.21).  These values are comparable to that found in praseodymium 

acetate monohydrate [Pr(O2CCH3)3(H2O)], where the water molecule is attached to Pr3+ 

at a distance of 2.541(3) Å.94   
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Table  2.21.  Bond Distances (Å) for Pr(PAO)3(H2O)2 
 

Pr(1)-O(2)#1 2.4228(12) O(10)-H(10D) 0.837(4) 

Pr(1)-O(9) 2.4597(13) O(10)-H(10E) 0.837(4) 

Pr(1)-O(6) 2.4611(14) O(11)-H(11D) 0.839(4) 

Pr(1)-O(10) 2.4730(12) O(11)-H(11E) 0.839(4) 

Pr(1)-O(3) 2.5064(11) N(1)-C(2) 1.278(2) 

Pr(1)-O(11) 2.5272(12) N(2)-C(5) 1.275(2) 

Pr(1)-N(1) 2.6726(16) N(3)-C(8) 1.277(2) 

Pr(1)-N(2) 2.6767(12) C(1)-C(2) 1.485(3) 

Pr(1)-N(3) 2.7358(15) C(1)-H(1A) 0.9800 

O(1)-N(1) 1.387(2) C(1)-H(1B) 0.9800 

O(1)-H(1D) 0.8400 C(1)-H(1C) 0.9800 

O(2)-C(3) 1.244(2) C(2)-C(3) 1.512(2) 

O(2)-Pr(1)#2 2.4229(12) C(4)-C(5) 1.493(2) 

O(3)-C(3) 1.263(2) C(4)-H(4A) 0.9800 

O(4)-N(2) 1.3749(19) C(4)-H(4B) 0.9800 

O(4)-H(4D) 0.8400 C(4)-H(4C) 0.9800 

O(5)-C(6) 1.237(3) C(5)-C(6) 1.511(3) 

O(6)-C(6) 1.279(2) C(7)-C(8) 1.496(2) 

O(7)-N(3) 1.3751(18) C(7)-H(7A) 0.9800 

O(7)-H(7D) 0.8400 C(7)-H(7B) 0.9800 

O(8)-C(9) 1.236(3) C(7)-H(7C) 0.9800 

O(9)-C(9) 1.273(2) C(8)-C(9) 1.519(3) 

Numbers in parentheses are estimated standard deviations in the least significant digits.  
Symmetry transformations used to generate equivalent atoms:  #1 x+1/2,-y+1/2,z, #2 x-
1/2,-y+1/2,z .      
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The differences in the Pr—O bond lengths for the praseodymium complexes is 

due to the variation in the distortion of the coordination environment of the Pr3+, which in 

turn is a consequence of the different ligands, PAO- and H3CCOO-, the different ligating 

mode of both ligands, and the different natures of the H-bonding in both salts.  Six of the 

coordination sites in the praseodymium sphere of Pr(PAO)3(H2O)2 are occupied by three 

ligands of PAO-, where each of them chelates the praseodymium center to form a five-

membered metallacycle, attached through the nitrogen atom, Pr(1)—N(1), Pr(1)—N(2) 

and Pr(1)—N(3) having a distance of 2.6726(16), 2.6767(12) and 2.7358(15) Å, 

respectively, and through the deprotonated hydroxyl oxygen atom of carboxylate moiety, 

Pr(1)—O(3), Pr(1)—O(6) and Pr(1)—O(9) having a distance of 2.5064(11), 2.4611(14) 

and 2.4597(13) Å, respectively.  These distances are close to that found in  

praseodymium acetate monohydrate Pr(1)—O(1), Pr(1)—O(2), Pr(1)—O(3), and Pr(1)—

O(4) having a distance of 2.411(3), 2.516(3), 2.580(3), and 2.601(3)  Å, respectively, 

where the acetate is also coordinated to the Pr3+ in a bidentate fashion.92  However, the 

bond distances between the Pr3+ center and the N-dentate and the O-dentate of the PAO- 

ligand, as expected, are shorter than their analogues in the cerium(III)15 derivative due to 

the smaller ionic radius of the nona-coordinated Pr3+ (1.179 Å)80 than that of the nona-

coordinated Ce3+ (1.196 Å).80  The coordination in the praseodymium sphere of 

Pr(PAO)3.2H2O is completed by a bridging carboxylate carbonyl oxygen atom from an 

adjacent molecule, Pr(1)—O(2A) with a distance of 2.4228(12) Å, resembling the 

carboxylate carbonyl oxygen bridge observed in the structures of sodium,14 calcium,6 

manganese,19 yttrium,15 and cerium1,3 PAO- complexes. Such a bridge was also observed 

in the structure of praseodymium triacetate monohydrate.94 The Pr(1)—O(2A), 
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surprisingly, is shorter than the Pr(1)—O(3), Pr(1)—O(6), Pr(1)—O(9) bonds. A similar 

observation was also reported for the structures of praseodymium triacetate 

monohydrate92 and PAO- complexes of cerium(III)15 and calcium.6  However, the bond 

length of the bridge in the sodium derivative of PAO- is found to be longer in comparison 

to the non-bridging bond.14 The bidentate N,O-chelate PAO- ligands show partial 

delocalization of the negative charge because of the slight large difference (0.019, 0.042 

and 0.037 Å) in the bond lengths of the two carbon-oxygen bonds of each carboxylate 

moiety, O(2)—C(3) = 1.244(2) Å, O(3)—C(3) = 1.263(2) Å, O(5)—C(6) = 1.237(3) Å, 

O(6)—C(6) = 1.279(2) Å, O(8)—C(9) = 1.236(3) Å and O(9)—C(9) = 1.273(2) Å.  The 

longer distances of the O(3)—C(3), O(6)—C(6), and O(9)—C(9)  bonds can be ascribed 

to the fact that O(3), O(6) and O(9) oxygen atoms are bonded to the praseodymium ion 

center.  The O(2)—C(3) bond is longer than its analogs O(5)—C(6) and O(8)—C(9) 

because O(2) atom functions as a bridge to a neighboring praseodymium center. The 

PAO- chelates the praseodymium center to form a five-membered metallacycle, which is 

similar to that previously found in the Na(PAO).H2O,14 Ca(PAO)2.H2O,6 

Mn4(PAO)8.2H2O,19 Y(PAO)3(DMSO)(H2O).2H2O,15 and Ce(PAO)3
1,3 structures. 

However, the bond lengths of the praseodymium—oximino nitrogen atom contacts, 

Pr(1)—N(1), Pr(1)—N(2) and Pr(1)—N(3) have bond distances of 2.6726(16), 

2.6767(12) and 2.7358(15) Å, respectively, that are much longer than those reported for 

sodium14 and calcium6 derivatives (2.440(2)14 and 2.503(2)6 Å, respectively), but shorter 

than that noticed for the cerium complex (2.821(3) Å).15 The oxygen atoms of the 

deprotonated hydroxyl groups of the carboxyl moieties, Pr(1)—O(3), Pr(1)—O(6) and 

Pr(1)—O(9), have bond lengths of 2.5064(11), 2.4611(14) and 2.4597(13) Å, 
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respectively, which are about the length as those published for sodium,14 calcium,6 and 

cerium15 derivatives (2.490(2),14 2.513(1),6 and 2.507(2) Å,15 respectively).  The longer 

bond lengths of M—N and the similar bond lengths of M—O (M = Na, Ca, or Pr) 

observed for the so-formed N,O-chelate five-membered ring in the Pr derivative reflect 

the larger size of the nona-coordinated Pr3+
 (1.179 Å)80 in comparison to the equal size 

(1.12 Å)78 of the hepta-coordinated Na1+ and the octa-coordinated Ca2+.  Moreover, the 

different coordination environment and number of each metal cation and the different 

ligating modes adopted by PAO- in each salt play a role.  The carboxyl group of the N,O-

chelate PAO- in the praseodymium salt has almost equal C—O bond lengths, O(2)—C(3) 

= 1.244(2) Å, O(3)—C(3) = 1.263(2) Å, O(5)—C(6) = 1.237(3) Å, O(6)—C(6) = 

1.279(2) Å, O(8)—C(9) = 1.236(3) Å and O(9)—C(9) = 1.273(2) Å, indicating the full 

delocalization of the negative charge on the carboxylate moiety.  Comparing these bond 

distances with typical C—O (1.36 Å), and C═O (1.23 Å) bond lengths demonstrates that 

carboxylate carbon-oxygen bonds have intermediate distances between the single and 

double carbon-oxygen bond lengths.79 This affirms the deduction of  the complete 

negative charge delocalization.  A similar full delocalization of the negative charge of the 

carboxylate moiety of the N,O-chelate PAO- was also observed earlier in the 

Na(PAO).H2O salt.14,15  The values of the bond lengths for the rest of the bonds in the 

three five-membered rings are C(2)—C(3), C(2)—C(1), C(2)—N(1), N(1)—O(1), C(5)—

C(6), C(5)—C(4), C(5)—N(2), N(2)—O(4), C(8)—C(9), C(8)—C(7), C(8)—N(3), 

N(3)—O(7) are, respectively, 1.512(2), 1.485(3), 1.278(2), 1.387(2), 1.511(3), 1.493(2), 

1.275(2), 1.3749(19), 1.519(3), 1.496(2), 1.277(2), and 1.3751(18) Å, respectively. These 

are also similar to those reported for the PAO- complexes of Na1+ (1.487(2), 1.515(2), 
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1.281(2), and 1.396(2) Å, respectively),14 Ca2+ (1.487(3), 1.624(2), 1.275(2), and 

1.392(2) Å, respectively),6 Ni2+ (1.47(2), 1.50(2), 1.28(2), and 1.38(1) Å, respectively),21 

and Cu2+ (1.47(1), 1.49(1), 1.27(1), and 1.360(8) Å, respectively).20  The similarity 

between each of these bonds suggests that the different metal ion centers have only a 

slight effect on the geometry of the N,O-chelated PAO- ligands.  It is clear from the 

above discussion that the same coordination number, the existence of three metallacycles 

due to the three N,O-chelate PAO- ligands, and the existence of bridging carboxylate 

carbonyl oxygen are the common features between the Ce3+ and Pr3+ PAO- complexes.  

The main differences, on the other hand, between these two complexes are the existence 

of two ligating water molecules in the coordination sphere of the Pr3+, while there is no 

any water molecules coordinated to the Ce3+ center.15  In addition, the latter ion center 

completes its coordination by three bridging carboxylate carbonyl oxygen atoms from 

adjacent molecules,1,3,15 while there is only one of such bridge in the Pr3+ complex. 

 The Pr3+ ion center has a distorted polyhedron environment due to the N,O-

chelate adopted by the PAO- ligands to create a five-membered metallacycle, leading to 

narrow biting angles, O(3)—Pr(1)—N(1), O(6)—Pr(1)—N(2) and O(9)—Pr(1)—N(3), 

ca. 60.46(4), 60.22(5) and 60.52(4)o, respectively (see Table 2.22), which in turn reflects 

the rigidity of the O═C—C═N fragments of the PAO- ion.18  These bite angles of N,O-

chelate PAO- ligands are comparable to those observed in sodium14, calcium6, yttrium,15 

and cerium15 derivatives [64.08(5),14 62.28(5),6 62.6(3)-64.3(3),15 and 58.76(8)o,15 

respectively], smaller than those observed in Ni2+,21 Co3+(Im)2,18 Co3+(Py)2,18 and 

Cu(II)20 complexes [76.8(3),21 83.46(7),18 82.78(5),18 and 82.0(2)o,20 respectively], and 
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larger than those reported for Pr(O2CCH3)3(H2O), having bite angles of 50.1(1) and 

50.2(1)o.94             

 
Table  2.22.  Interbond Angles (o) for Pr(PAO)3(H2O)2 

 
O(2)#1-Pr(1)-O(9) 130.04(4) Pr(1)-O(11)-H(11E) 121.0(11) 

O(2)#1-Pr(1)-O(6) 89.88(4) H(11D)-O(11)-

H(11E) 

103.1(12) 

O(9)-Pr(1)-O(6) 125.09(4) C(2)-N(1)-O(1) 113.79(15) 

O(2)#1-Pr(1)-O(10) 73.58(4) C(2)-N(1)-Pr(1) 121.45(12) 

O(9)-Pr(1)-O(10) 79.83(4) O(1)-N(1)-Pr(1) 123.02(11) 

O(6)-Pr(1)-O(10) 78.19(4) C(5)-N(2)-O(4) 114.56(13) 

O(2)#1-Pr(1)-O(3) 80.69(4) C(5)-N(2)-Pr(1) 122.00(12) 

O(9)-Pr(1)-O(3) 100.51(4) O(4)-N(2)-Pr(1) 123.40(10) 

O(6)-Pr(1)-O(3) 124.98(4) C(8)-N(3)-O(7) 112.93(14) 

O(10)-Pr(1)-O(3) 145.48(4) C(8)-N(3)-Pr(1) 118.92(11) 
 O(2)#1-Pr(1)-O(11) 145.67(4) O(7)-N(3)-Pr(1) 128.01(10) 

O(9)-Pr(1)-O(11) 76.05(4) C(2)-C(1)-H(1A) 109.5 

O(6)-Pr(1)-O(11) 89.68(5) C(2)-C(1)-H(1B) 109.5 

O(10)-Pr(1)-O(11) 139.51(4) H(1A)-C(1)-H(1B) 109.5 

O(3)-Pr(1)-O(11) 71.64(4) H(11D)-O(11)-

H(11E) 

103.1(12) 

O(2)#1-Pr(1)-N(1) 71.36(5) C(2)-N(1)-O(1) 113.79(15) 

O(9)-Pr(1)-N(1) 151.31(5) C(2)-N(1)-Pr(1) 121.45(12) 

O(6)-Pr(1)-N(1) 65.14(5) O(1)-N(1)-Pr(1) 123.02(11) 

O(10)-Pr(1)-N(1) 128.33(5) C(5)-N(2)-O(4) 114.56(13) 
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O(3)-Pr(1)-N(1) 60.46(4) C(5)-N(2)-Pr(1) 122.00(12) 

O(11)-Pr(1)-N(1) 77.40(5) O(4)-N(2)-Pr(1) 123.40(10) 

O(2)#1-Pr(1)-N(2) 137.38(4) C(8)-N(3)-O(7) 112.93(14) 

O(9)-Pr(1)-N(2) 65.15(4) C(8)-N(3)-Pr(1) 118.92(11) 
 

O(6)-Pr(1)-N(2) 60.22(5) O(7)-N(3)-Pr(1) 

 

128.01(10) 

O(10)-Pr(1)-N(2) 71.12(4) C(2)-C(1)-H(1A) 109.5 

O(3)-Pr(1)-N(2) 140.64(4) C(2)-C(1)-H(1B) 109.5 

O(11)-Pr(1)-N(2) 69.35(4) H(1A)-C(1)-H(1B) 109.5 

N(1)-Pr(1)-N(2) 114.57(5) C(2)-C(1)-H(1C) 109.5 
 

O(2)#1-Pr(1)-N(3) 72.48(4) H(4B)-C(4)-H(4C) 109.5 

O(9)-Pr(1)-N(3) 60.52(4) N(2)-C(5)-C(4) 126.38(17) 

O(6)-Pr(1)-N(3) 152.54(4) N(2)-C(5)-C(6) 113.05(15) 

O(10)-Pr(1)-N(3) 76.70(4) C(4)-C(5)-C(6) 120.56(16) 

O(3)-Pr(1)-N(3) 73.82(4) O(5)-C(6)-O(6) 125.05(19) 

O(11)-Pr(1)-N(3) 116.82(5) O(5)-C(6)-C(5) 118.28(17) 

N(1)-Pr(1)-N(3) 124.89(4) O(6)-C(6)-C(5) 116.66(17) 

N(2)-Pr(1)-N(3) 120.28(5) C(8)-C(7)-H(7A) 109.5 

N(1)-O(1)-H(1D) 109.5 C(8)-C(7)-H(7B) 109.5 

C(3)-O(2)-Pr(1)#2 152.63(11) H(7A)-C(7)-H(7B) 109.5 

C(3)-O(3)-Pr(1) 125.25(10) C(8)-C(7)-H(7C) 109.5 

N(2)-O(4)-H(4D) 109.5 H(7A)-C(7)-H(7C) 109.5 

 C(6)-O(6)-Pr(1) 128.02(13) H(7B)-C(7)-H(7C) 109.5 

Table  2.22.  (Continued) 
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N(3)-O(7)-H(7D) 109.5 N(3)-C(8)-C(7) 126.49(16) 

C(9)-O(9)-Pr(1) 125.70(11) N(3)-C(8)-C(9) 113.47(16) 

Pr(1)-O(10)-H(10D) 113.2(10) C(7)-C(8)-C(9) 120.03(16) 

Pr(1)-O(10)-H(10E) 117.9(13) O(8)-C(9)-O(9) 125.49(18) 

H(10D)-O(10)-H(10E) 103.5(11) O(8)-C(9)-C(8) 118.14(18) 

Pr(1)-O(11)-H(11D) 115.6(11) O(9)-C(9)-C(8) 116.36(17) 

Numbers in parentheses are estimated standard deviations in the least significant digits. 
 

The metallacycle atoms are almost coplanar, as can be inferred from the angles 

around each corner atom of each metallacycle (N(1), C(2), C(3), O(3), N(2), C(5), C(6), 

O(6), N(3), C(8), C(9), and O(9)).  The other angles around the Pr3+ ion center vary from 

65.14(5)o to 152.63(11)o reflecting the distortion of the nine coordination geometry 

around the praseodymium.  The unit cell contains four Pr(PAO)3(H2O)2 complexes 

connected via the carboxylate carbonyl oxygen bridge (O(2A)), forming a 2-dimension 

sheet along the zy-plane.  Intermolecular hydrogen bonds along the a-axis and c-axis 

(Table 2.23) are responsible for the connection of the parallel sheets to result in a 3-

dimension network (Figure 2.47).  In addition, there are two intramolecular hydrogen 

bonds within each praseodymium complex (Table 2.23).  

Table  2.22.  (Continued) 
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Table  2.23.  Hydrogen Bonds for Pr(PAO)3(H2O)2 (Å and o) 
 

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

O(1)-H(1D)...O(6) 0.84 1.97 2.657(2) 138.1 

O(4)-H(4D)...O(9) 0.84 1.95 2.6378(18) 138.9 

O(7)-H(7D)...O(3)#1 0.84 1.88 2.7112(17) 171.4 

O(10)-H(10D)...O(8)#3 0.837(4) 1.948(5) 2.7701(18) 166.9(12) 

O(10) -H(10E)...O(5)#4 0.837(4) 1.830(5) 2.6653(19) 176.1(17) 

O(11)-H(11D)...O(5)#5 0.839(4) 2.052(7) 2.870(2) 164.9(18) 

O(11)-H(11E)...O(8)#6 0.839(4) 1.959(5) 2.7897(19) 170.5(17) 

Numbers in parentheses are estimated standard deviations in the least significant digits. 
Symmetry transformations used to generate equivalent atoms:  #1 x+1/2,-y+1/2,z     
#2 x-1/2,-y+1/2,z    #3 -x+1,-y+1,z+1/2    #4 -x+1,-y+1,z-1/2    #5 -x,-y+1,z-1/2             
#6 -x,-y+1,z+1/2 

   
 
Figure  2.47. Perspective view of the 3-D network of Pr(PAO)3(H2O)2 along the a-axis 
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The percentage difference in the length of the bonds of the carboxylate bridging 

two Pr3+ centers is 1.50%, which is comparable to its analog observed in the calcium 

derivative (1.3%).6  In contrast, this percentage is larger for the other non-bridging 

carboxylates (2.91% and 3.28%), indicating more double bond character in their carbonyl 

bonds. 

The sparing solubility of the PAO- complex of praseodymium (III) in aqueous 

medium can be ascribed to the strong carboxylate carbonyl bridge and to the extensive 

network of strong hydrogen bonds that bind together the individual praseodymium 

complexes (Figure 2.47).         

Spectroscopic Characterization of PAO- Salts of Some Trivalent Lanthanides 

 Table 2.24 displays the characteristic IR absorption bands for the cerium and 

praseodymium complexes.  The IR analysis of these complexes shows lowering in the 

asymmetric stretches by 29-62 cm-1 comparing to the parent acid HPAO.  

 
Table  2.24.  Distinctive IR Vibrational Frequencies (cm-1) of the PAO- Salts of Some 

Trivalent Lanthanides 
 

Compound ν(C═N) νas(COO) νs(COO) ∆ν(COO) ν(N−O) 

Ce(PAO)3 1686 

 
1666  
1633 

 

 
1469  
1414 

 

 
197  
219 

 

1058  

Pr(PAO)3(H2O)2 1688  1666  
1640 

1412  
1468 

254  
172 1060  

 

Such observation is common for the carboxylates of metals and is due to the 

deprotonation and delocalization of the negative charge in the carboxylate moiety and its 

coordination to the metal center.82  The ∆ν(COO) calculated for the cerium compound is a 
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characteristic of a bridging carboxylate, which is in agreement with its structure 

determined previously by X-ray single crystal study.1,3  The ∆ν(COO) calculated for the 

praseodymium compound with a value of 254 cm-1 is attributed to the monodentate 

carboxylate, while that of 172 cm-1 is referred to the bridging one.  Once again, this 

deduction, based on IR analysis, is parallel with the crystallographic structural 

determination of the praseodymium complex by single crystal X-ray.  The ν(C═N) 

vibration stretch in these two complexes, where the oximino nitrogen atom is bonded to 

the metal ion center, is shifted towards higher wave numbers by 32-34 cm-1 in 

comparison to the parent acid, HPAO.  This observation may be accounted for the high 

oxophilicity of the f-block elements.  This fact is also responsible for the observed blue 

shift in the ν(N−O) in these two complexes by 15-17 cm-1 as compared to HPAO.  The 

existence of broad bonds at higher wave number (> 2600 cm-1) in the IR spectrum of the 

praseodymium complex indicates the existence of H-bonds in its crystalline structure.  

This conclusion regarding the H-bonds on the basis of IR is reinforced by the determined 

crystal structure of Pr(PAO)3(H2O)2.   

Thermal Behavior of PAO- Salts of Some Trivalent Lanthanides 

 The thermal behavior of the cerium complex was previously investigated.  The 

final product was found to be ceria, CeO2,1 which was demonstrated to be formed 

according the thermal mechanism described in Chapter 3.  In addition, the off gases 

analysis by GC-MS revealed a synchronous evolution of carbon dioxide, acetonitrile, and 

water. 

 The thermal behavior of the praseodymium derivative was studied in this work.  

The TGA trace of Pr(PAO)3(H2O)2 is shown in Figure 2.48.  The compound does not 
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undergo any weight loss before 136.4oC.  However, after this temperature, a massive 

weight loss of 45.44% occurs upon heating to 306oC, which is due to dehydration and 

decomposition of two PAO- ligands.  A weight loss of 20% takes place when heated to 

500oC.  This latter weight change may be ascribed to the loss of the third PAO-ligand.  

The XRD analysis of the solid obtained upon pyrolysis at 512oC revealed the existence of 

a crystalline phase of hexapraseodymium undecaoxide, Pr6O11 (PrIII
2PrIV

4O11).  

 

Figure   2.48.  The TGA trace of Pr(PAO)3(H2O)2 complex 
 

PAO2- Salts 

 The dianion form of PAO2- ligand was readily obtained by the deprotonation of 

the oximino hydroxyl group of a coordinated PAO- ligand to a metal cation center using 

either a hydroxide or an amine base.8,18,20-22  This process is facilitated by the fact that the 

positively charged metal cation center exercises the function of an electron-withdrawing 

group.  This fact was supported by the measurement of the pKa of an aqueous solution of 
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Cu(PAO)2.2H2O; it was found to be similar to that of acetic acid.7  Furthermore, the 

deprotonation of the oximino hydroxyl makes dramatic changes in the symmetry and the 

structure of the obtained metal-PAO-based anion, as confirmed by X-ray crystallography 

studies in this investigation and in the previous reported studies.8,18,20-22  Preparation of 

PAO2- salts is a convenient synthetic route for the preparation of a two-metal single 

precursor for the preparation of binary metal oxides, too.  In this chapter, the PAO2- salts 

were utilized to prepare metal-PAO-based anions with a quaternary ammonium 

counteraction attempting to prepare mesoporous metal oxides.  The metal-PAO-based 

anion compounds were characterized by IR and XRD, which showed spectra that were 

totally different from their corresponding, starting PAO- complexes.  In addition, the 

crystal structure of the salt, based on copper-PAO-anion and tetramethyl ammonium, 

[(H3C)4N]+[Cu(PAO-)(PAO2-)(H2O)]-.H2O, was determined by single-crystal X-ray 

diffraction (Figure 2.49).  The copper (II) center in the cuprate anion resides in a pseudo-

square pyramidal.  The apical position of the pyramid is occupied by water molecule at a 

distance from Cu2+ center of 2.3343(10) Å (Table 2.25).  This latter Cu—OH2 is shorter 

than the one observed in Cu(PAO)2.2H2O (2.482(5) Å),7 but longer than its 

corresponding in Cu2(O2CCH3)4.2H2O (2.1613(17) Å).89  Consequently, the water 

molecule binds stronger to the Cu2+ in the cuprate anion as compared to the one in the 

PAO- complex but weaker than that in the acetate complex.   
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Figure  2.49.  Crystal structure of [(H3C)4N][Cu(PAO-)(PAO2-)(H2O)].H2O drawn at 

50% level 
 

The four equatorial positions in the square base are occupied by the PAO- and 

PAO2- ligands, forming two semi symmetrical, coplanar five-membered metallacycles, 

opposing to each other and sharing the Cu2+ vertex.  The N,O-chelate mode is adopted by 

both ligands where the two oximino moieties are cis to each other around the Cu2+ ion 

center.  This latter conformation allows the formation of an intramolecular H-bond 

between the oximino hydroxyl group of the PAO- ligand with the deprotonated oxygen of 

the oximino hydroxyl group of the PAO2- ligand (═N−O−H---O−N═).  This H-bond 

between the two oxime oxygen atoms endows an extra stabilization to the cuprate 

complex and leads to the formation of a pseudo six-membered metallacycle.  However, 

the bridging proton is localized very near the O(6), resulting in asymmetric O—H bonds 

(O(6)—H = 0.893(4) Å, H---O(3) = 1.588(4) Å, O(6)---O(3) = 2.4773(12) Å, O(6)—H---

O(3) = 173.2(17)o) (Table 2.26).  Such an intramolecular H-bond connecting two 

oximino oxygen atom has been observed in several complexes based on oximino-

containing ligands.8,12,18,20,22,47-59  Moreover, this H-bond bridge can be regarded as a 

characteristic feature for the oximino complexes.  
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Table  2.25.  Bond Distances (Å) for [(H3C)4N][Cu(PAO-)(PAO2-)(H2O)].H2O  
Cu(1)-N(1) 1.9452(11) C(4)-C(5) 1.5080(19) 

Cu(1)-O(1) 1.9549(9) C(6)-H(6A) 0.9800 

Cu(1)-N(2) 1.9609(10) C(6)-H(6B) 0.9800 

Cu(1)-O(4) 1.9644(10) C(6)-H(6C) 0.9800 

Cu(1)-O(7) 2.3343(10) N(3)-C(9) 1.4913(16) 

O(1)-C(1) 1.2893(15) N(3)-C(10) 1.4940(18) 

O(2)-C(1) 1.2296(16) N(3)-C(7) 1.4954(17) 

O(3)-N(1) 1.3568(13) N(3)-C(8) 1.4982(17) 

O(4)-C(5) 1.2708(18) C(7)-H(7A) 0.9800 

O(6)-N(2) 1.3551(13) C(7)-H(7B) 0.9800 

O(6)-H(6D) 0.893(4) C(7)-H(7C) 0.9800 

O(7)-H(7D) 0.888(3) C(8)-H(8A) 0.9800 

O(7)-H(7E) 0.888(3) C(8)-H(8B) 0.9800 

O(8)-C(5) 1.2358(17) C(8)-H(8C) 0.9800 

N(1)-C(2) 1.2841(16) C(9)-H(9A) 0.9800 

N(2)-C(4) 1.2798(15) C(9)-H(9B) 0.9800 

C(1)-C(2) 1.5115(17) C(9)-H(9C) 0.9800 

C(2)-C(3) 1.4837(17) C(10)-H(10A) 0.9800 

C(3)-H(3A) 0.9800 C(10)-H(10B) 0.9800 

C(3)-H(3B) 0.9800 C(10)-H(10C) 0.9800 

C(3)-H(3C) 0.9800 O(9)-H(9E) 0.887(3) 

C(4)-C(6) 1.4948(17) O(9)-H(9D) 0.887(3) 

Numbers in parentheses are estimated standard deviations in the least significant digits. 



 142 

 
Table  2.26.  Hydrogen Bonds for [(H3C)4N][Cu(PAO-)(PAO2-)(H2O)].H2O [Å and o] 

 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

O(6)-H(6D)...O(3) 0.893(4) 1.588(4) 2.4773(12) 173.2(17) 

O(6)-H(6D)...N(1) 0.893(4) 2.265(11) 3.0066(14) 140.3(14) 

O(9)-H(9E)...O(8) 0.887(3) 1.898(4) 2.7786(16) 171.8(19) 

O(7)-H(7D)...O(3)#1 0.888(3) 1.885(3) 2.7687(13) 173.6(8) 

O(7)-H(7E)...O(9)#2 0.888(3) 1.938(4) 2.8154(15) 169.4(12) 

O(9)-H(9D)...O(4)#2 0.887(3) 2.435(8) 3.2829(17) 160.0(18) 

Numbers in parentheses are estimated standard deviations in the least significant digits. 
Symmetry transformations used to generate equivalent atoms:  #1 -x+1,y+1/2,-z+1     
#2 -x+2,y+1/2,-z+2 
 

The bond distance between the Cu2+ and the oxime nitrogen dentate of PAO2-, 

Cu—N(1), has a length of 1.9452(11) Å, which is comparable to its analogs observed in 

the cuprate anionic complex [Cu(PAP3-)]-1 in [Cu(Im)4(H2O)2][Cu(PAP3-)]2.2H2O95 and 

in  [Li(H2O)4] [Cu(PAP3-)].2H2O96 (PAP3- = H3CC(=NOH)C(=O)N-(CH2)3N-

C(=O)C(=NO-)CH3, Im = imidazole), and in the dinuclear copper(II) cationic complex 

[Cu(Hpab)]2
2+ in Cu(Hpab)2.(H2O)4(ClO4)2

97,98 

(Hpab=H3CC(=NOH)C(=O)NH(CH2)4NHC(=O)C(=NO)CH3) (1.957(2),95 1.954(4),96 

and 1.934(2)97,98 Å, respectively).  The length of the bond between the Cu2+ and the 

oxime nitrogen atom of PAO-, Cu—N(2), is 1.9609(10) Å, which is close to its 

corresponding bonds observed in the aforementioned cuprate anion and the cationic 

copper(II) complexes (1.971(2),95 1.962(4),96 and 1.957(2) Å,97,98 respectively).  The 

Cu—N(1) bond is slightly shorter than Cu—N(2) due to the greater negative charge on 
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N(1), as a result of the deprotonation of its hydroxyl group.  The Cu—O(1), the bond 

between the Cu2+ and the carboxylate hydroxyl oxygen atom of PAO2-, has a distance of 

1.9549(9) Å, which is shorter than the Cu—O(4) with a distance of 1.9644(10) Å, the 

connecting bond between the Cu2+ and the carboxylate hydroxyl oxygen atom of PAO-.  

Again, the shortness of the former bond can be ascribed to the greater negative charge 

born by the PAO2-. The Cu—N(1), Cu—N(2), Cu—O(1), and Cu—O(4) bonds in the 

[(H3C)4N][Cu(PAO-)(PAO2-)(H2O)].H2O are longer than their analogs found in the 

[HPy]+[Cu(PAO)2]- salt (1.925, 1.942, 1.913, and 1.946 Å, respectively).20  The latter 

bonds are shorter because of the Cu2+ has a coordination number of 4 and a square planar 

geometry in the [HPy]+[Cu(PAO)2]- salt.  The influence of deprotonation of PAO- ligand 

to form PAO2- ligand does not only decrease the bond length of Cu—N bond, but also 

reduces the  N—O and the C═N contacts.  The N—O bonds in the [Cu(PAO-)(PAO2-

)(H2O)]- anion (1.3568(13) and 1.3551(13) Å) are comparable to those observed in the 

pyridinium cuprate salt (1.360 and 1.345 Å),20 and shorter than those found in 

Cu(PAO)2.2H2O (1.393(6)  Å).7  The C═N bonds in the [Cu(PAO-)(PAO2-)(H2O)]- anion 

(1.2841(16) and 1.2798(15) Å) are similar to those found in the pyridinium cuprate salt 

(1.27(1) and 1.293(9) Å),20 but shorter than those encountered in Cu(PAO)2.2H2O 

(1.301(8) Å).7 In addition, the length of Cu—N, N—O and C═N bonds in 

[(H3C)4N][Cu(PAO-)(PAO2-)(H2O)].H2O are similar to their corresponding bonds found 

in bis(dimethylglyoximato)copper(II).56  This similarity is probably due to the fact that 

the Cu2+ resides in a pseudo square pyramidal environment of coordination number of 

5.56  The monodentate carboxylates of PAO- and PAO2- ligands display partial 

delocalization of their negative charge, as reflected by the slight large difference in the 
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bond lengths of the C—O bonds of each carboxylate moiety (0.0350 and 0.0597 Å, 

respectively).  This conclusion regarding the delocalization of the carboxylate charge is 

supported by the fact that all the carbon-oxygen bonds have intermediate distances 

between the C—O bond (1.36 Å) and the C═O bond (1.23 Å).  The values of the bond 

lengths for the rest of the bonds in the five-membered rings created by PAO2- and PAO- 

are 1.5115(17), 1.4837(17), 1.5080(19), and 1.4948(17) Å for C(1)—C(2), C(2)—C(3), 

C(4)—C(5), and C(4)—C(6), respectively.  The bond lengths of these bonds are similar 

to their analogs found in bis(dimethylglyoximato)copper(II),56 the PAO- complexes of 

Na1+,14 and Ca2+,6 and the PAO--PAO2- complexes of Cu2+,20 and Ni2+.21  

 The Cu2+ ion center in the cuprate anion [Cu(PAO-)(PAO2-)(H2O)] reside above 

the mean square basal plane [N(1)O(1)O(4)N(2)] by 0.1158 Å in the direction of the 

axially-bound water molecule.  Consequently, the water oxygen is above this mean 

square basal plane by 2.4476 Å.  The mean deviation of the atoms of the square basal 

plane from planarity is only 0.0082 Å.  The largest deviation from planarity for the five-

membered ring created by the PAO2- ligand is 0.0937 Å at C(2), while that for the five-

membered ring created by the PAO- ligand is 0.0503 Å at C(5).  These measurements 

emphasize the near planarity of each five-membered ring. 

 The Cu2+ ion center has a distorted square pyramidal environment due to the 

existence of two five-membered metallacycle rings, leading to deviation of the angles 

subtended at the copper ion center from the ideal value of 90o (Table 2. 27).  The bite 

angle of N,O-chelate PAO- [N(2)—Cu(1)—O(4)] is 81.56(4)o, while that of N,O-chelate 

PAO2- [N(1)—Cu(1)—O(1)] is 82.85(4)o, reflecting the rigidity of the O═C—C═N 

fragment of PAO ions.  These bite angles are comparable to those found in the 
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pyridinium cuprate salt (82.0(2)o and 83.4(2)o, respectively)20 and in Cu(PAO)2.2H2O 

(81.3(2)o).7  The other two angles around the Cu2+ ion center in the square base of the 

pyramid have the values of 94.79(4)o and 99.99(4)o for [N(1)—Cu(1)—N(2)] and 

[O(1)—Cu(1)—O(4)], respectively.  These latter angles are similar to their analogs found 

in the pyridinium cuprate anion (95.1(3)o and 99.3(2)o, respectively).20  Interestingly, the 

sum of the angles is 359.19o around the Cu2+ ion center in the square base of the pyramid 

of [Cu(PAO-)(PAO2-)(H2O)]-.  This summation of angles would be 360o if the square 

base was thoroughly planar.  Thus, the square base can be inferred that is almost planar 

since it deviates slightly from the ideal value. 

 
Table  2.27.  Interbond Angles (o) for [(H3C)4N][Cu(PAO-)(PAO2-)(H2O)].H2O 

 
N(1)-Cu(1)-O(1) 82.85(4) O(4)-C(5)-C(4) 117.07(11) 

N(1)-Cu(1)-N(2) 94.79(4) C(4)-C(6)-H(6A) 109.5 

O(1)-Cu(1)-N(2) 172.48(5) C(4)-C(6)-H(6B) 109.5 

N(1)-Cu(1)-O(4) 172.90(5) H(6A)-C(6)-H(6B) 109.5 

O(1)-Cu(1)-O(4) 99.99(4) C(4)-C(6)-H(6C) 109.5 

N(2)-Cu(1)-O(4) 81.56(4) H(6A)-C(6)-H(6C) 109.5 

N(1)-Cu(1)-O(7) 95.44(4) H(6B)-C(6)-H(6C) 109.5 

O(1)-Cu(1)-O(7) 92.60(4) C(9)-N(3)-C(10) 109.18(11) 

N(2)-Cu(1)-O(7) 94.74(4) C(9)-N(3)-C(7) 109.54(10) 

O(4)-Cu(1)-O(7) 90.95(4) C(10)-N(3)-C(7) 109.01(10) 

C(1)-O(1)-Cu(1) 112.61(8) C(9)-N(3)-C(8) 109.01(11) 

C(5)-O(4)-Cu(1) 113.05(9) C(10)-N(3)-C(8) 110.27(10) 
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Table  2.27. (Continued) 

N(2)-O(6)-H(6D) 99.7(10) C(7)-N(3)-C(8) 109.82(11) 

Cu(1)-O(7)-H(7D) 115.1(6) N(3)-C(7)-H(7A) 109.5 

Cu(1)-O(7)-H(7E) 113.1(8) N(3)-C(7)-H(7B) 109.5 

H(7D)-O(7)-H(7E) 107.4(10) H(7A)-C(7)-H(7B) 109.5 

C(2)-N(1)-O(3) 120.84(10) N(3)-C(7)-H(7C) 109.5 

C(2)-N(1)-Cu(1) 115.28(9) H(7A)-C(7)-H(7C) 109.5 

O(3)-N(1)-Cu(1) 123.73(7) H(7B)-C(7)-H(7C) 109.5 

C(4)-N(2)-O(6) 119.59(10) N(3)-C(8)-H(8A) 109.5 

C(4)-N(2)-Cu(1) 115.82(8) N(3)-C(8)-H(8B) 109.5 

O(6)-N(2)-Cu(1) 124.55(7) H(8A)-C(8)-H(8B) 109.5 

O(2)-C(1)-O(1) 124.78(12) N(3)-C(8)-H(8C) 109.5 

O(2)-C(1)-C(2) 118.99(11) H(8A)-C(8)-H(8C) 109.5 

O(1)-C(1)-C(2) 116.22(10) H(8B)-C(8)-H(8C) 109.5 

N(1)-C(2)-C(3) 126.23(12) N(3)-C(9)-H(9A) 109.5 

N(1)-C(2)-C(1) 112.71(10) N(3)-C(9)-H(9B) 109.5 

C(3)-C(2)-C(1) 121.04(11) H(9A)-C(9)-H(9B) 109.5 

C(2)-C(3)-H(3A) 109.5 N(3)-C(9)-H(9C) 109.5 

C(2)-C(3)-H(3B) 109.5 H(9A)-C(9)-H(9C) 109.5 

H(3A)-C(3)-H(3B) 109.5 H(9B)-C(9)-H(9C) 109.5 

C(2)-C(3)-H(3C) 109.5 N(3)-C(10)-H(10A) 109.5 

H(3A)-C(3)-H(3C) 109.5 N(3)-C(10)-H(10B) 109.5 

H(3B)-C(3)-H(3C) 109.5 H(10A)-C(10)-H(10B) 109.5 
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Table  2.27.  (Continued) 

N(2)-C(4)-C(6) 125.71(11) N(3)-C(10)-H(10C) 109.5 

N(2)-C(4)-C(5) 111.89(11) H(10A)-C(10)-H(10C) 109.5 

C(6)-C(4)-C(5) 122.30(11) H(10B)-C(10)-H(10C) 109.5 

O(8)-C(5)-O(4) 124.68(14) H(9E)-O(9)-H(9D) 107.5(10) 

O(8)-C(5)-C(4) 118.21(13)   

Numbers in parentheses are estimated standard deviations in the least significant digits. 

The axial water molecule does not stand perpendicularly to the square base, as can 

be inferred from the value of the angles among the water and the equatorial arms of the 

base [95.44(4), 92.60(4), 94.74(4), and 90.95(4)o for N(1)—Cu(1)—O(7), O(1)—

Cu(1)—O(7), N(2)—Cu(1)—O(7), and O(4)—Cu(1)—O(7), respectively].  The angle 

between two arms opposite to each other in the square base is not straight angle 

[172.48(5) and 172.90(5)o for O(1)—Cu(1)—N(2) and N(1)—Cu(1)—O(4), respectively] 

because the Cu2+ is slightly above the plane of the base as explained previously (vide 

supra).  The metallacycle atoms of each five-membered ring are almost coplanar, as 

reflected by the angles around each corner atom [N(1), C(2), C(1), and O(1) for PAO2-, 

and N(2), C(4), C(5), and O(4) for PAO-] (see Table 2.27).  All the angles around the 

carbon of the methyl side chain of PAO2- and PAO- ligands have the value of 109.5o as 

expected for an ideal tetrahedral array. 

The tetramethylammonium cation has the expected tetrahedral geometry.  The 

N—C lengths range from 1.4913(16) to 1.4982(17) Å and the C—N—C angles from 

109.01(10) to 110.27(10)o with average values of 1.4947(17) Å and 109.47(11)o, 
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respectively (Table 2.25 and Table 2.27).  These crystallographic values regarding the 

tetramethylammonium cation are similar to those reported previously in literature.99-101 

The cuprate anion is H-bonded through the carboxylate carbonyl oxygen of its 

PAO- ligand to a water solvent molecule [O(9)—H(9E)---O(8), Table 2.26] occupying 

the voids between the voluminous [Cu(PAO-)(PAO2-)(H2O)]- structural units (Figure 

2.50).  The latter water molecule is also H-bonded to the carboxylate deprotonated 

hydroxyl oxygen of PAO- ligand of cuprate anion generated by symmetry [O(9)—H(9D)-

--O(4)#2, Table 2.26].  The axial water coordinated to the Cu2+ center of the cuprate 

anion also participates in the formation of two H-bonds, as shown in Table 2.26 and 

Figure 2.50, which lead along with the other H-bonds to the connection of the 2-D sheets 

of the cuprate complex and hence the creation of a 3-D network. 

The cuprate anions are bonded by unusual long Cu---O(3) contact, leading to a 

creation of a zigzag ribbon of the cuprate complex along the structure of [H3C)4N] 

[Cu(PAO-)(PAO2-)(H2O)].H2O (Figure 2.51).  This Cu—O(3) has a length of 2.902 Å, 

which is much longer than the average contact between the Cu2+ center and the 

carboxylate hydroxyl deprotonated oxygen in the anionic complex by 0.943 Å and longer 

than the bond between the copper(II) center and the apical coordinated water by 0.568 Å.   
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Figure  2.50.  A view along the b-axis of the network showing some of the hydrogen 
bonds connecting the cuprate anions and the crystallization water molecules in 

[(H3C)4N][Cu(PAO-)(PAO2-)(H2O)].H2O 
 
 

 

 
Figure  2.51.A perspective view of the cuprate anion ribbon [Cu(PAO-)(PAO2(H2O)] 
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This long-range bonding or interaction requires the Cu2+ ion center to have a coordination 

number of six and a distorted pseudo octahedral environment.  The zigzag nature of the 

ribbon is dictated by the apical coordinated water molecule.  A longer bond interaction 

than Cu---O(3) was reported previously in the crystal structure of Cu(Hpab)2. 

(H2O)4(ClO4)2 between the Cu2+ and the amide oxygen of the parallel complex (3.535(2) 

Å).97,98  Accordingly, the long-range copper-oxygen interaction is stronger in 

[(H3C)4N][Cu(PAO-)(PAO2-)(H2O)].H2O than in Cu(Hpab)2.(H2O)4(ClO4)2 on the basis 

of the length of the contact. 

Spectroscopic Characterization of PAO2- Salts 

 The IR and XRD spectroscopy techniques were used to characterize the mono 

metal cation salts of PAO2- synthesized in this work.  The XRD spectra of all the salts in 

the range of 10.0-70.0 for 2θ prove their crystalline nature.  Moreover, the observation of 

some peaks in their low angle X-ray diffraction patterns in the range of 1.3-10.0 for 2θ  is 

an indication of long-range order of the crystalline phase in these compounds.  All of the 

XRD patterns, in both ranges of 2θ, were found to be qiute different from those of the 

starting metal ion PAO- complex and that of hexadecylamine in the same range of 2θ.  

The latter comparison of XRD patterns helps affirm the formation of the new crystalline 

phase of PAO2-. 

 Table 2.28 displays the important distinguishing IR vibrational frequencies.  A 

marked characteristic of the IR spectra of PAO2- is that the asymmetric stretch of the 

carboxylate group decreases significantly by 64-78 cm-1 and its symmetric vibration 

stretch by 57-78 cm-1 in comparison to the free acid, HPAO.   
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Table  2.28.  Distinctive IR Vibrational Frequencies (cm-1) of the Salts of PAO2- 

 

Compound ν(C═N) νas(COO) νs(COO) ∆ν(COO) ν(N−O) 

[(H3C)4N][Cu(PAO)(PAO2-)(H2O)].H2O 1658 1632 1342 290 1129 

[H3C(CH2)15NH3][Fe(PAO)(PAO2-)] 1657 1631 1355 276 1116 

[H3C(CH2)15NH3][Zn(PAO)(PAO2)(H2O)] 1632 1617 1362 255 1078 

[H3C(CH2)15NH3][Ce(PAO)2(PAO2)(H2O)] 1605 ----- 1363 ----- 1046 

 

 
These observations, which are common for the carboxylate of metals, are due to 

the deprotonation, delocalization of the negative charge in the carboxylate moiety, and its 

coordination to the metal ion center.80 The differences between the asymmetric and 

symmetric stretching frequencies of the carboxylate groups, ∆ν(COO), have values greater 

than 250 cm-1, implying that the carboxylates in these compounds are monodentate.  This 

conclusion is consistent with the crystal structure determined for the copper(II) PAO2- 

salt.  The positions of ν(N—O) absorption stretching peaks confirm the coordination of the 

oximino nitrogen atom to the metal ion center.  The ν(N—O) is blue-shifted by 3-86 cm-1 in 

the IR spectra of the PAO2- salts in comparison to the parent acid, HPAO.  The 

deprotonation of the oximino hydroxyl group is also accounted for the large shift of ν(N—

O) band toward higher frequencies (shorter wavelength) in these salts.  Such interpretation 

is supported by the preceding studies which showed that coordination of the oximino 

group resulted in a hypsochromic (blue) shift of ν(N—O), and it became greater upon its 

deprotonation.8,12,22  The stretching vibrations of C═N groups in the salts of Cu2+ and 

Fe2+ are comparable to those reported for HPAO and its salts of light alkali,14 alkaline 
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earth,6 and the divalent 3d transition metals.23  However, the peaks for C═N in the salts 

of zinc and cerium are subjected to a bathochromic (red) shift.  Such observation was 

reported previously for some dianion of 2-hydroxyiminocarboxylic acids.8,12  The band of 

C═N in the cerium salt is highly red-shifted and broaden, so that the νas(COO) band was 

masked and could not be distinguished.  It was difficult in the IR spectra of these 

compounds, unfortunately, to distinguish the stretching of bands of the amine N—H due 

to the presence of (—OH) groups of oximino moiety and of water molecules.  The C—N 

bands are located in the frequency range of 1000-1200 cm-1, as expected. 

Thermal Behavior of PAO2- Salts 

 The TGA trace of [(H3C)4N][Cu(PAO)(PAO2-)(H2O)].H2O is composed of two 

weight-loss steps that finally lead to the formation of tenorite phase of cupric oxide, as 

confirmed by IR and XRD spectroscopies.  The first step can be attributed to the loss of 

two water molecules (the coordinated one to the copper(II) center and the crystallization 

one) and a molecule of tetramethylammonium cation on the basis of the percentage of 

weight remaining (~ 71%).  The second step is due to the decomposition of the PAO- and 

PAO2- ligands to give CuO, as supported by the mass remained percentage (21.1 %).  The 

copper(II) oxide obtained upon pyrolysis at 314 oC was found to have a very low specific 

surface areas of 6.6569m2/g.  In addition, the XRD pattern in the range of 2θ of 1.3-10o is 

amorphous, indicating that this CuO is not mesoporous. 

 The iron derivative of PAO2-, [H3C(CH2)15NH3][Fe(PAO)(PAO2-)], decomposes 

according to a TGA trace consisted of three weight-loss steps to yield eventually hematite 

(α-Fe2O3) at 574oC.  The sum of the weight lost in the first two steps refers to the loss of 

the n-hexamethylammonium ion [n-CH3(CH2)15NH3]+, implying a stepwise 
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decomposition of this cation during the decomposition of the complex.  The third step is 

due to the decomposition of the PAO- and PAO2- ligands to give the final product of 

hematite.  The surface area of this hematite is 19.5603m2/g, which is almost 66 times the 

surface area of the starting complex (0.2985m2/g).  The low surface area of hematite 

indicates that it is not mesoporous.  This conclusion was confirmed via the XRD analysis 

in the small angle range (1.3-10.0o) which did not show any peaks.  On the other hand, 

the starting complex diffracts the X-ray beams in this range of angle, implying a long-

range order of the complex in crystalline phase, but not implying the existence of 

mesoporous phase due to its low surface area. 

 The zinc complex, [H3C(CH2)15NH3][Zn(PAO)(PAO2-)], decomposes in four 

steps according to its TGA trace.  The first one is ascribable to dehydration (loss of one 

water molecule) of the zinc complex on the basis of weight loss at 101oC (97% is the 

wt% remaining).  This high temperature of dehydration is an implication of the 

coordination of the water molecule to the zinc ion center.  The second and third steps 

may account for the loss of n-hexamethylammonium ion [n-CH3(CH2)15NH3]+ and one of 

the PAO ligands, as can be inferred from wt% remaining (~31%) at 208oC.  The fourth 

step represents the decomposition of the other PAO ligand to yield zinc oxide, as proved 

by XRD analysis and percentage of weight remaining (~15%).  The surface area of the 

zinc complex is very low (0.7364m2/g), while that of the dehydrated phase, obtained at 

101 oC, is 0.2482m2/g.  The XRD patterns in the 2θ range of (1.3-10o) and (10-70o) of 

both the zinc complex and its dehydrated phase are similar, indicating that the structure 

of original complex is maintained intact after the dehydration process.  The X-ray 

diffractions in the low angle range along with the low surface areas imply a long-range 
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order in the crystalline phase of the zinc complex and its anhydrous form, but not the 

existence of mosoporous phase.  The XRD patterns, on the other hand, of the pyrolysis 

product, obtained at 140oC, in the 2θ ranges (1.3-10.0o) and (10-70o) are different from 

those of the zinc complex and its dehydrated form, indicating a change in the crystalline 

phase upon increase the temperature from 100 to 140 oC.  The surface area of the material 

produced at 140 oC is 1.8264m2/g. 

 The cerium complex dissociates to cerianite phase of ceria (CeIVO2) in two 

weight-loss steps.  The first one is due to the loss of a water molecule coordinated to the 

Ce3+ ion center, as indicated by the percentage of weight remaining (~ 97%).  This 

dehydration step takes place around 80oC.  The second step refers to the decomposition 

of the n-hexamethylammonium ion [n-CH3(CH2)15NH3]+ and the three PAO ligands of 

the anhydrous cerium complex to ceria.  The XRD analysis in the 2θ range (10-70o) 

confirmed the formation of nanocrystalline ceria, obtained by thermal decomposition at 

289oC, as reflected by the broad peaks of the spectrum.  However, no peaks in the XRD 

pattern of this ceria in the range of 2θ range (1.3-10.0o), indicating the absence of a long-

range order crystalline phase.  The surface area is subjected to a dramatic change upon 

the pyrolysis of the cerium complex (0.7295m2/g) at 289 oC to yield CeO2 (29.8248m2/g).  

The high surface area of ceria can be ascribed to the ease of the thermal decomposition of 

the cerium complex which is facilitated by the ease of oxidation of Ce3+ to Ce4+ by 

oxygen. 

 The failure to prepare mesoporous metal oxide could be attributed to the lack of 

micelle formation by n-hexadecylammonium cations in the low polarity medium of 

methanol.  Instead the cation molecules gather to form bimolecular (bilayer) sheets, 
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where their (—NH3)+ polar heads are connected to the PAO metallate anion by hydrogen 

bonds.  The non-polar hydrocarbon tails of the cation chains are bound by van der Waals 

forces.  Such arrangement results in bidimensional, layered crystalline structure. 

2.4. CONCLUSION 

 Metal salts and complexes based on PAO ligand are demonstrated to form 3-

dimensional polymeric and network crystalline materials via both covalent and hydrogen 

bonds.  The latter hydrogen bonds facilitate the crystallization process of these 

compounds and are partially responsible for the low solubility in aqueous medium of 

some of them.  The PAO compounds, furthermore, are very suitable precursors for the 

fabrication of high surface area, nanocrystalline metal oxide ceramics for catalysis and 

environmental purposes for instance.  The utility of these complexes for the latter 

applications arises from their low thermal stabilities, which is due to the binding mode of 

the PAO ligand, the formation of strained fiver-membered metallacycles, and the 

crystalline structures adopted.   

 Each PAO complex has its own thermal decomposition pathway, as reflected by 

the variation of the concomitant products with the oxide.  In addition, holding the 

pyrolysis under nitrogen gas instead of air stream led to different products.  The PAO 

complexes are also acidic as evidenced by the ability to deprotonate their oximino 

hydroxyl groups to form metallate anions.                  
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CHAPTER 3 

3. PYRUVIC ACID OXIME COMPLEXES PYROLYSIS MECHANISM 

3.1. INTRODUCTION 

The low temperature thermal decomposition, exhibited by the salts of pyruvic 

acid oxime (PAO) ligand, ranges between 76-250oC, and results in nanocrystalline, high 

surface area metal oxides.1  This remarkable feature of these compounds deserves to be 

investigated mechanistically in order to understand the responsible electronic and 

geometrical factors for this phenomenon.  Ultimately, the results can lead to the design of 

thermally unstable coordination compounds for the synthesis of nanostructured materials 

with unprecedented chemical and physical attributes for electrical, magnetic, optical, 

sensorial, and catalytic applications.  Such thermally unstable compounds can provide a 

simple, cost-effective, and low energy route for the fabrication of the nano-materials that 

are desired for the technological and industrial advancements. 

 It has been demonstrated that PAO compounds dissociate to generate water, 

acetonitrile, and carbon dioxide along with metal oxides, hydroxides, or carbonates 

depending on the metal center, as illustrated in the following chemical equation:1-8 

 

C

N
M

O

C

CH3O

OH MOH    +    CO2    +    H3CCN (Eq. 3.1)
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The coordination mode of the PAO ligand to the metal center is undoubtedly a 

key factor in determining the stability of its complexes.  Single crystal X-ray 

crystallography structures of a variety of PAO complexes, reported previously in the 

literature and performed during this work, reflect this fact explicitly through 

demonstration of the presence of strained five-membered metallacycles.1-4,6,8-16  This 

causes Pitzer strain (ring strain), due to the ligation of the PAO ligand to the metal center 

via the nitrogen atom of the oximino moiety and the deprotonated hydroxyl oxygen atom 

of the carboxylate moiety, as described in Chapter 2.  Another structural factor that has to 

be taken into consideration for thermal stability of PAO compounds is the formation of 

polymeric materials or networks by the formation of bridges between two metal ion 

centers.  This can be caused by formation of bridging carboxylate or hydrogen-bonding 

interactions between carboxylate oxygen atoms and oximino hydroxyl groups or waters 

of hydration.1-4,6,8-16      

The influence of the bidentate type mode adopted by the PAO ligand in its 

complexes on the thermal behavior has been detected through thermal gravimetric 

analysis (TGA), differential thermal analysis (DTA), differential scanning calorimetry 

(DSC), and tandem TGA-MS analysis.1-8  The latter investigation revealed that the gases 

produced during the thermal decomposition of PAO complexes were evolved 

simultaneously, implying a concerted decomposition mechanism (Figure 3.1).1,4,6,7  Such 

a mechanism, proposed by Apblett and Georgieva,1,6,7 could involve a simultaneous 

rearrangement of electron pairs within a six-membered O,O metallacycle transition state 

(Equation 3.2 b).1  This requires rotation around the C=N bond but would be expected to 

be a low-energy pathway after such rearrangement. Alternatively, a higher energy 
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pathway for extrusion of carbon dioxide and acetonitrile from the five-membered ring is 

possible (Equation 3.2 a).1 

 

 

Figure  3.1.  Synchronous production of acetonitrile, carbon dioxide, and water 
during the thermal decomposition of Ce(PAO)3.  Adapted from the literature1 
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(Eq. 3.2 b)

 

 

The formation of the six-membered ring requires the isomerization of the 

coordinated E-isomer of PAO ligand to its Z-isomer, which should be preceded by the 

breaking of the N-metal dative bond at an elevated temperature.1   Supportive evidences 

of the Apblett-Georgieva mechanism are the isomerization of E-benzoyl formic acid 

oxime, E-C6H5C(=NOH)COOH, to the Z-configuration at 120oC,17 the decomposition of 

the α-oximinocarboxylic acids to their corresponding nitriles and carbon dioxide by a 

similar proposed mechanism involving the same cyclic intermediate or transition state 

shown in equation 3.2b,17 and a correlation of the strength of the N-metal bond with 

increased decomposition temperature.1  For example, the thermal stability decreases 

linearly down the alkali and alkaline earth groups, i.e. with increasing ionic radius of the 

metal cation.1-3  This is opposite the trend predicted by the ionic model and is opposite 

the observed trend for the carbonate of these metals.18  Ring strain would increase with 

the ionic radius of the metal ion and this would be expected to weaken the Nmetal 

bond and make formation of the six-membered metallacycle more favorable.1-3  

Theoretical energetic calculations based on the MM3 model for M[H3CC(=NOH)COO] 
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species supported the responsibility of the Pitzer strain for the trends in thermodynamic 

stability of these salts.1  The above discussion also showed the influence of the cationic 

radius on the thermal stability of these PAO compounds.  However, comparing the 

pyrolysis temperature of PAO salts of alkali and alkaline earth having similar ionic radii 

revealed that the alkaline earth derivative possessed a higher thermal stability, reflecting 

the impacts of metal ion center charge on both thermodynamic stability and on covalent 

character of these compounds.1,3  

In spite of the success of the Apblett-Georgieva mechanism in providing a logical, 

plausible pathway for the thermal decomposition of PAO complexes, it did not explain 

how the E-conformation might be converted to its Z-isomer.  There are, however, two 

possible routes for the conversion of anti (E) oxime isomer to its syn (Z) isomer.19  The 

first one is the Ashbrook mechanism,20 which is based on the formation of a nitrone 

intermediate (II) during the isomerization process of an aromatic o-hydroxyoxime as 

shown in equation 3.3.19,20 

 

N OH
HO

NH OH
O

NH OH
O

(Eq. 3.3)

(I) (II) (III)  

 
The occurrence of such mechanism relies strongly upon the substituents on the oxime 

carbon to stabilize the positive charge developed on this carbon atom in structure (III).  

Electron donating groups (EDG) will stabilize both of II and III structures.  Existence of 

alkyl groups, the poorest EDG, only is not enough for stabilization of the positive charge 

on the oxime carbon of an aliphatic oxime, and hence the formation of III is difficult.  
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Consequently aliphatic oximes are mainly present in their oxime isomeric form.19  E-

PAO ligand, on this basis, cannot isomerize to its Z-form due to the presence of the 

electron withdrawing group (EWD), carboxylate, and thus, transformation of the five-

membered ring to the intermediate or transition state six-membered ring in Apblett-

Georgieva mechanism will not happen through the Ashbrook path of oxime 

isomerization.   

The second possible avenue for isomerization of an oxime is the oxime-nitroso 

tautomerism in which the oxime hydroxyl proton migrates to the carbon holding the 

nitroso group (Equation 3.4).19  Such mechanism is well-established in literature..21-31  

 

H3C
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N

O

HO

H3C
OH

N
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(Eq. 3.4)

 

 
The oxime is the predominant tautomer at room temperature because nitroso compounds 

are destabilized in the presence of α-hydrogens.  However, at high temperatures, the 

equilibrium concentration of nitroso tautomer becomes quite considerable due to shifting 

of the equilibrium towards the right side.  Characteristic features of the nitroso tautomer 

are the flexibility of free rotation about the C−N bond and the simplicity of its formation 

without the requirement of formal charge separation, elucidating the quicker 

isomerization of oximes upon raising the temperature.19 Accordingly, this mechanism is 

more likely to facilitate the isomerisation of E-PAO to its Z-isomer during the Apblett-

Georgieva mechanism for the pyrolysis of PAO complexes.  The verification of the E-Z 
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isomerization via oxime-nitroso tautomerization19 within the thermal decomposition of 

PAO complexes can be done by in situ measurements of 1H and 13C magnetic resonance 

(PMR and CMR) spectra in order to monitor the resonance changes of the oxime 

hydroxyl proton and the oxime carbon while heating the PAO complex from room 

temperature to its decomposition temperature determined from the TGA or DSC study.  

In this investigation acetamide, H3CC(=O)NH2, and in some cases acetic acid, 

H3CC(=O)OH, carbon dioxide, CO2, and acetonitrile, H3CC≡N, were detected during 

thermal dissociation of Zn(PAO)2.2H2O in air, Mn4(PAO)8.2H2O under nitrogen, 

Co(PAO)2.2H2O under helium, and hydrolysis of Cu(PAO)2.2H2O.  A reasonable 

mechanistic interpretation for the formation of acetamide and acetic acid, based on 

Beckmann rearrangement,32 decarboxylation, and hydration processes, was presented.   

3.2. EXPERIMENTAL 

  Pressure tubes (30 ml) were placed in a cylindrical, digitally controlled furnace 

set at the suitable temperature for thermal decomposition of the PAO salt.  The latter 

solid was contained in the pressure tube and purged under the desired inert gas using 

Schlenk techniques for 4 hours.  The PAO complexes of manganese(II), cobalt(II), 

copper(II), zinc(II) were prepared and pyrolyzed as described previously in Chapter 2.  

Tandem gas chromatography-mass spectroscopy technique was used to identify the gas 

products of the thermal decomposition of these compounds.  Acetamide was obtained as 

white crystals upon performing the pyrolysis of Mn and Co derivatives of PAO using the 

pressure tube.  Addition of methylene chloride helped dissolve acetamide and, hence, 

separated it from the metal-containing solid.  Subsequent GC-MS analysis of the 

methylene chloride extract confirmed the formation of acetamide as a decomposition 
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product of these two compounds.  Solid-state 13C nuclear magnetic spectroscopy also 

detected acetamide and zinc carbonate from the thermal decomposition of zinc PAO 

complex.  The XRD and IR techniques were used to confirm the identity of the metal-

containing solid. 

3.3. RESULTS AND DISCUSSION 

 A plausible mechanism for the formation of acetamide upon the pyrolysis of PAO 

complexes can be based on the Beckmann’s rearrangement32 of the ketoximic form of E-

PAO to its N-substituted amide isomer by the migration of the carboxylate group from 

the oxime carbon to the oxime nitrogen.  This would be followed by decarboxylation 

(Equation 3.5 a), or vice versa, i.e. the loss of a molecule of carbon dioxide takes place 

first and then the rearrangement leads to the production of acetamide (Equation 3.5 b).   
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A dissociation of the oxygen-metal bond is required to take place whether or not the 

rearrangement or the decarboxylation precedes the other one.  However, the former route 

takes place through the formation of N-bearing carboxylate compounds that finally, upon 

decarboxylation, gives acetamide.  On the other hand, the other route starts with the loss 

of CO2 to produce Z-acetaldoxime, which undergoes a Beckmann’s rearrangement to 

yield acetamide.  In addition, it is quite possible that the acetamide comes from the 



 173 

hydrolysis of acetonitrile, resulted from the decomposition of PAO ligand according to 

equation 3.1.  

 In the case of the manganese derivative of PAO, the formation of manganese(II) 

carbonate and acetamide occurred.  The observation of the latter can be attributed to the 

above mechanism based on a Beckmann rearrangement, followed by decarboxylation, 

while carbonate anion may be formed from the reaction of carbon dioxide from 

decarboxylation process with the water formed from the decomposition of PAO ligand 

according to equation 3.1.  A similar explanation can be given for the formation of 

acetamide and zinc carbonate during the thermal decomposition of the PAO complex of 

zinc. 

 Pyrolysis of Co(PAO)2.2H2O under helium gave carbon dioxide, acetonitrile, 

acetamide, and acetic acid.  The first two products are produced according to equation 

3.1.  Acetamide associated with carbon dioxide upon Beckmann’s rearrangement and 

decarboxylation of PAO ligand.  Acetic acid can be either obtained by a hydrolysis 

reaction of acetonitrile or acetamide.  Such hydrolysis reactions are well-known synthetic 

pathways in organic chemistry for the production of carboxylic acids from nitriles and 

amide. 

 In case of hydrolysis of the copper(II) derivative of PAO, the copper(II) is 

reduced to copper(I) in the form of Cu2O, indicating that this reduction process is radical, 

i.e. includes the transfer of one electron.  The PAO ligand is expected to be the reducing 

agent that provides the transferred electron to copper(II).  A possible radical resulted 

from the oxidation of PAO is [HON=CCH3]
.
 species, which either may be hydrogenated 

to give acetaldoxime or may be coupled with itself to dimethylglyoxime.  A supportive 
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evidence of the latter fate is the previous observation of Dr. Apblett of dimethylglyoxime 

formation when nickel or copper derivative of PAO were thermally decomposed under 

nitrogen, where the reduced form of the metal, nickel or copper metal, respectively, 

besides the corresponding metal(II) oxide, were obtained.8,33   

3.4. CONCLUSION 

 The thermal decomposition of PAO metal complexes involves the conversion of 

the E-isomer of the PAO ligand at high temperatures to its Z-isomer to form a six-

membered ring transition state, which allows the simultaneous evolution of carbon 

dioxide, acetonitrile, and water.  Such isomerization could take place via oxime-nitroso 

tautomerism.  In addition, depending on the metal and the atmosphere under which the 

pyrolysis is executed, acetamide, acetic acid, metal carbonate or oxide, and the metal 

itself are detected as products.  A Beckmann rearrangement or hydrolysis of acetonitrile 

can be responsible for the formation of acetamide.  Acetic acid might be formed from the 

hydrolysis of either acetonitrile or acetamide.  Carbonate is formed upon the reaction of 

carbon dioxide with water, which are produced from the thermal decomposition process.  

The formation of the metal is likely associated with radical oxidation of the PAO ligand.  

To probe the thermal decomposition process and gain insight on its mechanism, in 

situ measurements of 1H and 13C magnetic resonance (PMR and CMR) spectra are 

proposed for future work. 
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CHAPTER 4 

4. CATALYTIC CLAISEN-SCHMIDT CONDENSATION USING 
NANOPARTICULATE Zn(PAO)2.2H2O-DERIVED ZINC OXIDE  

 
4.1. INTRODUCTION  

 The Claisen-Schmidt condensation is an “aldol-type” reaction used for carbon-

carbon bond formation.  It leads to the production of an α,β-unsaturated aldehyde or 

ketone upon the condensation of an aromatic aldehyde with an aliphatic aldehyde or 

ketone in the presence of a basic (e.g. HO- and EtO-) or an acidic (e.g. HCl) catalyst.1,2 

The condensation is exemplified in the following chemical equations:1,3  
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This kind of aldehyde-ketone condensation also represents the simplest method for the 

synthesis of an important class of naturally-occurring materials, called 

benzylideneacetophenones, also known as chalcones.  These are generally prepared by 

catalytically-basic condensation of equimolar quantities of the appropriate substitute
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benzaldehyde with the suitable substituted acetophenone.2 Chalcones have wide 

important chemical, industrial, and pharmacological applications besides their biological 

activities and preparative usefulness for other compounds. They have been used as 

artificial sweeteners,2 stabilizer against heat, photoprotectors against visible and 

ultraviolet light and light-induced aging,2 photoreactive materials,4-8 color photography,2 

scintillators,2,9 polymerization catalysts,2 analytical reagents,2 coordinating ligands,10,11 

fluorescent whitening agents,2 organic brightening additives,2 anti-oxidants,12-15 anti-

inflammatories,16-20 anti-cancer,13,14,21-26 anti-malarials,27-32 anti-leishmanial,27,33-35 anti-

bacterial,36 anti-fungal,37 and anti-AIDS.11,38  They are useful for the synthesis of several 

compounds such as flavanones,2,39-41 flavanols,2,39 flavans,2,39 flavones,2,39 isoflavones,2,39 

aurones,2,39,40 benzils,2 heterocyclic epoxychalcones,2,42,43 benzylacetophenones,2 

dihydrochalcones,2,40 substituted allyl alcohols,2 phenylindenes,44 and quinolines.45 The 

simplest and the parent member of the chalcone compounds is the 1,3-diphenyl-2-propen-

1-one, also called benzylideneacetophenone or chalcone, obtained from the condensation 

of benzaldehyde with acetophenone in the presence of either an acidic or a basic catalyst 

as follows:1,2  

 

H

O O

+
H or HO

O

(Eq. 4.3)

 

 
A remarkable feature of the Claisen-Schmidt condensation reaction is its 

stereochemistry that usually leads to an E-α,β-unsaturated aldehyde or ketone, i.e. the 

carbonyl group and the bulkier substituent at the β-carbon atom are trans to each 

other.1,3,42,43,46-52  This observed stereoselectivity can be accounted for by two reasons.  
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First, the steric hindrance interaction between the planar enolate anion and the large 

group attached to β-carbon in the conformation (II) of the enolate anion is reduced in 

comparison to conformation (I) (Equation 4.4).  Consequently, conformation (II) is 

energetically preferred over conformation (I).3,42,43,50-52  Second, the favorable transition 

state (III) (see Equation 4.4) produces the E-isomer because the large two substitute 

groups are not eclipsed53 and there is no interference with coplanarity of the enolate 

system.  It was found that the second factor had greater importance.43,50-52 

 

C
C O

C

OH

Ph

H

H

Ph

C
C O

C

OH

H

Ph

H

Ph
C

C O
C

H

Ph
OH

Ph

H

.......

(I) (II) (III)

(Eq. 4.4)

 

  
Beside the Claisen-Schmidt Condensation reaction, chalcones can be synthesized 

by various methods such as Witting reaction,2,54-56 Photo-Fries reaction,2,57 Friedel-Crafts 

acylation of benzene with cinnamoyl chloride,2 coupling reactions between cinnamoyl 

chloride and phenylboronic acids or benzoyl chloride and phenylvinylboronic acids 

(Suzuki reaction),58 and thermal decomposition of α-diazoacetophenone.59  However, the 

Claisen-Schmidt condensation is still the easiest and the most suitable one.2  

 Both homogeneous and heterogeneous catalysts were used for the fabrication of 

chalcones by the Claisen-Schmidt condensation reaction.  The homogeneous catalysis 

conditions have been extensively employed, investigated, and are still being improved.  

Solutions of alkali (e.g. NaOH, NaOEt) in water, alcohol, or water/alcohol mixtures were 

the first homogeneous catalysts employed to promote the condensation at a temperature 

in the range of 25-50 oC.1-3  Complete reaction required several hours to a week, 
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depending on the reaction temperature.2  However, the yield of the desired chalcone 

decreases due to the disproportionation of aldehyde to alcohol and carboxylate 

(Cannizzaro reaction) under these conditions.60  Benzal diacetate can be used instead of 

the aldehyde to avoid a Cannizaro reaction.61  Moreover, methanol is preferred over 

ethanol as a co-solvent to prevent the discoloration and the aldol polymerization that may 

be caused by the oxidation of ethanol to acetaldehyde during the reaction.  This 

discoloration and polymer formation are more likely to take place if the ethanolic alkali 

solution is heated or given opportunity to stand for a long time.3  Acid catalysts were 

found to be better condensing catalyst agents than the alkali ones in the cases of phenols 

and phenol esters.1  α-Alkylchalcones, Ar΄C(O)C(R)═CHAr,1 cyanomethylchalcones,2 

and hydroxynitrochalcones2 were obtained readily using HCl as a catalyst.  Phosphoryl 

chloride was shown to be a better catalyst than alkali for the production 2΄-hydroxy-5-

acetamidochalcones.2  Other basic and acidic catalysts have been utilized for the 

synthesis of chalcones such as magnesium t-butoxide,62 potassium-graphite intercalate 

(KC8),2 anhydrous aluminum chloride,63 boron trifluoride,64 titanium tetrachloride,65 

boric anhydride,2 boric acid,66 borax,2 amino acids,2 Grignard reagents,2,67 

phenyllithium,68 organocadmium compounds (e.g. diphenyl cadmium and diethyl 

cadmium),2 bis(p-methoxyphenyl)telluroxide,69 calix[n]arenes/aqueous NaOH,70 and 

lithium bis(trimethylsilyl)amide.71  Generally, it is concluded from the investigation of 

the kinetics of the Claisen-Schmidt condensation that the reaction favors the acid 

catalysis conditions in the presence of an electron-withdrawing group (EWG) substitute 

on the ketone and/or an electron-donating group (EDG) substituent on the aldehyde.2  In 

contrast, basic catalysts are superior if there is an EWG substituent on the aldehyde.2  
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However, both the EDG and EWG substituents in the aldehydic and ketonic components 

have generally the same effect on the yield of chalcone whether the reaction is catalyzed 

by an acid or a base promoter.1  EWG substituents lead to higher yields because they 

accelerate the dehydration of the intermediate ketol to a greater extent than its 

retrogression to the reactants (decomposition of the ketol to the starting aldehyde and 

ketone).1  Also, no intermediate ketols have been isolated under the acidic conditions 

because irreversible dehydration of ketols to chalcones is favored by the acid catalysts.1  

Thus, most ketols isolated so far have been prepared under mild basic conditions (e.g. 

aqueous ethanolic sodium phosphate).1 

 Heterogeneous catalysis of the Claisen-Schmidt condensation reaction have been 

recently exploited for the formation of chalcones on the surfaces of various simple solid 

inorganic materials such as alumina,72 barium hydroxide,73-77 hydrotalcites,78-81 

zeolites,81,82 modified clays (e.g. ion-exchanged montmorillonite),83 agar-agar gel-KOH 

(gel entrapped base catalyst),84 cationic surfactant-aqueous NaOH (e.g. 

cetyltrimethylammonium chloride, sulfate, and hydroxide),85 natural phosphate,86 

calcined sodium nitrate/natural phosphate,87,88 calcined lithium nitrate/natural 

phosphate,89 and imprinted polymers based on vinylpyridine-styrene-divinylbenzene 

copolymer.90 Irradiation of the reaction mixture with ultrasound, in addition, gives better 

yields and reduces the reaction temperature.91-93  The heterogeneous catalysis systems are 

preferred over the conventional homogeneous techniques because the formers require 

mild conditions, give improved yields and selectivity of the desired product, and need 

only simple manipulation and easy experimental set-up and work-up.84,86 
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 In this investigation, nanocrystalline zinc oxide was prepared as described 

previously in Chapter 2, and was used to promote the heterogeneous Claisen-Schmidt 

condensation reaction of benzaldehyde with acetophenone under solvent-free conditions 

at 150oC.  Only a very small amount of the catalyst was needed for the completion of the 

reaction in several hours.  To the best of our knowledge, zinc oxide was used for the first 

time by us in such application.   

4.2. EXPERIMENTAL 

 Acetophenone  [H3CC(O)C6H5  (TCI)],  benzaldehyde [C6H5CHO  (Aldrich)],    t- 

chalcone [C6H5C(O)CH═CHC6H5 (Aldrich)], dodecane [H3C(CH2)10CH3, 99+% 

(Aldrich)], phenol [C6H5OH (EM Science)], cyclohexylamine [C6H11NH2 (Aldrich)], and 

cyclohexane [C6H12, reagent grade (Fisher Scientific)] were used-as-received without 

further purification.  ZnO was obtained upon pyrolysis of Zn(PAO)2.2H2O at 389 oC as 

described previously in Chapter 2.  A Hewlett Packard G1800A Gas Chromatograph-

Mass Spectrometer GC-MS, equipped with 30 m x 0.25 mm HP5 column (crosslinked 

5% PhMe silicone), was used to analyze the products of  reactions catalyzed by prepared 

ZnO. The temperature program used was an initial hold of 2 min at 35oC, a ramp of 

5oC/min to 170oC, and a final hold of 5 min. The helium flow rate was 1 ml/min and the 

injection port was set at 250oC. 

 A solvent-free mixture of acetophenone (0.8429 g, ~ 7 mmol), and benzaldehyde 

(0.8656 g, ~ 8 mmol) was placed in a 100-ml, glass media jar sealed with a Teflon-lined 

high-temperature resistant cap. A drop (0.0151 g) of this solution was taken, diluted with 

23.99 g of an internal standard solution of highly pure dodecane/CH2Cl2 ( ≈ 1:10000) in a 

20-ml vial, and labeled as t = 0 hr.  Then ZnO (0.08540 g, ~ 5 wt% of reactants) was 
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added to the reactants solution in the glass jar.  This sealed reaction system was placed in 

a digitally-controlled oven at 150oC to start the reaction.  Several samples were taken at 

different intervals, diluted with the internal standard solution of highly pure 

dodecane/CH2Cl2, and then 1-µl samples were injected into a GC/MS.  The glass jar 

reactor was cooled to room temperature before removing every sample.  Response factors 

for the reactants and the products were determined using a solution containing these 

compounds along with dodecane as an internal standard.  These were subsequently used 

to determine the reactants and product concentrations of the samples.  Comparing the 

mass spectra of the reactants and the product to those available in the NIST database 

helped identify them. Verification of the product identity was established by the 

determination of the retention times of standard samples of the reactants and products.  A 

pseudo first order procedure was followed to determine the reaction order with respect to 

both of the reactants, acetophenone and benzaldehyde.  Thus, a mole ratio of 1:20 of one 

of the reactants to the other was employed at the same above reaction conditions 

mentioned.  In order to calculate the reaction rate constant (k) and the reaction activation 

energy (Ea), the coupling reaction was performed at 110oC and 130oC with a mole ratio 

of 7 mmol acetophenone to 8 mmol benzaldehyde.  To explore the extent of the catalyst’s 

lifetime, the catalyst was reused to catalyze the same reaction at 130oC. 

Acidity and Basicity Measurements 

The acidity and basicity of ZnO were measured by adsorption of cyclohexylamine 

and phenol from cyclohexane, respectively, according to the procedure outlined in 

Chapter 2. 
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4.3. RESULTS AND DISCUSSION 

Figure 4.1 shows the Langmuir adsorption isotherms of the acidity (A) and 

basicity (B) of ZnO.  These two surface properties of ZnO were discussed in detail in 

Chapter 2.  The important conclusion that can be drawn is that while significant numbers 

of basic sites and acidic sites are present, the surface acidity predominates.  This is 

unusual for ZnO and could be expected to strongly influence the catalytic activity.  

Therefore, the catalysis of a crossed aldol condensation of acetophenone with 

benzaldehyde at 150oC was investigated using Zn(PAO)2-derived ZnO to yield t-chalcone 

(Equation 4.5).  Since the Claisen-Schmidt condensation can be expected to give an 

alkene with acid catalysts, the formation of chalcone reflects the acidity of the ZnO.   
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Figure  4.1.  Langmuir adsorption isotherm of (A) acidity and (B) basicity of ZnO 
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H

O

+
CH3

O

ZnO

      150 oC
glass media jar

O H

H
+ H2O (Eq. 4.5)

 

 

The coupling reaction between acetophenone and benzaldehyde gave exclusively 

t-chalcone in 90% yield after an 8-hour run at 150oC.  The IR and solid state 13C NMR 

analyses of the catalyst used in the reaction confirm the formation of zinc benzoate on the 

surface of ZnO.  Such observation implies that benzoic acid is formed during the reaction 

and then is adsorbed on the surface of the ZnO catalyst causing the neutralization of some 

of the basic sites.  The origin of the benzoic acid is most likely to be the direct oxidation 

of benzaldehyde by oxygen as shown in equation 4.6: 

 

H

O

OH

O

ZnO

150 oC
Zn(O2CPh)2 + H2O (Eq. 4.6)22

O2

 

The ease of oxidation of benzaldehyde by this route is well-established94 and would be 

expected to be rapid with elevation of temperature.  No benzyl alcohol, PhCH2OH, was 

detected in the reaction mixture, indicating that benzaldehyde did not undergo a 

Cannizzaro reaction94 which would also produce benzoic acid.  Investigation of the 

catalytic activity of ZnO at 150oC as a function of the mole fraction (X) of reactants 

shows that the consumption of benzaldehyde is larger than that of acetophenone during 

the reaction period (Figure 4.2).  This observation is consistent with the fact that 

benzaldehyde is also consumed for the production of benzoic acid.  It is noteworthy to 

emphasize that no hydroxyketone (ketol) intermediate was observed or isolated under the 
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reaction conditions employed, even at lower temperature.  This observation implies that 

the acidic sites on the oxide surface are responsible for the condensation reaction, 

because the ketol intermediate has been obtained under basic condensation only.  

However, the absence of the ketol intermediate does not exclude the basic sites on the 

surface of the catalyst from any role or participation in the catalytic process. 
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Figure  4.2.  Mole fraction (X) of reactants and product versus time at 150oC 

 
 

The kinetic aspects of the reaction were studied and revealed that the process has 

an overall order of 2, as evidenced by the sketch of the natural logarithm of the mole 

fraction ratio of acetophenone/benzaldehyde versus time (Figure 4.3).  By using 20 times 

excess of each reagent, it was determined that the reaction was first order in 

acetophenone and first order in benzaldehyde (Figure 4.4).  The pseudo rate constant 

(kpse) of acetophenone is very similar to that of benzaldehyde.  This may imply a similar 

adsorption strength of each reactant on the catalyst surface, i.e. the surface coverage (θ) 
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of the catalyst by each reactant.  The results regarding the kinetics of the condensation of 

benzaldehyde and acetophenone promoted at 150oC by ZnO prepared in this study is 

similar to that observed for the reaction catalyzed at 28oC by H2SO4/HO2CCH3.95  The 

latter reaction was found to be first order in each reactant and a second order overall.95  It 

may be concluded from the kinetic aspects of the reaction that the condensation step, not 

the dehydration step of the ketol intermediate, is the rate-limiting step. 
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Figure  4.3.  Second-order plot for the Claisen-Schmidt condensation between 
acetophenone and benzaldehyde catalyzed by 5 wt% reactants ZnO at 150oC 
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Figure  4.4.  Pseudo first-order reaction in (A) acetophenone and (B) benzaldehyde 
 

The reaction was also performed at 130oC, and it was found that the reaction was 

second-order overall and first-order in each reactant as concluded from the plot in Figure 

4.5.  The rate constant at 130oC is 71% less than that observed at 150oC.  

(A) 

(B) 
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Figure  4.5. Second-order plot for the Claisen-Schmidt condensation between 
acetophenone and benzaldehyde catalyzed by 5 wt% reactants ZnO at 130oC 

 
 

The catalytic activity of the catalyst at this temperature was monitored through the 

variation of mole fraction (X) of both of reactants and products as a function of the 

reaction run time (Figure 4.6).    
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Figure  4.6.  Change of the mole fraction (X) of reactants and products with time at 
130oC 
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Investigation of the kinetic aspects of the reaction at 110oC revealed that the 

reaction was much slower in comparison to the reaction at 150oC, where the rate constant 

at the latter temperature is 78% greater than the former temperature.  This is also 

confirmed by the smaller change of mole fraction of reactants and product at 110oC 

during the same period of time compared to those noted at 150oC and 130oC (Figure 4.7).  

However, the reaction still obeys the second-order mixed case and is a first order in each 

of both of reactants (Figure 4.8). 
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Figure  4.7.  Variation of mole fraction (X) of reactant and product at 110oC with 
time 
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Figure  4.8.  Second-order for the aldol condensation between acetophenone and 

benzaldehyde at 110oC promoted by 5 wt% reactants ZnO 
 
 

Variation of the reaction temperature allowed the determination of activation 

energy (Ea) on the basis of Arrhenius equation.  Plotting the natural logarithm (ln) of the 

rate constant (k) versus the reciprocal of the absolute temperature resulted in a straight 

line and Ea was calculated from the slope to be 49.77kJ/mol (Figure 4.9).  
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Figure  4.9.  The Arrhenius plot for the Claisen-Schmidt Condensation between 
acetophenone and benzaldehyde catalyzed by 5 wt% reactants ZnO 
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To test the activity and the life time of the catalyst used, the ZnO utilized to 

catalyze the reaction at 130oC was reused for the promotion of the reaction at the same 

temperature.  The yield of t-chalcone after 8 hours is poor (23%), indicating the reaction 

becomes very slow owing to the conversion of ZnO, the active catalyst, to zinc benzoate, 

the inactive or the less active form of the catalyst.  Thus, reactivation and regeneration of 

the catalyst by its combustion under air or oxygen for the conversion of benzoate to oxide 

is a necessary step for the utilization of the catalyst once again.  Alternatively, 

performance of the reaction in an inert gas will likely prevent catalyst deactivation and 

excess benzaldehyde consumption. 

4.4. CONCLUSION 

 Zinc oxide has been exploited for the first time for the Claisen-Schmidt 

condensation of benzaldehyde with acetophenone.  The zinc oxide thus prepared in this 

study is nanocrystalline, and acidic.  Such properties may endow the oxide with 

unprecedented chemical behavior in catalysis.  It has been shown that the reaction rate is 

proportional to the first power of the concentration of each reactant, implying that the 

rate-limiting step is the condensation step.  At 150oC, the chalcone yield was 90% after 

an 8-hour run.  Higher temperature, therefore, should speed up the reaction and increase 

the yield in a shorter period of time.  However at 150oC, the reaction was limited by 

competitive consumption of benzaldehyde by a side oxidation reaction.  The use of a 

greater excess of benzaldehyde, or changing the amount of the catalyst has not been 

investigated during this work.  However, the additional benzaldehyde and changing the 

amount to zinc oxide may profoundly affect the reaction rate because the catalyst is 

consumed and converted to the less active material zinc benzoate. 
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CHAPTER 5 

5. SELECTIVE N-METHYLATION OF ANILINE USING DIMETHYL 
CARBONATE AND NANOPARTICULATE PAO--DERIVED FERRITE 

  
5.1. INTRODUCTION 

Selective methylation of the nitrogen atom of aniline to yield N-methylaniline 

(NMA) and N,N-dimethylaniline (NNDMA), is an important step in the industrial 

production of numerous agrochemicals, pharmaceuticals, drugs, dyes, fine chemicals, 

synthetic rubbers, herbicides, and explosives.1-26  Due to the many applications of NMA 

and NNDMA, there is a continuous search for active and selective catalysts, non-toxic 

methylating reagents, and optimum reaction conditions (e.g. temperature, pressure, 

solvent, etc.) for inexpensive, environmentally benign production of NMA and 

NNDMA.1-46  There is a significant emphasis on solid acids and bases such as metal 

oxides, mixed oxides, clays, and zeolites as catalysts instead of the toxic, hazardous, 

homogeneous Lewis acid catalysts due to the elevated concerns about the    

environment.1-55  Dimethyl sulphate [(H3C)2SO4], monohalomethane, and primary alkyl 

halides were used for the methylation of aniline and other chemicals but these 

compounds are highly toxic and corrosive and lead to the formation of a stoichiometric 

amount of the corresponding salt of the base employed as a                       

catalyst.2,6,19,27,29-31,34,35,37,38,47-50,52,.53  Methanol and dimethyl carbonate (DMC) are much 

less toxic and non-corrosive and thus, they have been extensively used as methylating 

agents using several solid acid-base catalysts.1-57 Methanol is cheaper and  
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requires higher temperature for the methylation process but is a less effective methylating 

reagent compared to DMC.1,2,4,5,9-11,24,31,38,49-51  It has been demonstrated that a total 

conversion of aniline, selectivity for NMA and NNDMA, and production of side products 

such as toluidines (C-alkylated anilines) and carbamate methyl esters depend strongly on 

the nature of the catalyst utilized and the reaction conditions employed.1-33,35-39,41-46,55,57  

The formation of toluidines requires the presence of strong acid sites, while the N-

alkylated anilines (NMA and NNDMA) can be produced by weak to moderate acid 

sites.2,4,7,12-14,16-18,21-23,26,28,36,37,39,41,44,55  However, very strong acid catalysts should be 

avoided because they may have their activity inhibited by the strong adsorption of the 

moderately basic aniline or may lead to deamination of aniline to benzene.7,8,16-18,26,28,45  

Several catalysts have been employed for the methylation of aniline with methanol.  

Zeolites, for instance, resulted in both N- and C-methylated products, while cocrystallized 

zeolites selectively resulted only in NNDMA.3,7,8,18,23,26,31,36,37,44,55,57  On the other hand, 

metal oxides give preferably the N-alkylated products.2,3,8-11,13,15,16,18,22,28  However, a 

large molar ratio of methanol:aniline and high temperature conditions were      

needed.2,3,7-17,20-23,26,28,36,39,44,46,55,57  Recent work of Sreekumar et al.8,9,15,28 showed that 

NMA was obtained in very high selectivity and good yield even at a low molar ratio of 

methanol:aniline at 350 oC over MxZn1-xFe2O4, where M is Co2+ or Ni2+ and 0.0 ≤ x ≤ 1.0.  

The best results regarding the activity of the catalyst and selectivity toward NMA were 

obtained with x = 0.2.  These authors also used DMC and CoxZn1-xFe2O4 at 250 oC.9,10  

Catalyst systems with x of 0.2 and 0.5 showed the highest selectivity for NMA, but 

selectivity is lower than that when using methanol as the alkylating agent.8-10 However, 

very high selectivity for NMA was reported using DMC over Mg-Al hydrotalcites 
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(Mg/Al = 3),11 faujasite X- and Y-type zeolites,19 Y-zeolites,24 NaY faufasite,27 and 

alumina coated with K2CO3 and polyethylene glycol.32,33 It is noteworthy to mention that 

under refluxing conditions for 4 hours over amorphous Co-AlPO4 catalyst and a mole 

ratio of 1aniline:1DMC, N,N`-biphenylurea was obtained as the major product along with 

byproducts of NMA and methyl N-phenylcarbamate.5  Increasing the reaction time led to 

disappearance of the carbamate and to an increase of the yield of the urea product.  There 

was no carbamate observed and only NMA (minor product) and urea (major product) 

were detected when the mole ratio was changed to 2 aniline:1 DMC.  Performing this 

reaction in the vapor phase in the same mole ratio, in the presence of amorphous V-

AlPO4 or Co-AlPO4 resulted in the formation of NMA in 100% selectivity whether the 

alkylating agent was methanol or DMC.4 

5.2. EXPERIMENTAL  

 Dimethyl carbonate [(H3CO)2CO, 99% (Aldrich)], aniline [C6H5NH2, 99% 

(Lancaster)], methanol [H3COH], N-methylaniline [C6H5NHCH3, (Aldrich)], N,N-

dimethylaniline [C6H5N(CH3)2, (Aldrich)], N-phenylcarbamic acid methyl ester 

[C6H5NHCOOCH3, TCI], hexamethylbenzene [C6(CH3), TCI], tetrachloro-1,4-

benzoquinone [(p-chloranil) (Aldrich)], acetonitrile [H3CCN, HPLC grade (Spectrum)], 

methylene chloride [H2CCl2, Optima (Fisher Scientific)] were commercial and used-as-

received. The Ni0.2Zn0.8Fe2(PAO)6.6H2O-derived ferrite (NZFPAO) and 

Ni0.2Zn0.8Fe2(OH)8-derived ferrite (NZFOH) catalysts were prepared according to the 

procedures described below.  The crystalline phase identification and crystallite size of 

the synthesized catalysts were performed using powder X-ray diffraction (XRD) 

technique.  The XRD patterns were recorded on a Bruker AXS D-8Advance X-ray 
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diffractometer using copper Kα radiation.  The crystalline phase identification was 

achieved using a search/match program and the PDF-2 database of the International 

Center for Diffraction Data.58  The catalysts were also characterized by infrared (IR) 

spectroscopy.  The diffuse reflectance infrared fourier transform (DRIFT) spectra of a 

ground powder of the catalysts diluted with KBr were recorded on a Nicolet Magna 750 

FTIR.  The chemical composition of the surface of the prepared ferrites was established 

by X-ray photoelectron spectroscopy (XPS) using magnesium Kα radiation for excitation 

(hν = 1253.6 eV).  The XPS analyses were performed by Dr. Nicholas F. Materer.  The 

surface areas of the catalysts were determined using BET six-point surface area 

measurements, performed on a Quantachrome Nova 1200 instrument by nitrogen 

adsorption at the temperature of liquid nitrogen.  A Hewlett Packard G1800A Gas 

Chromatograph-Mass Spectrometer GC-MS, equipped with 30 m x 0.25 mm HP5 

column (crosslinked 5% PhMe silicone), was used to analyze the products of the 

alkylation reactions. The temperature program used was an initial hold of 2 min at 35oC, 

a ramp of 5oC/min to 170oC, and a final hold of 5 min. The helium flow rate was 1 

ml/min and the injection port was set at 250oC. 

NMA and NNDMA were obtained as the major products with methyl N-

phenylcarbamate as a minor byproduct of alkylation of aniline employing DMC as a 

methylating agent and NZFPAO as a catalyst.  The catalyst was prepared by pyrolysis of 

Ni0.2Zn0.8Fe2(PAO)6.6H2O at 512oC and then activated at 500oC for one hour in a muffle 

furnace.  Samples of aniline (0.9367g, ~ 10 mmol) and DMC (9.9393 g, ~ 100 mmol) 

were placed in a Teflon-lined stainless steel bomb. A drop (0.1280 g) of this solution was 

taken, diluted with 20.4460 g of an internal standard solution of 
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hexamethylbenzene/CH2Cl2 ( ≈ 1:600) in a 20-ml vial and labeled as t = 0 hr.  Then 

NZFPAO (0.4986 g, ~ 5 wt% of reactants) was added to the reactant mixture in a bomb 

reactor.  The sealed reaction system was then placed in a digitally-controlled oven at 

150oC to start the reaction.  Several samples were taken at different intervals, diluted with 

the internal standard solution of hexamethylbenzene/CH2Cl2 ( ≈ 1:600), and then injected 

(1-µl samples) into a GC/MS.  The stainless steel bomb was cooled to room temperature 

before taking every sample.  Response factors of the reactants and the products were 

determined using the internal standard solution of hexamethylbenzene/CH2Cl2 ( ≈ 1:600) 

and were subsequently used to determine the concentrations in the samples from the 

catalysis experiments.  Comparing the mass spectra of the reactants and the products to 

those available in the NIST database helped identify them. Verification of the products 

identities was established by determination of the retention times of standard samples of 

the reactants and products by GC/mass spectroscopy.  Similar reaction conditions, mole 

ratio of reactants, and products analyses were used when NZFOH, obtained by 

calcination of Ni0.2Zn0.8Fe2(OH)8 at 300oC and then activated at 500oC for an hour, was 

used as a catalyst along with DMC or methanol as a methylating reagent.  However, the 

only products detected by GC/MS with this catalyst were NMA and NNDMA, 

irrespective of the utilized methylating agent.  The reaction was also run under the same 

aforementioned conditions without catalyst using DMC as a methylating agent.  The 

detected products were N-methyleneaniline (N-phenylformaldimine) (C6H5N═CH2), 

NMA, and NNDMA.  N-Methyleneaniline has been reported as an intermediate in the 

conversion of its cyclic trimer (hexahydro-1,3,5-triphenyl-1,3,5-triazine) to other organic 
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molecules.59-61  However, N-methyleneaniline monomer has been recently prepared and 

polymerized and its polymer has been characterized.62 

Preparation of NZFPAO Catalyst 

 Samples of NiSO4.6H2O (0.78807 g, 3 mmol), ZnSO4.7H2O (3.4500 g, 12 mmol), 

and FeSO4.7H2O (8.3403 g, 30 mmol) were mixed together and dissolved in 100 ml of 

H2O.  A sample of Na(PAO).H2O (12.870 g, 90 mmol) was dissolved in 100 ml of 

distilled water.  A yellow green precipitate formed upon combining both solutions.  This 

solid was isolated and dried under vacuum to provide a yield of 13.43 g (99.95 %) of 

product.  IR (cm-1) (KBr):  3226(s, br), 3104(s, br), 2947(s), 2873(s), 2835 (s), 2388(m), 

2285(m), 2029(vw), 1965(vw), 1837(w), 1769(w), 1671(vs), 1651(vs), 1534(w), 1481(s), 

1432(m), 1390(s), 1367(vs),1218(vs), 1046(vs), 891(m), 858(s), 778(s), 768(s, sh), 

695(m), 559(w), 498(s) .   

 A yield of 0.4436 g (26.86 %) of a dark brown product of NZFPAO catalyst was 

obtained when 1.6517 g of Ni0.2Zn0.8Fe2(PAO)6.6H2O was heated overnight at 512oC in a 

muffle furnace.  IR (cm-1) (KBr):  3449(vw, br), 3071(vw), 2952(vw), 2886(vw), 

2831(vw), 2344(vw), 1778(vw), 1728(vw), 1513(vw), 1452(w), 1365(vw), 1146(vw), 

1097(vw), 1049(vw), 969(vw), 894(vw), 828(vw), 598(m). 

Preparation of NZFOH Catalyst 

 This catalyst was fabricated according to the previously reported procedure by 

Date et al.63  The solid obtained was then calcined at 300oC for 36 hours.15   

 This catalyst was activated for one hour at 500oC before running the reaction.  IR 

(cm-1) (KBr):3443(w, br), 2425(vw), 1769(vw), 1589(m), 1415(m), 1381(m), 1055(w), 

854(w), 831(w), 712(w), 496(w), 464(vw), 411(vw). 
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Catalyst Characterization 

 Table 5.1 displays the specific surface area, phase identification, and crystallite 

size of the catalysts fabricated in this study.  The surface area of NZFOH catalyst is ~ 2.4 

times that of NZFPAO.  The XRD patterns of both catalysts, on the other hand, matched 

well with those of nickel zinc ferrite.  Both catalysts have similar crystallite size. 

 
Table  5.1.  Characters of the Prepared Catalysts  Characters of the Prepared 

Catalysts 
 

        Catalyst 
Surface Area 

(m2/g) 
Crystalline Phase 

Crystallite Size 

(nm) 

NZFPAO 18.82 Ferrite 6.7 

NZFOH 44.42 Ferrite 7.1 

  

 
The two IR bands at 828 and 598 cm-1 in the IR spectrum of NZFPAO can be 

ascribed to the stretching vibration of the tetrahedral and the octahedral M―O groups, 

respectively.  Similarly, the two bands at 711 and 496 cm-1 in the IR spectrum of NZFOH 

are assigned, respectively, to the vibrational stretching of the tetrahedral and the 

octahedral M―O groups.  The tetrahedral group has its band located at higher frequency 

because the tetrahedral cations provide an auxiliary restoring force in a preferential 

direction along the tetrahedral M―O bond.64,65  
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Acidity and Basicity Measurements 

It has been shown that acidity and basicity properties of the surface of the ferrite 

catalyst systems strongly affect both the activity and selectivity of the catalyst during the 

N-methylation reaction course of aniline using either methanol or DMC as the 

methylating agent.2,8-10,15,28  The oxide anions on the surface represent the basic sites, 

while the acidic sites are created by the metal ions found on the surface of the oxide 

system.  For spinels, metal ions exist in both tetrahedral (tet) and octahedral (oct) sites.  

This distribution of metal cations results in two types of ferrites; normal having the 

formula of M(II)
tet[Fe(III)

oct]2O4 in which the divalent cation occupy the tet-sites, and 

inverse with the general formula of Fe(III)
tet[M(II)Fe(III)]octO4, where the ferric cation is 

distributed equally in both the tet- and the oct-sites.  Such distribution of cations in the 

spinel lattice is controlled by three major factors; ligand field stabilization energy 

(LFSE), cation size and charge, and Madelung constant (M).66-68 This distinctive 

structural characteristic endows spinels with special resistance to high reducing 

conditions because if some ferric ions were reduced to ferrous ions, the lattice 

configuration would be kept intact upon reoxidation.69  It was claimed that the 

octahedral-cations were responsible of the activity of such systems owing to their large 

exposure on the surface as supported by low energy ion scattering (LEIS) 

measurements.70  From the above brief elucidation of the cation distribution in the spinel 

structure, one can perceive that surface acidity and basicity properties are strongly 

influenced by the structure and cation distribution.  Therefore, these properties of the 

surface have been investigated in the work reported herein.  Basicity was determined by 

the adsorption of chloranil, which is an electron acceptor.  The basicity of NZFOH (9.286 
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µmol/g) was found to be almost 3 times that of NZFPAO (3.103 µmol/g) as determined 

graphically from the Langmuir adsorption isotherms (Figure 5.1.).   
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Figure  5.1. Langmuir adsorption basicity isotherms for (A) NZFOH and (B) 
NZFPAO 
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XPS Measurements 

Table 5.2 displays the surface metal compositions of the synthesized catalysts.  

The amount of each metal ion on the surface is expressed as a ratio of the amount of the 

metal ions to the amount of nickel(II) ions. 

  
Table  5.2.  Surface Metal Composition Ratios of the Catalysts as Determined by 

XPS 
 

Catalyst Zn/Ni Fe/Ni 

NZFPAO 14.36 4.32 

NZFOH 15.40 7.05 

 

  
 It is obvious from Table 5.2 that the two catalysts have different surface metal 

constituents.  The NZFPAO catalyst has more nickel on its surface than NZFOH does.  

However, the latter catalyst possesses more zinc and iron on its surface in comparison to 

the former one.  This variation of the surface metal compositions between the two 

catalysts is partially responsible for the different catalytic behavior observed for the two 

catalysts, as discussed below.    

5.3. RESULTS AND DISCUSSION 

 The alkylation of aniline with DMC can be schematically represented as follows 

(Figure 5.2): 
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Figure  5.2.  The multistep, sequential reaction between aniline and DMC 
 

As can be seen, the reaction between aniline and DMC is a stepwise, consecutive 

electrophilic substitution of the methyl group on the nitrogen atom leading to the 

formation of NMA, NNDMA, methanol, and carbon dioxide.  This sequential nature of 

N-methylation of aniline to NNDMA has been noted and confirmed 

experimentally.1,2,4,7,8,10,14-17,21-23,28,46  Furthermore, NMA may be produced via the trans-

methylation between the adsorbed NNDMA and aniline.  The latter path for the 

formation of NMA was proven to occur, as reported by Rao et al.18  

 Figure 5.3 shows that the change of the natural logarithm of the mole fraction of 

aniline versus time is a linear relationship when the reaction catalyzed by NZFPAO 

catalyst.  Such observation implies that the reaction is first-order in aniline and the 

reaction was following pseudo-first order kinetics due to the excess DMC used.  This 

result is consistent with the previous reported kinetic studies showing that the N-

methylation reaction was pseudo-first order in aniline when using methanol as a 

methylating agent.16,17,22  The rate constant (k) in our study was determined to be 0.0097 
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hr-1.  This small value of k reflects the slowness of the reaction at 150oC and the necessity 

for a long period of time to reach a high degree of aniline conversion to products.  

Monitoring the change in mole fraction of aniline, NMA, and NNDMA with time 

resulted in the observation of a decrease in the mole fraction of aniline and an increase in 

the mole fraction of NMA until it reached a maximum after 112 hours.  The maximum 

concentration was maintained up to 180 hours, after which it dropped to 0.17 when the 

reaction was almost complete.  On the other hand, no NNDMA was detected until 25 

hours, while after this point its mole fraction increased with time and reached its 

maximum at the end of the reaction.  The production of NNDMA was accompanied by a 

reduction in the concentration of NMA, implying that the latter species was being 

methylated (Figure 5.4).  
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Figure  5.3.  First-order plot for the methylation of aniline with DMC at 150 oC over 
NZFPAO catalyst 



 216 

0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200 250 300 350

Reaction Time, hrs

M
ol

e 
Fr

ac
tio

n 
(X

)  
   

   
   

   
   

   
   

 
PhNH2
PhNHMe
PhNMe2

 

Figure  5.4.  Change of mole fraction of aniline, NMA, and NNDMA with reaction 
time in methylation process with DMC over NZFPAO catalyst at 150oC 

 
  
 In terms of small catalytic activity, the percentage conversion of aniline reached 

95% after 301 hours.  The selectivity for NMA was at its maximum (100%) during the 

first 25 hours after which it dropped with the formation of NNDMA.  The selectivity of 

NMA declined to 18% with the end of the reaction.  Unfortunately, the high selectivity 

towards NMA at the beginning corresponded to a very low yield of 8%.  The selectivity 

towards NNDMA, on the other hand, increased from 0% at 25 hr to 23% at 42 hr and 

kept increasing with reaction progress to 82% at the end of the reaction (Figure 5.5).  The 

selectivity of NNDMA did not reach 100% because of the probability of a trans-

methylation reaction to occurr between the adsorbed NNDMA and aniline to give NMA, 

as illustrated schematically in Figure 5.5. 
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Figure  5.5.  Conversion % of aniline and selectivity % towards NMA and NNDMA 
in the methylation reaction of aniline with DMC over NZFPAO catalyst at 150oC 

  

 Similarly, investigation of methylation of aniline with DMC over NZFOH 

catalyst resulted in first-order reaction with respect to aniline (Figure 5.6).  The reaction 

with this catalyst proceeded faster than with NZFPAO catalyst at 150oC, as reflected by 

the higher rate constant (k) of 0.0157 hrs-1, which is 1.62 times larger than the k obtained 

with NZFPAO catalyst.  The proceeding of the reaction at higher rate over NZFOH 

catalyst is probably due to the higher surface area of this catalyst, as compared to that of 

NZFPAO catalyst (see Table 5.1).    
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Figure  5.6.  First-order plot for the methylation of aniline with DMC at 150 oC over 
NZFOH catalyst 

 
 
 The decline in the mole fraction of aniline with reaction time in the presence of 

NZFOH catalyst is more rapid than that observed over NZFPAO catalyst.  The mole 

fraction of aniline, for example, after a 103-hour run with the former catalyst, was only 

0.21, while with the latter catalyst at a similar period of time (112 hours), the mole 

fraction of aniline was 0.44 (Figure 5.7).  The mole fractions of NMA varied also with 

time (Figure 5.7), where its mole fraction increased until it reached a maximum and then 

decreased to reach its minimum (0.16) at the end of reaction (t = 126 hrs).  This was 

similar to that observed over NZFPAO catalyst (0.17) after a 301-hour run.  NNDMA 

began to appear along with NMA after 10 hours, but its mole fraction was very small 

(Figure 5.7).  The concentration of NNDMA increased gradually up to 38 hours reaction 

time after which it increased dramatically to reach its maximum (0.76) at 126 hours.  This 

final yield was similar to that (0.78) observed over NZFPAO catalyst after 301 hours. 
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Figure  5.7.  Change of mole fraction of aniline, NMA, and NNDMA with reaction 
time in methylation process with DMC over NZFOH catalyst at 150oC 

 

 The catalytic activity of NZFOH catalyst expressed in terms of percent aniline 

conversion, and NMA and NNDMA selectivities is shown in Figure 5.8.  The percent 

conversion of aniline increased with time until it reached 92% at 126 hours.  The 

selectivity for NMA was at its maximum (95.5%) at the beginning of the reaction and 

NMA was produced in a yield of 1.91% at 10 hours. After this point, the selectivity 

decreased and was only 17.4% when the reaction was terminated at 126 hours.  The 

selectivity % for NNDMA increased with time from its minimum (4.5%) at the beginning 

of the reaction to its maximum (82.6%) after a 126-hour run.  The yield NNDMA 

obtained in this case is similar to that observed over NZFPAO catalyst but was achieved 

in a shorter time because the reaction was faster. 
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Figure  5.8.  Conversion % of aniline and selectivity % towards NMA and NNDMA 
in the methylation reaction of aniline with DMC over NZFOH catalyst at 150oC 

 

 The methylation of aniline was also performed using methanol as a methylating 

agent over NZFOH catalyst at 150oC and a mole ratio of 1 aniline:10 methanol.  The 

reaction was also found to be first-order in disappearance of aniline with a rate constant 

(k) of 0.0016 hr-1 (Figure 5.9).  The small value of k reflects the slowness of methylation 

of aniline at this temperature and emphasizes that methanol is less effective methylating 

agent than DMC.  The slowness of the reaction at 150oC is consistent with previous 

reports that the optimum temperature for methylation of aniline with methanol was 350 

oC.8,9,15,28  In addition, methanol yields as a byproduct upon the reaction of DMC with 

aniline.  This coexistence of two methylating agents can be also responsible for making 

the reaction more rapid when employing DMC as the methylating agent.  The rate 

constants for methylation of aniline over NZFPAO and NZFOH catalysts using DMC as 
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an alkylating agent are, respectively, 6 and 10 times the value of k for disappearance of 

aniline over NZFOH with methanol.   
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Figure  5.9.  First-order plot for the methylation of aniline with methanol at 150oC 
over NZFOH catalyst 

 

The mole fraction changes of aniline and products with time confirmed the 

slowness of the reaction.  The aniline mole fraction gradually varied with time and 

reached 0.58 after 345-hour run (Figure 5.10).  The mole fraction of NMA increased very 

slowly, reached its maximum (0.13) at 111 hours, and then it disappeared completely by 

345 hours.  The NNDMA did not appear before 75 hours, after which time its mole 

fraction increased gradually to reach 0.42 at 345 hours.  The catalytic activity is also in 

consistent with the above discussion.  The percent conversion of aniline is very small 

with time, and it only reached 42% after 345 hours (Figure 5.11).  The selectivity for 

NMA was 100%, but at a very low yield between (1-4%) in the reaction period of 6-24 

hours.  The selectivity for NAM subsequently decreased with time and then became 0 at 
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345 hours.  The selectivity for NNDMA increased from 0 after 24-hour run to 100 at 345 

hours, indicating the formation of NNDMA at the expense of NMA. 
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Figure  5.10.  Change of mole fraction of aniline, NMA, and NNDMA with reaction 
time in methylation process with methanol over NZFOH catalyst at 150oC 
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Figure  5.11.  Conversion % of aniline and selectivity % towards NMA and NNDMA 
in the methylation reaction of aniline with methanol over NZFOH catalyst at 150oC 
 
 

The methylation of aniline was conducted without catalyst using DMC as a 

methylating agent at 150oC and a mole ratio of 1aniline:10 methanol.  The reaction was 

also found to be first-order in disappearance of aniline with a rate constant (k) of 0.0339 

hr-1 (Figure 5.12).  Again, the small value of k reflects the slowness of methylation of 

aniline at such low temperature.  However, the rate constant for the uncatalyzed 

methylation of aniline is, respectively, 3.49 and 2.15 times the value of k over NZFPAO 

and NZFOH catalysts using DMC as a methylating agent and 21 times the rate constant 

over NZFOH employing methanol as a methylating reagent.  The slowness of the 

catalyzed reaction in comparison to the uncatalyzed one under the same reaction 

circumstances can be ascribed to the inhibition caused by the strong adsorption of aniline 

on the acidic sites on the surface of the catalyst.  In addition, in the case of using DMC as 

a methylating agent, the CO2 released during the reaction of DMC with aniline can 
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deactivate the catalyst via its adsorption on the basic sites of the surface of the 

catalyst,50,53,56,71 contributing to the inhibition of the catalyst activity.  This because the 

basic sites, besides the acidic ones, have their own role in catalyzing the N-methylation 

reaction, as have been reported by several authors.2,3,8-11,14,15,18,20-22,24,26,28,44,55 
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Figure  5.12.  First-order plot for the methylation of aniline with DMC at 150 oC 

without catalyst 
 

The mole fraction changes of aniline and products with time confirmed the 

relative slowness of the reaction.  The aniline mole fraction was gradually varied with 

time and reached 0.26 after 40-hour run, and 0.0 after 80 hours (Figure 5.13).  The mole 

fraction of NMA increased very slowly, reached its maximum (0.29) at 30 hours, and 

then it decreased slightly by 40 hours.  The NNDMA started to appear with NMA and 

had its mole fraction increased gradually with reaction time to reach 1.0 at 80 hours.  The 

catalytic activity is also consistent with the above discussion.  The percent conversion of 
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aniline is relatively high with time and it reached 100% after 80 hours (Figure 5.14).  The 

maximum selectivity for NMA was ~ 61% with a low yield of 17% after 10 hours.  The 

selectivity for NAM subsequently decreased with time and then became 0 at 80 hours.  

The selectivity for NNDMA increased from ~ 39% after a 10-hour run to 100 at 80 hours, 

indicating the formation of NNDMA at the expenses of NMA. 
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Figure  5.13.  Change of mole fraction of aniline, NMA, and NNDMA with reaction 
time in methylation process with DMC without catalyst at 150oC 
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Figure  5.14.  Conversion % of aniline and selectivity % towards NMA and NNDMA 
in the methylation reaction of aniline with DMC without catalyst at 150oC 

 

 N-Methyleneaniline (N-phenylformaldimine) was detected by GC/MS as a minor 

product during the uncatalyzed reaction from 10 hours to 40 hours, but it disappeared at 

the end of the reaction at 80 hours.  Such a molecule was reported as an intermediate in 

the methylation of aniline with methanol to NMA.72,73  A proposed mechanism for the 

formation of this molecule and its transformation to NMA is provided below.   

Mechanism of the Reaction 

The suggested mechanism of N-methylation of aniline with DMC is shown in 

Figure 5.15.  First, the hydroxyl group on the surface of the catalyst attacks the carbonyl 

carbon of DMC to form an intermediate that loses a methanol molecule and produces 

methyl carbonate ester that is attached to the surface of the catalyst.  This latter ester can 
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be attacked by the aniline molecule in an addition reaction either at its carbonyl carbon, a 

mechanism categorized as BAc2 (base promoted, bimolecular, with attack on the acyl 

group), or at its alkyl carbon, a mechanism termed BAl2 (base promoted, bimolecular, 

with attack on the alkyl group).32,38,74  The former mechanism, upon the attack of aniline 

on the carbonyl carbon, includes the formation of a tetrahedral intermediate that 

decomposes to give NMA and metal bicarbonate that dissociates to regenerate the 

catalyst after the loss of a molecule of carbon dioxide.  The latter mechanism shows the 

attachment of aniline on the methyl carbon to produce NMA and metal bicarbonate 

which decomposes to carbon dioxide and the active catalyst.  Consecutive methylation of 

the produced NMA in a similar mode leads to the formation of NNDMA.  Noticeably, 

NMA can undergo faster methylation and be more strongly adsorbed on the surface of the 

catalyst than aniline because the electron releasing (ER) methyl group makes the amine 

nitrogen atom of NMA more basic.2,16,17,22 
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Figure  5.15.  Proposed mechanism of N-methylation of aniline with DMC over 

ferrite catalyst 
 
 

Figure 5.16 displays a plausible mechanism for the N-methylation of aniline with 

methanol.  Lewis acid and base sites on the surface of the metal oxide catalyst are 

responsible for catalyzing the methylation process, as established by Ko et al.22 and 

adopted by Sugunan et al.,2,8 Rao et al.,15 and Sreekumar and Sugunan.28  Adsorption of 

aniline takes place via the interaction of the aniline nitrogen atom with a Lewis acid site 

and the interaction of one of the undissociated protons of the aniline amine bonds with a 

neighboring Lewis base site.  Similarly, methanol is adsorbed where the methanol oxygen  

is bonded to a Lewis acid site and its undissociated proton is bonded to an adjacent Lewis 

base site.  Subsequent electrophilic attack of the methyl group of the adsorbed methanol 

on the adsorbed aniline nitrogen atom leads to the formation of NMA.  The formation of 
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NNDMA from NMA follows the same pattern where NMA is similarly adsorbed like 

aniline.  It is anticipated, however, that NMA is more favorably adsorbed on the 

catalyst’s surface and more rapidly subjected to methylation than aniline due to the 

basicity enhancement of the secondary amine nitrogen atom of NMA resulting from the 

ER effect of the methyl group.2,16,17,22    
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Figure  5.16.  Proposed mechanism of N-methylation of aniline with methanol over 
ferrite catalyst 

  

The formation of N-methyleneaniline and NMA in the uncatalyzed methylation of 

aniline with DMC can possibly take place according to the mechanism depicted in Figure 

5.17.  The former product has been shown to be an intermediate species in the 
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methylation of aniline to NMA using methanol as a methylating agent over basic zeolite 

CsOH/Cs,Na-Y.72,73  Methanol is essential in the production of N-methyleneaniline 

because the latter is formed upon the condensation of aniline with the formaldehyde that 

is produced via the oxidation of methanol.  Therefore, the first step in our proposed 

mechanism is the fabrication of methanol either via the attack of aniline on the carbonyl 

carbon of DMC (BAc2 mechanism) to give methanol and methyl N-phenylcarbamate ester 

or the attack of aniline on a methyl carbon of DMC (BAl2 mechanism) to produce carbon 

dioxide, methanol, and NMA.  The methanol thus produced undergoes dehydrogenation 

(oxidation) to formaldehyde which condensates with aniline to give N-methyleneaniline.  

Reaction of the latter with the hydrogen, resulting from the dehydrogenation of methanol, 

yields NMA.  NNDMA is produced upon repeating the previous steps with NMA instead 

of aniline.  The production of NMA via two different steps according to this suggested 

mechanism is responsible for the fast formation of NNDMA with the early stages of the 

reaction and may be also responsible for the speed of the reaction.  It is noteworthy to 

mention that this suggested mechanism of the un-catalyzed reaction can also be supported 

by the previous observations and findings from investigating N-alkylation of aniline with 

alcohols.7,42,75  These studies confirmed the dehydration of the alcohol to its 

corresponding carbonyl compound.  Furthermore, the data provided evidences of a 

condensation of formaldehyde with aniline to give an intermediate of N-alkylideneamine 

(Schiff base), which upon hydrogenation, was converted to the desired N-alkylaniline. 
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Figure  5.17.  Proposed mechanism of N-methylation of aniline with DMC without 
catalyst 
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5.4. CONCLUSION 

 The NZFPAO and NZFOH catalysts were found to be excellent for highly 

selective production of NNDMA without forming any C-methylated products (toluidines) 

at 150 oC and using a mole ratio of 1aniline:10 DMC.  The reaction, however, is very 

slow at this temperature, indicating that higher temperature is required to perform the N-

methylation of aniline at faster rate.  Changing the temperature will help to find the 

optimum conditions for the production of NMA and/or NNDMA at high selectivity and 

yield.  Moreover, the activation energy (Ea), and the other activation parameters (∆G‡, 

∆H‡, ∆S‡) can be assessed upon the variation of the temperature.  The variation of the 

mole ratio of aniline:DMC will be very useful to determine the optimum mole ratio for 

the highest yield and selectivity toward NMA or NNDMA.  The last two points regarding 

the temperature and mole ratio impacts on the behavior of the reaction and will be the 

subject of our future investigation. 

 The NZFOH and NZFPAO catalysts were found to have the ability to promote the 

N-methylation of aniline with DMC at 150oC and a mole ratio of 1aniline:10DMC.  

However, the reaction rate differed depending upon the catalyst employed.  This 

observation is most likely ascribed to the differences in the surface properties of the two 

catalysts (area, acidity, basicity, and ionic distribution between the surface and the bulk). 

 When using NZFOH catalyst, the reaction was faster upon using DMC as a 

methylating agent instead of methanol.  This observation can be partially attributed to the 

fact that the two methylating agents exist when employing DMC as a methylating agent.  

The DMC itself and the methanol resulted from the reaction of DMC with aniline. 
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 The uncatalyzed reaction is relatively much faster than the catalyzed one, 

irrespective of the catalyst used.  This behavior accounts for absence of the inhibition 

caused by the strong adsorption of aniline and CO2 released during the reaction of DMC 

with aniline, on the acidic and basic sites, respectively, on the surface of the catalyst.  

 The absence of C-alkylated products among the detected reaction products 

implies that the catalysts employed in our investigation do not possess strong acid sites 

on their surfaces and weak to medium acid sites do exist.  This inference is based on the 

finding results of Woo et al.57  Another evidence which supports this conclusion 

regarding the type of acidic sites on the surface of our catalysts is the absence of benzene 

as a product of deamination of aniline, which requires strong acidic sites to take place, as 

reported previously.8,28  The reaction favorably gives NNDMA because of the high ratio 

of DMC or methanol to aniline (10:1). 

The detection of methyl N-phenylcarbamate is evidence for the possible reaction 

via a BAc2 mechanism, i.e. the nucleophilic attack by aniline on the carbonyl carbon of 

DMC.  However, the SN2 attack of aniline on the methyl carbon of DMC (the BAl2 

mechanism) is not ruled out as a pathway for the formation of the final products.  The 

formation of N-methyleneaniline is an indication of the importance of methanol as an 

intermediate for the production of NMA during the reaction run without catalyst.     
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CHAPTER 6 

6. FRIEDEL-CRAFTS ALLYLATION OF BENZENE PROMOTED BY 
NANOPARTICULATE Co(PAO)2.2H2O-DERIVED TRICOBALT 

TETRAOXIDE 

 
6.1. INTRODUCTION 

 Friedel-Crafts alkylation and acylation reactions are among the most powerful, 

synthetic routes for organic compounds.1-5  Friedel-Crafts reactions are generally defined 

as those reactions catalyzed either by a Lewis acid type halide (e.g. AlCl3, SbCl5, FeCl3, 

BF3, etc.) or by a Brønsted-Lowry type proton acid (e.g. HF, H2SO4, H3PO4, etc.).1a,2  

These promoted reactions can be substitution, isomerization, elimination, cracking, 

polymerization, or addition.1a,2  Therefore, a Friedel-Crafts reaction mixture can have six 

components including a material to be substituted, a material providing the substituents 

(e.g. olefin, alkyl halide, alcohol, etc.), a catalyst (as identified above), a solvent 

(generally one of the reactants, non-ionizing, or having very high dielectric constants), 

the substituted product resulting from the reaction, and the side product HX.1a,2  One type 

of Friedel-Crafts reaction is the monoallylation of aromatic compounds to obtain 

aromatics with alkyl substituents terminated with double bonds, i.e. the products are 

monoallylarenes.6-11  Allylation of benzene and arenes represent an indirect method to 

prepare 1-arylalkanes, which are important lubricants, due to their high viscosity, and are 

also used to produce biodegradable detergents.  Furthermore, Friedel-Crafts allylation 
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provides a cheaper and more environmentally-friendly route for the synthesis of 1-

arylalkanes than Friedel-Crafts acylation of aromatics, followed by reduction of the 

ketones thus produced.8  Friedel-Crafts allylation can be catalyzed homogeneously or 

heterogeneously using an allyl halide or an allyl alcohol as the allylating reagent.1b-3,5-14  

In both cases, the desired allylic product is obtained in a low to good yield owing to the 

lack of functional selectivity, resulting in the formation of byproducts and incompleteness 

of the reaction.1b-3,5-11,13,14  The absence of functional selectivity is mainly ascribed to the 

high activity of the acid catalyst used.9  Expectedly, when the allylation was carried out 

using an allyl halide as an allylation reagent and homogeneously catalyzed by sulfuric 

acid, a side product consisting of an aromatic bearing a halo-substituted alkyl group was 

obtained.  The allyl double bond was first electropholically attacked by the catalyst 

proton on the basis of Markovnikov’s rule to generate the alkyl carbocation.  An 

electrophilic attack on the aromatic ring was then caused by the latter to form the final 

product, as can be shown in the following example:3,5,13,14 

 

X
H

X +

X + + X

Ph

+

H++

X = Cl   20%
X = Br  58-60%  

 
Polyaryl-substituted alkanes are produced under the influence of a Lewis acid 

type halide catalyst due to the occurrence of the reaction at the allylic carbon and the 
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double bond.  The latter is subjected to an electrophilic addition by the hydrogen halide, 

the byproduct of the Friedel-Crafts reaction.  Subsequent reaction with the catalyst leads 

to further condensation with aromatics via Friedel-Crafts alkylation.  Allylation of 

benzene with ally chloride, for example, in the presence of anhydrous ferric chloride, led 

to the formation of allylbenzene, 2-chloro-propylbenzene, and 1,2-diphenylpropane:5,13 

 

+
FeCl3

Ph Ph

Cl

Cl
+

-10 to -20 oC
+ Ph

Ph  

 
On the other hand, with the aluminum chloride acting in the capacity of a catalyst, the 

products of the reaction were strongly dependent upon the reaction conditions 

employed.5,13  

 
AlCl3 (Dry)

45 or -14 oC
Ph

Ph

+
Cl

AlCl3 (H2O)

50 oC
Ph

Ph

+ Ph +

9,10-diethylanthracene

n-propylbenzene
1,2-diphenylpropane
     (main product)

 

 
A plausible rationalization for the production of the products obtained, in case of 

poisoning AlCl3 with water, was given through the following mechanism:1b-3,5,13  
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+ Cl
AlCl3

Ph + HCl Ph

Cl

Ph

Ph

+HCl

Ph

Cl

H

H

+ Ph

Cl

Ph

Cl
+Ph+HCl

AlCl3

AlCl3

AlCl3

 

Allyl metal compounds (e.g. allylsilane, allylgermane, and allylstannane), along 

with suitable homogeneous catalyst systems such as thalium trifluoroacetate or 

iodosyl/boron trifluoride-ethyl ether, were found to be useful for the synthesis of allyl 

benzene or its derivatives, as illustrated in the following two examples:10,11 
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+ R3Si

Tl(O2CCF3)3 
     H2CCl2

  0 oC/5 hrs
25 oC/30 min

Ph
56%

+ R3Si

PhIO/F3B.OEt2
      H2CCl2 
          N2

  0 oC
Ph

75% (GLC yield)

+ PhI

 
 

A phenyl-copper-magnesium reagent is also among the catalysts that have been 

used for homogeneous production of allyl benzenes, as shown in the following 

examples:12 

 

Br

2PhMgBr/CuI
       THF
   O2-free N2

Ph
62%  -8 oC/1 hr

25 oC/30 min
30 min reflux

Br

2PhMgBr/CuI
       THF
      PhNO2
   O2-free N2

Ph
82%  -8 oC/1 hr

25 oC/30 min
30 min reflux  
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From the above examples, it can be concluded that homogeneous catalysts have 

several drawbacks that need to be overcome for production of allyl benzenes in better 

selectivity and higher yield.  Homogeneous Brønsted-Lowry type proton acids (e.g. 

H2SO4) lead to the condensation at the double bond of the allyl halide to form aromatics 

with a halo-substituted alkyl group substituent.1b,2,5,9,13  Homogeneous Lewis acid type 

halides (e.g. AlCl3, FeCl3), on the other hand, lack the functional selectivity towards the 

allylic halide and the allyl double bond as is reflected by the production of alkane chains 

multiply-substituted with the aryl ring.1b,2,5-7,9,13,14  Organometallic reagents, in addition, 

give good yield of the monoallylated aromatics.  However, such reagents are expensive 

and air- and moisture-sensitive.10-12   

Acidic zeolites have been used as heterogeneous catalysts for the synthesis of 

allyl benzenes.  It was found that when allyl chloride was utilized as an allylating agent, 

the yield of allyl benzene was less than 10% due to the formation of hydrogen chloride, 

which promoted the isomerization of allyl benzene to 1-phenylpropene.  The latter was 

able to react further with benzene because of the activation of its double bond by the 

conjugation with the aromatic ring, as schematically shown in the following scheme:9 

 

+ Cl

Solid Microporous
   Bronsted Acids

Ph + HCl

Ph

Cl

- HClPhPh

Ph

< 10%
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However, using allyl alcohol for the allylation of toluene with the same catalyst 

gave good selectivity for allyl toluenes.9   

As an attempt to overcome the problems encountered with both homogeneous 

Brønsted-Lowry type proton acids and Lewis acid type halides, Kodomari et al.7 

employed a heterogeneous catalyst system composed of both acid and base constituents, 

in which the basic component react with the hydrogen halide to suppress the electrophilic 

addition of the double bond, as illustrated in the following equation: 

 

30oC/1 hr
Ph

Ph

+
Cl

 ZnCl2/SiO2
K2CO3/Al2O3

Ph Ph

Cl

+ + Ph

Ph

+

70%

15%

2%  

 
Recently, excellent yields of allylbenzenes have been obtained when a lead bromide 

fluoride reagent was employed as a heterogeneous catalyst, as shown in the following 

example:6 

 

+ Br
Pb3BrF5

60 oC/2 hrs
Ph

94%
 

    
It can be inferred from the previous examples of heterogeneous catalyst systems 

that they also suffer from some drawbacks that have to be reduced or eliminated to 

achieve excellent selectivity and high yield for allylbenzenes. Heterogeneous Brønsted-

Lowry solid acids (e.g. Zeolites, clays), for instance, give a very low to moderate yield of 

the desired product when an allyl halide is used as an allylating agent due to the 
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formation of the undesirable hydrogen halide.8,9  The latter product is highly corrosive, 

has the ability to destroy the structure of the solid catalyst, and can serve as a competitive 

catalyst, resulting in the formation of unfavorable side products.8  Supported metal 

halides combined with supported alkali carbonates, on the other hand, give good yield of 

the allylaromatics.7  The lead bromide fluoride reagent gives high yields and induces high 

selectivity towards monoallylation of aromatics.  However, the reaction is stoichiometric 

instead of catalytic.6  Moreover, lead is not benign to the environment.  Therefore, further 

investigations are required for the development of a catalyst system that improves the 

yield and the selectivity for the allyl benzenes that is environmentally-sustainable.  

Searching the literature, moreover, reveals that metal oxides have not been utilized as 

catalysts for the allylation of aromatics.  This motivated an investigation of the use of 

nanoparticulate tricobalt tetraoxide, Co3O4, as a heterogeneous catalyst for Friedel-Crafts 

allylation that is reported herein.   

6.2. EXPERIMENTAL 

 Anhydrous cobalt bromide [CoBr2, Co 26.6% min, (Alfa Aesar)], 

hexaquadibromocobalt(II) [CoBr2.6H2O, 99% (Alfa Aesar)], silica gel [SiO2, Davisil, 

grade 644, 100-200 mesh, 150 Å, 99+% (Aldrich)] allyl bromide [H2C═CHCH2Br, 98% 

(Lancaster)], benzene [C6H6, thiophene free (Fisher Scientific)], cyclohexylamine 

[C6H11NH2 (Aldrich)], phenol [C6H5OH (EM Science)], cyclohexane [C6H12, reagent 

grade (Fisher Scientific)], methylene chloride [H2CCl2, Optima (Fisher Scientific)] were 

commercial reagents and used without further purification.  Benzene was dried over 

molecular sieves.  The Co2(PAO)2.2H2O-derived tricobalt tetraoxide was prepared as 

described previously in Chapter 2.  The CoBr2-derived tricobalt tetraoxide was obtained 
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by heating anhydrous CoBr2 in a muffle furnace at 500 oC, according to its thermal 

gravimetric analysis (TGA), for 12 hours.  The Co3O4 (20% wt) supported on SiO2 

Davisil was prepared by mixing CoBr2.6H2O (8.141 g, 24.9 mmol) with SiO2 Davisil 

(8.00 g, 133.13 mmol).  An amount of distilled water (30 ml) was added to this mixture 

to dissolve the cobalt bromide to help distribute it homogeneously within the silica gel.  

This resulting mixture was then dried by a passing air stream.  The dried solid was then 

deposited in a digitally controlled muffle furnace at 500 oC for 12 hours to give 10.0 g of 

the desired catalyst.  The surface morphology and the qualitative elemental analyses of 

the Co2(PAO)2.2H2O-derived tricobalt tetraoxide, the CoBr2-derived tricobalt tetraoxide, 

and the CoBr2-derived tricobalt tetraoxide supported on silica gel Davisil were 

investigated by scanning electron microscopy (SEM) coupled with energy dispersive X-

ray spectroscopy (EDXS). Images were also obtained using electron back scattering, 

where higher atomic numbered elements appear brighter than lower atomic numbered 

elements. A Hewlett Packard G1800A Gas Chromatograph-Mass Spectrometer GC-MS, 

equipped with 30 m x 0.25 mm HP5 column (crosslinked 5% PhMe silicone), was used 

to analyze the products of  the Friedel-Crafts allylation. The temperature program used 

had an initial hold of 2 min at 35oC, a ramp of 5oC/min to 170oC, and a final hold of 5 

min. The helium flow rate was 1 ml/min and the injection port was set at 250oC.        

A sample of benzene (1.5756 g, ~ 20 mmol) was allylated by allyl bromide 

(1.2113 g, ~ 10 mmol) at 150oC in a digitally-controlled oven in a Teflon-lined stainless 

steel bomb reactor.  This reaction was catalyzed by the Co3O4 (2.4095 g, ~ 10 mmol) 

obtained from either the pyrolysis of Co(PAO)2.2H2O at 276oC or the decomposition of 

anhydrous CoBr2 at 500oC.  An excess of benzene was intentionally used to serve as a 
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solvent for the reaction. Several samples were taken at different intervals, and 2-µl 

samples were injected into a GC/MS.  The stainless steel bomb was cooled to room 

temperature before taking every sample.  Response factors and retention times of the 

reactants and the products were determined by the injection of a standard H2CCl2-

solution containing specific amounts of authentic samples of reactants and products into 

the GC/MS. Comparing the mass spectra of the reactants and the products to those 

available in the NIST database helped identify them. Similar reaction conditions, mole 

ratio of reactants, and product analyses were used when the supported catalyst was 

employed.  Irrespective of the catalyst employed, the reaction always gave allyl benzene 

as the major product, allyl ether as the minor product, and no other by products were 

detected due to the electrophilic attack of HBr, the other product of the Friedel-Crafts 

allylation, on the olefinic double bond of the allyl benzene. 

Acidity and Basicity Measurements 

The acidity and basicity of the Co2(PAO)2.2H2O-derived tricobalt tetraoxide were 

measured by adsorption of cyclohexylamine and phenol from cyclohexane, respectively, 

according to the procedure outlined in Chapter 2. 
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6.3. RESULTS AND DISCUSSION 

 The Langmuir adsorption isotherms of acidity and basicity of Co2(PAO)2.2H2O-

derived tricobalt tetraoxide are displayed in Figure 6.1.  
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Figure  6.1.  Langmuir adsorption isotherm of (A) acidity and (B) basicity of 

Co2(PAO)2.2H2O-derived Co3O4 

(A) 

(B) 
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The acidic site population is almost 7 times that of the basic sites.  This 

predominance of acidity on the surface of the Co3O4, prepared from the PAO- complex of 

Co2+, meets the acidity requirement for the catalyst employed in Friedel-Crafts reactions 

and thus, makes it a suitable catalyst for the allylation of aromatics.  The basic sites on 

the oxide surface, on the other hand, play an important role in preventing the side 

reactions by providing the capacity to neutralize the HBr produced during the reaction 

course and hence in converting Co3O4 to CoBr2.XH2O (X = 2 or 4).  The XRD pattern 

recorded for the catalyst after the end of the reaction confirms the conversion of Co3O4, 

the active catalyst, to cobalt bromide.  However, Co3O4 is readily regenerated by heating 

the CoBr2 under air at 500oC as follows: 

   
3CoBr2 + 2O2

500 oC
Co3O4 + 3Br2

 

  

The Friedel-Crafts allylation of benzene using allyl bromide as the allylating 

agent at 150oC in a bomb reactor gives allyl benzene as the major product and allyl ether 

as the minor product (equation below).  The formation of those products is likely assisted 

by both the acidic and basic sites on the surface on the catalyst. 

 

+
Br Co3O4

    150 oC
bomb reactor

+ CoBr2.XH2O

X = 2 or 4

+

"major" "minor"

O
2

 

 
Investigation of the reaction kinetics revealed that the reaction is first-order in the 

disappearance of allyl bromide, irrespective of the catalyst used, as can be seen from 
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plotting the natural logarithm of the molar concentration of allyl bromide versus the 

reaction time in Figure 6.2.  However, the rate constant (k) in case of using 

Co2(PAO)2.2H2O-derived Co3O4 was almost 3 times the k observed when using CoBr2-

derived Co3O4.  Similarly, 20% Co3O4/Davisil silica resulted in accelerating the reaction 

about 3 times compared to the reaction rate of unsupported Co3O4 derived from CoBr2. 

Both Co2(PAO)2.2H2O-derived Co3O4 and the CoBr2-derived Co3O4 on Davisil silica gel 

catalyzed the reaction with a similar rate.  These observations concerning the reaction 

rate in case of each catalyst could be rationalized on the basis of the differences in surface 

properties (acidity, basicity, and surface area) among the three catalysts.  However, the 

surface area would be the most important factor that makes the three catalysts promote 

the reaction with different rates because increasing the surface area of the catalyst led to 

an increase in the reaction rate.  The specific surface area of each catalyst is given in 

Table 6.1. The surface area of the Co2(PAO)2.2H2O-derived Co3O4 is 92 times higher 

than that of CoBr2-derived Co3O4.  The surface area of the supported catalyst, on the 

other hand, is 188 times that of the CoBr2-derived Co3O4 and twice that of the 

Co2(PAO)2.2H2O-derived Co3O4.  In the latter case, the fact that the rate of reaction is 

similar despite the disparity on surface area suggests that coverage of the silica with 

Co3O4 is not even in the supported catalyst. 
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Figure  6.2. First-order plot of changing the concentration of allyl bromide with time 
 
 

Table  6.1.  Specific Surface Area of each Catalyst Used to Promote the Allylation of 
Benzene 

 
Co3O4 Catalyst Specific Surface Area (m2/g) 

Co2(PAO)2.2H2O-derived 58.76 

CoBr2-derived 0.6357 

Davisil-supported 119.6 
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The percent conversion of allyl bromide with time (Figure 6.3) is roughly 

correlated with the variation of the surface area of the catalyst.  The catalytic activity of 

both Co2(PAO)2.2H2O-derived Co3O4 and the 20% wt CoBr2-derived Co3O4 supported 

on silica gel Davisil was similar because allyl bromide was converted to products during 

the reaction course with the same percentage, as also confirmed by their superimposing 

curves.  For instance, after 2 hours, the conversion of allyl bromide was 87.7% with the 

former catalyst, while it was 88.7% with the latter catalyst system.  In contrast, the 

conversion of allyl bromide became almost 80% after 11 hours of running the reaction 

using the CoBr2-derived as a catalyst. 

 The relatively high surface area of the Co2(PAO)2.2H2O-derived Co3O4 may be 

attributed to the porosity of its particles.  The existence of pores was confirmed by the 

SEM technique (Figure 6.4).  It can be inferred from the electromicrographs that the 

particles of this Co3O4 catalyst have a rod-like “French Fries” shape.  The CoBr2-derived 

Co3O4, on the other hand, has a completely different surface morphology than that 

observed for the Co2(PAO)2.2H2O-derived Co3O4.  The particles of the CoBr2-derived 

Co3O4 are surprisingly almost perfect octahedrons with different sizes (Figure 6.5).     

The EDXS showed only the presence of cobalt and there was no bromine (Figure 6.6).  

Moreover, the electron back-scattered images showed the whole particles in the same 

degree of brightness (Figure 6.6).   Both of these analyses demonstrate the conversion of 

cobalt(II) bromide to Co3O4.        
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Figure  6.3.  Conversion % of allyl bromide in the Friedel-Crafts allylation of 
benzene at 150oC 

 

           

Figure  6.4.  SEM micrographs of the Co2(PAO)2.2H2O-derived Co3O4 (A) x 1,000 
and (B) x 10,000 

 
The formation of such Co3O4 octahedrons may be due to partial volatilization of 

CoBr2 followed by deposition on the growing crystal surface.  Halogens are often used in 

transport-assisted crystallization of metal oxides, and such a process is likely to occur in 
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the site during the oxidation of CoBr2 to Co3O4 that was also demonstrated by XRD.  

Investigation of the morphology of the anhydrous CoBr2, on the other hand, revealed that 

its  particles  were  not octahedrons, but rather they were overlapping sticks (Figure 6.7). 

      

 

Figure  6.5.  SEM micrographs of the CoBr2-derived Co3O4 taken at voltage of 20 kV 
and magnifications of (A) 1000, (B) 4000, and (C) 7000 
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Figure  6.6.  EDXS (A), primary electron back-scattered image (B), and secondary 

electron back-scattered image (C) of the CoBr2-derived Co3O4 taken at a voltage of 
20 kV and magnification of 2700 
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Figure  6.7.  SEM micrographs of anhydrous CoBr2 taken at a voltage of 25 kV and 
magnification of (A) 1000 and (B) 1400 

 

 The morphology of the supported catalyst had also been studied, and again the 

Co3O4 octahedra were observed on the bed of Davisil silica gel (Figures 6.8 and 6.9).  

However, elemental mapping demonstrates that there is also finer Co3O4 particles 

distributed over the surface of the silica.  In order to isolate the Co3O4, silica on the 

supported catalyst was leached out of the catalyst using 10% wt/wt NaOH to leave behind 

the octahedral crystals of Co3O4 (Figure 6.10).  In keeping with the SEM images of the 

supported catalyst, the Co3O4 was obtained both as fine particles and large octahedral 

crystals.  The EDXS analysis showed a very small amount of silica remained, indicating 

the effectiveness of removing the silica support by sodium hydroxide. 
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Figure  6.8.  SEM micrographs of the supported catalyst at magnification of (A) 

1400, (B) 3500, (C) 4500, and (D) 7000.  Primary electron back-scattered image (E) 
and secondary electron back-scattered image (F) at magnification of 2300 
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Figure  6.9. EDXS images and spectrum of the supported catalyst at magnification of 

2300 
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Figure  6.10.  SEM micrographs of the supported catalyst after removing the silica 
support at magnification of (A) 1500, (B) 5000, and (C) 2700.  (D), (E), and (F) are 

the mapping images obtained from EDXS at magnification of 2700 
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6.4. CONCLUSION 

 Nanoparticulate tricobalt tetraoxide derived from Co(PAO)2.2H2O has been 

used for the first time for the catalysis of Friedel-Crafts allylation and a high yield of allyl 

benzene was obtained.  The catalyst is converted to CoBr2 during the reaction course.  

However, the latter can be pyrolyzed to regenerate the active oxide catalyst providing a 

unique cyclic method for use and recycling of a Friedel-Crafts catalyst.  Upon 

decomposition, CoBr2 gives octahedral crystals of Co3O4.  This oxide is used for the first 

time and is the first oxide reported as a catalyst in such application. 
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CHAPTER 7 

7. ARSENIC REMIDIATION IN AQUEOUS MEDIUM USING   
NANOPARTICULATE TRANSITION METAL OXIDES 

7.1. INTRODUCTION 

 Arsenic is rated the twentieth most abundant element in the crust of the earth.1,2  It 

is more abundant than mercury, cadmium, gold, silver, antimony, and selenium, but less 

than copper and tin.1  Moreover, it is counted to be the twelfth most plentiful element 

available in the biosphere.2  Normally, arsenic is found along with sulfide ores1,3,4 such as 

orpiment (As2S3), realgar (AsS), mispickel (FeAsS), cobaltite (CoAsS), tennantite 

(Cu12As4S13), and enargite (Cu3AsS4).1,3,5  Arsenic compounds also accompany most gold 

and silver ores.1,2,5,6  An average of 6 ppm is estimated for arsenic in the upper earth crust 

on the basis of 4.01 x 106 kg of abundance.1  Soil content of arsenic is reported in several 

countries.  For example it ranges from 1 to 20 ppm in the USA, and from 0.01 to 626 

ppm in China.1  This geochemical occurrence of arsenic is one of the most common 

natural causes of groundwater and soil pollution with arsenic in many places globally 

such as Bangladesh, India, Nepal, Germany, Italy, and USA.1-4,6-12  The arsenic 

contamination of groundwater and the arsenic disaster encountered nowadays in 

Bangladesh are ascribed mainly to the naturally occurring arsenic deposits and ores, 

reflecting the significant role of this factor.  Eruption of volcanoes and weathering 

processes are other natural contributors to the contamination of environment, especially
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the atmosphere, with arsenic.1,2,6  The eruption of volcanoes is responsible for emitting an 

amount of 17,150 tons of arsenic to the atmosphere.1   

 Man and the industrial revolution lead to dramatic increases in arsenic pollution 

by numerous pathways.  The smelting of zinc, copper, nickel, and lead, for instance, is 

the most significant process for arsenic contamination,  providing 62,000 tons of arsenic 

yearly.1,3-6,12  Mining processes of arsenic-containing ores also helps to contaminate soil 

with arsenic.1-3,6,9,10  Most of gold and silver, as well as uranium minerals mining 

processes, are well-known for their arsenic pollution because arsenic compounds are 

concomitants of these ores.1,2,6  Burning of arsenic-containing fossil fuels and coal in 

households and power plants, a second aspect of human pollution, emits arsenic in the 

volatile form of   As4O6.1,4,6,11,12  Another anthropogenic route for arsenic pollution is the 

use of arsenic compounds in many production processes and products such as coloring 

process in tannery, dye pigments, refining of petroleum, manufacturing of glass and 

ceramic, and the synthesis of H2SO4.1,3,4,6,10  The extensive use of inorganic arsenic 

compounds (e.g. zinc arsenite, zinc arsenate, sodium arsenate, and lead arsenate) for 

agricultural purposes and wood preservation industry as fungicides, herbicides, and 

insecticides is another important route for contaminating the environment with 

arsenic.1,3,4,6,10-12 Uncontrolled discharging of arsenic-bearing industrial waste, in 

addition, substantially contribute to the pollution of the environment with arsenic and is 

responsible for a large part of arsenic calamity in the industrial countries.1,6,9-11   

 Arsenic is harmful and causes multiple and serious hygienic problems,1-3,6,8 which 

cause it to be rated among the twenty most toxic materials by the US Agency for Toxic 

Substances and Disease Registry (ATSDR).10,13  It prevents repairing DNA, for example.1  
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It is also biologically accumulated13 and carcinogenic and may cause lung, bladder, and 

liver cancer.1,3  Many of arsenic compounds are toxic.1 The inorganic ones, however, are 

more hazardous than the organic ones.1,11,17  Moreover, arsenite [AsIIIO3]3- compounds 

are more toxic than those of arsenate [AsVO4]3- compounds.3,8,12, 16  The latter anion of 

arsenate is molecularly analogous to phosphate anion [PVO4]3- and thus has the ability to 

replace it in a variety of biochemical cell reactions.  For instance, it uncouples oxidative 

phosphorylation, preventing the conservation of the high energy bonds of adenosine 

triphosphate (ATP) and consequently reducing the life term of the most important 

energy-producing system.  Inorganic and organic AsIII compounds, on the other hand, are 

capable of inhibiting the activity of proteins, containing thiol (sulfhydryl) functional 

groups.1,5,14  Arsenic compounds may cause chronic and acute poisoning, depending on 

the compound, the arsenic uptake, the duration of exposure, and the individual’s 

sensitivity.1,10,11,13  Due to this highly dangerous nature of arsenic and its compounds, 

arsenic remediation has become an internationally important research field in order to 

properly manage water resources and reduce or eliminate the costs of the treatment of 

water used for human consumption and irrigation.  Therefore, numerous technologies of 

microbiological and chemical bases have been employed for arsenic removal from 

aqueous media.  Bacteria, co-precipitation, adsorption to various solids, fixed-bed filters, 

anion exchange, electrocoagulation, membrane filtration by ultrafiltration, nanofiltration 

or reverse osmosis, and electrodialysis are among the most important techniques applied 

for the attainment of this target.4,6,9-11,13,15  Development of potent, safe, inexpensive, 

readily operated, and easy-to-handle methods that can be adopted either at large industrial 

scale or household level applications is required.2,11,13-15  Moreover, the search for the 
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optimum conditions of purifying water and the environment from arsenic and its 

compounds is the subject matter of great interest to environmentalists in the different 

fields of chemistry, physics, biology, geology, ecology, and soil science.   

Arsenic exists in the natural waters as inorganic species in the trivalent (3-) 

oxidation state (arsine), the zero valent oxidation state (elemental arsenic), the trivalent 

(3+) oxidation state (arsenite), or the pentavalent (5+) oxidation state (arsenate), 

depending on the pH value, the reduction-oxidation conditions, and the presence of 

complexing ions.1,2,5,6,9,14,16  The latter oxidation state is predominant under aerobic (oxic 

or oxidizing) conditions and thus, is more likely to occur in surface waters.2,5,6,11,14,16  The 

(3+) oxidation state, on the other hand, is found in groundwaters where anaerobic (anoxic 

or reducing) conditions prevail.2,5,6,10,11,14,16  It has been demonstrated that arsenate is 

much easily removed than the arsenite.5-7,9,14,15  Thus, a pre-oxidation of As3+ to As5+ is 

an essential treatment towards the complete removal of arsenic or at least the reduction of 

its concentration to 10 ppb, the allowed maximum contaminant level (MCL) in drinking 

water recommended by the world health organization (WHO) and the united states 

environmental protection agency (US EPA).1-4,6,8-11,13-16,18-21  Oxidation of As3+ to As5+, 

furthermore, will assist the reduction of arsenic toxicity and mobility.1,5,6,8,12,16,18  The 

oxidation of As3+ has been reported to be accomplished by several oxidants such as 

ozone,2,8,13-15,21 chlorine,2,6,13,14,21 bleaching powder,2 chlorine dioxide,21 sodium 

chlorite,7,21 manganese dioxide,2,8,14,15,18,21 potassium permanganate,2,6,7,14,15,21 potassium 

ferrate,8,22 hydrogen peroxide,8,13-15 Fenton’s reagent (H2O2 + Fe2+ salt as a catalyst),11,15 

monochloramine,21 natural clays (e.g. kaolin and illite),18 anatase phase of titanium 

oxide,18 and UV irradiation at 254 nm.15,21  The effectiveness of these oxidants and the 
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optimization of the conditions for the oxidation of As3+ to As5+ have been investigated in 

detail.  Several kinds of bacteria for the oxidation of arsenite to arsenate have been 

recently reported.12-15 

 Remediation of arsenic by a co-precipitation technique is cheap and highly 

effective for removing arsenate.2-4,6,8,11,15,22 However, the success of this process in 

purifying groundwater depends on the pH and the absence of other species such as 

silicate, orthophosphate, sulfate, and natural organic matter.7,15,23  Arsenic in this method 

is usually co-precipitated with ferric hydroxide, where the source of ferric cations is ferric 

chloride, which is inexpensive, readily available, easily handled, and not hazardous.2,13,15  

Alum (hydrated aluminum sulfate) has been applied for the coagulation of arsenic 

because of its cheapness, availability, and safe usage.  However, alum is less efficient 

than ferric chloride in removing arsenic and is more pH dependent.2 Aluminum 

phosphate, in addition, has been used instead of FeCl3.  However, aluminum phosphate is 

generally less effective in removing arsenic, and the co-precipitation process in this case 

depends strongly upon the pH parameter.15 Vogels and Johnson have reported the co-use 

of ferrous (Fe2+) and ferrate (Fe6+) and the use of ferrate by itself to remove As5+ or 

As3+, which is oxidized to As5+ by the quick action of ferrate, as ferric arsenate 

(FeAsO4) precipitate.  This method has been shown to be cheap and effective for arsenic 

remediation from drinking waters.22  Recently, Yoon et al. have investigated the 

oxidation of As3+ by ferrate, explored its kinetics and mechanism over a pH range of 8.4-

12.9, studied the effect of carbonate anion on the oxidation process, investigated the 

removal of arsenic from river water by using only ferrate anion which worked as an 

oxidizing agent, and examined the subsequent coagulation of As5+ by the action of ferric 
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cations resulted from the reduction of the ferrate anions.  They also combined small 

amounts of ferrate anions with ferric cations as the major coagulant for the removal of 

arsenic from the river water in order to compare the efficiency in both situations.  

Excellent results were obtained by this procedure in the sense of reducing the 

concentration of arsenic from 517 ppb to 50 ppb.8  Arsenic (As3+ or As5+) removal has 

also been improved using ferrous ions instead of ferric ions, where the former ions are 

subjected to oxidation by dissolved oxygen leading to partial oxidation of As3+.  The 

hydrous ferric oxide (HFO) formed by the oxidation of ferrous ions has displayed a 

higher adsorption capacity of arsenic than that one formed directly from ferric ions.  

Phosphate and silicate compete with arsenate on the sorption sites on the surface of HFO 

causing a decrease on the amount of arsenic removed.  However, phosphate competes 

strongly with arsenate and is mainly responsible for reducing the arsenic adsorbed.7 

Fenton’s reagent in the natural pH range of water (6.8-7.1) has also been found to be 

effective for both oxidizing As3+ and removing As5+ formed from the oxidation process 

as a precipitate along with the ferric cations which resulted from the oxidation of ferrous 

cations by hydrogen peroxide (the Fenton’s reaction).  Replacing hydrogen peroxide in 

the Fenton’s reagent with chlorine water (as NaOCl solution, 4% available chlorine) was 

also shown to be effective for arsenic remediation.  However, a disadvantage of this 

method is that the residual chlorine concentration is higher than the allowed level for 

potable water.11 Co-precipitation for arsenic removal has also been performed using 

MnO2, Mg(OH)2, and CaCO3.15  The first reagent has been shown to be effective under 

neutral condition.  The second substance has the ability to remove arsenic up to 100% in 

the pH range of 11.0-11.5 because at higher [OH-] the hydroxide anions compete with 
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arsenic anions for adsorption sites.  Moreover, carbonate anions have been shown also to 

reduce the ability of Mg(OH)2 to remove arsenic.  The third reagent removed arsenic 

much better upon the addition of a small amount of ferric cations to the aqueous 

medium.15  

Adsorption is another inexpensive method that has been widely applied for 

arsenic remediation in groundwater.  One successful form of this technique is the fixed-

bed filters, which have proved their potential for the arsenic removal.  Moreover, they 

have many attractive features including simplicity of operation, feasibility for small scale 

requirements, cost-effectiveness, and lowness of maintenance tasks.  Furthermore, using 

adsorbents having high capacities of adsorption reduces the amount of residuals and 

eliminates dosing of chemicals.15  For example, ferric hydroxide containing β-FeOOH, 

known as GEH®, has been extensively used for arsenic removal in the drinking water 

industry in Germany because a small period of time ranged from 3-10 minutes is required 

for water treatment with treatment capacities up to 250,000 bed volumes.  However, the 

presence of phosphate anion and dissolved organic matter reduces the amount of the 

arsenic adsorbed by GEH®.19  Sand coated with iron oxide, as another example, has also 

been found to remove arsenic effectively.15  Iron metal has also been tested in packed 

columns or batch reactor designs for arsenic remediation.4,10,11,15,23  It has been shown 

that this method is twice as effective for As5+ removal in comparison of As3+ removal.15  

This method has the advantage of cheapness and efficiency for the purification of 

contaminated water with arsenic.15  In situ formation of iron hydroxide and by corrosion 

of fine wool of iron in oxygenated water has also been shown to be effective for arsenic 

removal.15  The arsenic remediation takes place by the adsorption of arsenic on the 
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surface of iron hydroxide formed by the corrosion process.15 Peerless iron has recently 

been shown to be effective for arsenic remediation in a permeable reactive barrier (PRB) 

whether in batches or packed in columns.  The effectiveness of this method has been 

investigated in the absence and presence of competitive ions of phosphate and silicate.  

Again, corrosion of iron metal to form iron oxides and hydroxides is responsible for the 

sorption of arsenic.23  Arunachalam et al.11 have recently improved a simple, practical 

procedure for arsenic remediation in the natural pH of water based on the treatment of 

arsenic-containing water with Fenton’s reagent, followed by passing water through a 

column filled with iron metal scrap and then through a sand bed.  This treatment 

procedure has the advantage over just using only Fenton’s reagent for arsenic removal in 

that it reduces the arsenic concentration below 10 ppb, the MCL.  Activated alumina has 

also been utilized for remediation of arsenic.15,16  The process in this case is pH 

dependent and negatively influenced by the presence of Cl-, F-, SO4
2-, and PO4

3-.    A 

drawback of using activated alumina is that it has an ill-defined pore structure, has low 

adsorption capacity, adsorbs arsenic slowly from a kinetic standpoint, needs to be 

regenerated, and the regenerate needs to be treated and disposed.  Mesoporous alumina 

has recently been proved to have much higher capacity for arsenic adsorption and 

remediate arsenic in much less time comparing to activated alumina.  This superiority of 

mesoporous alumina in arsenic remediation is mainly attributed to its pore size 

uniformity and its interlinked pore system.16   

As a contributing attempt towards the improvement of cost-effective arsenic 

remediation based on the adsorption technique and the search for an excellent sorbent for 

arsenic, nanocrystalline Fe2O3, Co3O4, and ZnO obtained from the low temperature 
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thermal decomposition of their corresponding pyruvic acid oxime (PAO) complexes 

[M(PAO)2.2H2O (M = Fe2+, Co2+,or Zn2+)] have been investigated in this research work. 

Excellent, promising results for As5+ removal from aqueous medium, at room 

temperature at the natural pH of water, were obtained.  The Fe2O3 obtained at 285oC, 

which consists of two ferric oxide [maghemite (γ-Fe2O3) and hematite (α-Fe2O3)] as 

indicated by the XRD investigation (see Chapter 2), was found to have a higher arsenic 

sorption capacity than that of the Fe2O3 obtained at 463oC, composed only of hematite as 

revealed by XRD (see Chapter 2), although the former has a smaller specific surface area 

(65m2/g) than the latter one (140m2/g).  It seemed that surface properties (surface area, 

acidity, and basicity) and the iron oxide phase present in the sorbent were the critical 

factors in determining the capability of arsenic uptake. 

7.2. EXPERIMENTAL 

 Sodium arsenate heptahydrate [Na2HAsO4.7H2O, ACS reagent (GFS Chemicals, 

Inc.)], phenol [C6H5OH (EM Science)], cyclohexylamine [C6H11NH2 (Aldrich)], and 

cyclohexane [C6H12, reagent grade (Fisher Scientific)] were commercial and used-as- 

received without further purification.  Fe2O3 was obtained at two different decomposition 

steps (285oC and 463oC), according to the thermogram resulted from the TGA study, 

after the pyrolysis of Fe(PAO)2.2H2O, as described previously in Chapter 2.  The 

equilibrium concentration of arsenic was determined using a water analysis test kit (EM 

Science, Gibbstown, NJ, USA).  

A series of 50-ml, standard, aqueous solutions of As5+, varying in their concentrations by 

increment of 3 ppm, was prepared by consecutive dilution from a 1-L stock solution of 30 

ppm As5+.  The latter was obtained by dilution from a stock solution of 300 ppm As5+.  
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This solution was prepared by dissolving 1.249 g of Na2HAsO4.7H2O in 1-L of water.  A 

10-ml (~ 10 g) sample of the arsenate solution was rotated using rotator machine at a rate 

of 55 rpm with 0.1 g of the synthesized transition metal oxide for 7 hours.  After this 

time, the mixture was filtered off through a 0.20 µm, disposable membrane filter for the 

determination of the arsenic concentration in the filtrate using the EM science test kit.  To 

gain an insight on the arsenic sorption, a Langmuir sorption isotherm, C/X = C/M + 

1/KM, was developed.  C is the equilibrium concentration of arsenic expressed in mg/L 

(ppm), X is the amount of arsenic sorbed in mg per kg of sorbent, M is the maximum 

amount of arsenic in mg sorbed by one kg of the sorbent, and K is a constant related to 

the affinity of the sorbent for the sorbate (arsenic in this situation).  M and K are 

determined from the slope and the intercept, respectively, of plotting C/X against C.  The 

value of K is physically and/or chemically meaningless regarding the forces that are 

responsible of sorption process.  On the other hand, the magnitude of M is beneficial in 

this regard, as it is reflected by the above definition of M.  

Acidity and Basicity Measurements 

The acidity and basicity of Fe2O3 obtained at 463oC were measured by adsorption 

of cyclohexylamine and phenol from cyclohexane, respectively, according to the 

procedure outlined in Chapter 2. 
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7.3. RESULTS AND DISCUSSION 

 The Langmuir acidity and basicity adsorption isotherms of iron oxide resulting 

from the thermal decomposition of Fe(PAO)2.2H2O at 463oC are displayed  in Figure 7.1. 
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Figure  7.1.  Langmuir adsorption isotherm of (A) acidity and (B) basicity of Fe2O3 

obtained upon pyrolysis of Fe(PAO)2.2H2O at 463oC 

(A) 

(B) 
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These two surface properties of iron oxide were discussed in detail in Chapter 2.  

While the population of the basic sites is predominant on the surface, acidic sites (Lewis 

and/or Brønsted) are present on the surface and provide the necessary sites for the 

adsorption process of the negatively-charged, basic arsenate species from the aqueous 

medium to take place.  These acidic sites should be mainly responsible for the affinity of 

the iron oxide for arsenate and play a significant role in creating attracting forces that 

facilitate the sorption process. 

Separate treatment of each solution of the standard, aqueous arsenate solutions 

having the concentrations of 3, 6, 9, 12, …, 30 ppm with 0.1 g of nanoparticulate 

Fe(PAO)2.2H2O-derived iron oxide (resulted from firing Fe(PAO)2.2H2O at 285 oC) at 

room temperature at the natural pH of water for a period of time lasting for 7 hours led to 

arsenic-free water depending on the initial concentration of arsenate [AsO4
3-]0 used.  

Examination of the Langmuir sorption isotherm was found to adequately correlate with 

the equilibrium curve of the sorption of this iron oxide for arsenate removal (the 

correlation coefficient, R2 = 0.99122) from the aqueous medium (Figure 7.2). 
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Figure  7.2.  Langmuir sorption isotherm for arsenate by iron oxide obtained at 

285oC 
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The maximum arsenate sorption capacity (M) had a value of 2080.56 mg/kg.  This 

M value is much higher than those reported for arsenate uptake by sand/Peerless iron 

system,23 ferric-loaded Dowex 650C resin-derived hematite,24 ferrihydrite,25 and iron 

oxide-coated sand25 (380,23 303,24 285,25 and 18.325 mg/kg, respectively).  However, it is 

beneath the capacity of those ferric-treated activated carbon,15 copper-treated activated 

carbon,15 granular activated alumina,16 and mesoporous alumina16 (4530,15 5790,15 

16000, 16 and 12100016 mg/kg, respectively).  This relative high arsenate capacity for the 

iron oxide obtained at 285oC may be attributed to the existence of the γ-Fe2O3, its 

ferromagnetism, and the acidity and basicity properties of the surface. 

 Iron oxide prepared from the pyrolysis of Fe(PAO)2.2H2O at 436oC was found to 

have a smaller arsenic adsorption capacity (846.17 mg/kg) than that of the iron oxide 

obtained at 285oC under the same experimental conditions mentioned above.  Plotting 

C/X versus the equilibrium concentration of arsenate gave a linear relationship, implying 

the compliance of the sorption process with Langmuir isotherm, as shown in Figure 7.3. 
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Figure  7.3.  Langmuir sorption isotherm for arsenate by iron oxide obtained at 

463oC 
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The lower capacity of this iron oxide for arsenate can be ascribed to the presence of the 

paramagnetic α-Fe2O3, which is less magnetic than the γ-Fe2O3, and the predominance of 

the basic sites on the surface, which may have repulsive interaction with the basic 

arsenate species bearing negative charges.  

 Zinc oxide prepared from the thermal decomposition of the zinc PAO complex at 

389oC showed similar arsenate affinity and sorption capacity to that of the iron oxide 

obtained at 285oC, as inferred from the following Langmuir sorption isotherm: 
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Figure  7.4.  Langmuir sorption isotherm for arsenate by zinc oxide obtained at 

389oC 
 
 

This high sorption capability of zinc oxide towards arsenate exceeds the one 

reported for zinc oxide derived from zinc-loaded cation-exchange resin (985 mg/kg),26 

and can be accounted for the high surface acidity property of this oxide as discussed in 

detail previously in Chapter 2. 

 Cobaltocobaltic oxide (Co3O4), resulted from the thermal decomposition of 

cobaltous PAO derivative at 276oC, was also tested for arsenate soption.  A capacity of 

1423.93 mg/kg was observed for this oxide according to Langmuir sorption isotherm 

displayed in Figure 7.5.  Once again, the relative high affinity of this oxide for arsenate 
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sorption may be ascribed to dominant acidic sites on the surface as explained in the 

discussion of the surface acidic and basic properties of this oxide in Chapter 2.  It is the 

first time this oxide is used for such an application because no previous literature has 

reported this particular use to the best of our knowledge. 
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Figure  7.5.  Langmuir sorption isotherm for arsenate by Co3O4 obtained at 276oC 

 
 
The arsenate anion is chemisorbed on the surface of these oxides (Figure 7.6), but it does 

not react to form crystalline arsenate phases since analysis of these oxides after the 

adsorption process by XRD does not show any peaks due to the metal arsenate.  The only 

observed peaks are those of the metal oxide itself. 
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Figure   7.6.  The chemisorption of arsenate on the surface of transition metal oxide 
nanoparticulate 
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7.4. CONCLUSION 

 Iron oxide prepared at 285oC, zinc oxide, and Co3O4 were thermally derived from 

their corresponding PAO complexes.  All of these oxides had moderate capacities for 

arsenate sorption that satisfactorily followed the Langmuir sorption isotherm relationship.  

The relatively high sorption affinities displayed by these oxides were attributed to the 

high surface acidity of them.  The positive charge of the Lewis acid site and/or the proton 

of the Lowry-Brønsted acid site served as attractive factors and pulled the negatively 

charged arsenate anion towards the surface of these oxides.  On the other hand, the iron 

oxide obtained at 463oC had more basic sites population on its surface, and thus had a 

lower affinity for the sorption of arsenate from the aqueous medium due to the 

predominance of the repulsion interaction between the negative charges or the electron 

pairs residing on these basic sites and the negative charge of the arsenate anion.  

Treatment of the transition metal oxide nanoparticulate with the aqueous solution 

of arsenate led only to the chemical adsorption of arsenate on the surface of the oxide 

with no transformation of the metal oxide bulk to the corresponding arsenate, as revealed 

by an XRD study. 
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Table  A 1.  Atomic coordinatates (x 104) and equivalent isotopic displacement 
coefficients (Å2 x 103) for Mg(PAO)2(H2O)3.2H2O 

 
 x y z U(eq) 

Mg(1) 2909(1) 4881(1) 2708(1) 26(1) 
O(1) 5094(2) 6623(1) 4113(1) 33(1) 
O(2) 7145(2) 8766(2) 4527(1) 40(1) 
C(1) 5906(2) 7627(2) 3742(2) 28(1) 
C(2) 5337(2) 7410(2) 2238(2) 27(1) 
C(3) 6247(2) 8497(2) 1696(2) 38(1) 
N(4) 4022(2) 6227(2) 1542(1) 27(1) 
O(4) 3426(2) 6011(2) 177(1) 35(1) 

O(91) 879(2) 3277(2) 1154(1) 38(1) 
O(92) 800(2) 3586(2) -839(1) 38(1) 
C(91) 263(2) 2881(2) -121(2) 29(1) 
C(92) -1219(2) 1411(2) -819(2) 28(1) 
C(93) -2088(3) 705(3) 52(2) 42(1) 
N(94) -1549(2) 872(2) -2135(1) 31(1) 
O(94) -2915(2) -498(2) -2742(1) 40(1) 
O(21) 4452(2) 3271(2) 2309(2) 44(1) 
O(22) 2376(2) 4176(2) 4273(1) 35(1) 
O(23) 999(2) 6149(2) 3101(1) 35(1) 
O(31) 1853(2) 6283(2) 6636(2) 48(1) 
O(32) 934(2) 8451(2) 5511(2) 46(1) 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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Table  A 2.  Anisotropic displacement coefficients (Å2 x 103) for 
Mg(PAO)2(H2O)3.2H2O 

 
 U11 U22 U33 U12 U13 U23 

Mg(1) 27(1) 27(1) 22(1) 2(1) -2(1) 12(1) 
O(1) 35(1) 34(1) 26(1) -1(1) -4(1) 16(1) 
O(2) 45(1) 35(1) 28(1) -8(1) -4(1) 11(1) 
C(1) 28(1) 30(1) 26(1) 4(1) -1(1) 11(1) 
C(2) 27(1) 29(1) 25(1) 5(1) 2(1) 12(1) 
C(3) 37(1) 41(1) 34(1) -4(1) 3(1) 18(1) 
N(4) 30(1) 30(1) 21(1) 4(1) 0(1) 11(1) 
O(4) 40(1) 38(1) 22(1) -2(1) -2(1) 13(1) 
O(91) 41(1) 36(1) 27(1) 0(1) -9(1) 11(1) 
O(92) 40(1) 33(1) 32(1) -3(1) -6(1) 14(1) 
C(91) 30(1) 24(1) 28(1) 7(1) -3(1) 9(1) 
C(92) 29(1) 25(1) 26(1) 4(1) -1(1) 9(1) 
C(93) 49(1) 40(1) 31(1) -2(1) 3(1) 15(1) 
N(94) 33(1) 25(1) 27(1) -1(1) -2(1) 8(1) 
O(94) 48(1) 31(1) 26(1) -9(1) -1(1) 4(1) 
O(21) 35(1) 38(1) 54(1) 9(1) 4(1) 14(1) 
O(22) 38(1) 42(1) 31(1) 10(1) 2(1) 22(1) 
O(23) 43(1) 39(1) 28(1) 16(1) 4(1) 17(1) 
O(31) 37(1) 62(1) 49(1) 14(1) 11(1) 24(1) 
O(32) 43(1) 35(1) 55(1) 5(1) 8(1) 15(1) 

The anistropic displacement exponent takes the form:  -2π2(h2a*2U11 + … + 2hka*b*U12) 
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Table  A 3.  H-Atoms coordination (x 104) and isotropic displacement coefficients 
(Å2 x 103) for Mg(PAO)2(H2O)3.2H2O 

 
 x y z U 

H(3A) 5723 8196 739 80 
H(3B) 6102 9497 2172 80 
H(3C) 7513 8506 1827 80 
H(3D) 7283 9058 2036 50 
H(3E) 6398 7874 773 50 
H(3F) 5587 9376 1723 50 
H(4A) 2557 5224 -195 80 
H(93A) -2986 -204 -518 80 
H(93B) -1191 453 624 80 
H(93C) -2654 1412 612 80 
H(93D) -3566 696 -45 50 
H(93E) -1820 -373 -272 50 
H(93F) -1389 1059 1043 50 
H(94B) -3010 -830 -3601 80 
H(21B) 3692 2440 2260 50 
H(21A) 5546 3561 2449 50 
H(22A) 3136 3869 4625 50 
H(22B) 2063 4807 4968 50 
H(23A) 1146 6841 3775 50 
H(23B) 744 6380 2565 50 
H(31A) 1698 7050 6509 50 
H(31B) 915 5840 6765 50 
H(32A) 1513 9278 5590 50 
H(32B) -238 8494 5390 50 
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Table  A 4.  Atomic coordinates  ( x 10
4
) and equivalent  isotropic displacement 

parameters (Å
2
 x 10

3
) for Zn(PAO)2.2H2O 
 

 x y z U(eq) 
Zn(1) 5000 5000 5000 9(1) 
O(1) 8774(2) 5372(2) 1961(1) 12(1) 
O(2) 3269(2) 408(2) 2555(1) 13(1) 
O(3) 3355(2) 2546(2) 4392(1) 11(1) 
O(4) 8733(2) 2654(2) 6082(1) 10(1) 
N(1) 6939(3) 4377(2) 2819(1) 9(1) 
C(1) 6918(3) 2244(2) 642(2) 14(1) 
C(2) 6099(3) 2938(2) 2163(2) 10(1) 
C(3) 4070(3) 1863(2) 3106(2) 10(1) 

U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
 
 

Table  A 5.   Anisotropic displacement parameters  (Å
2 x 10

3
) for Zn(PAO)2.2H2O 

 
 U11 U22 U33 U23 U13 U12 

Zn(1) 9(1) 11(1) 7(1) -2(1) -1(1) -5(1) 
O(1) 12(1) 16(1) 11(1) -1(1) 1(1) -10(1) 
O(2) 17(1) 14(1) 12(1) -2(1) -1(1) -9(1) 
O(3) 12(1) 14(1) 9(1) -3(1) 0(1) -6(1) 
O(4) 10(1) 12(1) 11(1) 1(1) 0(1) 4(1) 
N(1) 8(1) 12(1) 7(1) 1(1) 0(1) -4(1) 
C(1) 17(1) 17(1) 11(1) 4(1) 1(1) 9(1) 
C(2) 8(1) 11(1) 10(1) 0(1) 1(1) 2(1) 
C(3) 9(1) 10(1) 11(1) 0(1) 3(1) 2(1) 

The anisotropic displacement factor exponent takes the form:  -2π
2
[ h

2
 a*

2
U11 + ...  + 2 h 

k a* b* U12 ] 
 
 

Table  A 6.  Hydrogen coordinates ( x 10
4
) and isotropic  displacement parameters 

(Å
2 x 10

3
) for Zn(PAO)2.2H2O 

 x y z U(eq) 
H(1) 9592 6066 2562 18 

H(4D) 10093 2218 5411 16 
H(4E) 8190 1571 6556 16 
H(1A) 8392 2958 227 21 
H(1B) 5159 2642 -1 21 
H(1C) 7744 671 694 21 
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Table  A 7.  Torsion angles [°] for Zn(PAO)2.2H2O 
 

O(3)#1-Zn(1)-O(3)-C(3) 52(100) 
N(1)#1-Zn(1)-O(3)-C(3) 178.10(10) 

N(1)-Zn(1)-O(3)-C(3) -1.90(10) 
O(4)#1-Zn(1)-O(3)-C(3) 87.00(10) 
O(4)-Zn(1)-O(3)-C(3) -93.00(10) 
O(3)-Zn(1)-N(1)-C(2) 3.29(10) 

O(3)#1-Zn(1)-N(1)-C(2) -176.71(10) 
N(1)#1-Zn(1)-N(1)-C(2) -77(100) 
O(4)#1-Zn(1)-N(1)-C(2) -86.90(10) 
O(4)-Zn(1)-N(1)-C(2) 93.10(10) 
O(3)-Zn(1)-N(1)-O(1) 178.11(11) 

O(3)#1-Zn(1)-N(1)-O(1) -1.89(11) 
N(1)#1-Zn(1)-N(1)-O(1) 98(100) 
O(4)#1-Zn(1)-N(1)-O(1) 87.92(11) 

O(4)-Zn(1)-N(1)-O(1) -92.08(11) 
O(1)-N(1)-C(2)-C(1) 1.0(2) 
Zn(1)-N(1)-C(2)-C(1) 176.76(11) 
O(1)-N(1)-C(2)-C(3) -179.63(10) 
Zn(1)-N(1)-C(2)-C(3) -3.88(14) 
Zn(1)-O(3)-C(3)-O(2) -179.54(11) 
Zn(1)-O(3)-C(3)-C(2) 0.50(15) 
N(1)-C(2)-C(3)-O(2) -177.54(13) 
C(1)-C(2)-C(3)-O(2) 1.88(19) 
N(1)-C(2)-C(3)-O(3) 2.42(18) 
C(1)-C(2)-C(3)-O(3) -178.16(12) 

Symmetry transformations used to generate equivalent atoms:  #1 -x+1,-y+1,-z+1 
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Table  A 8.  Atomic coordinates  ( x 10
4
) and equivalent  isotropic displacement 

parameters (Å
2 x 10

3
) for Pr(PAO)3(H2O)2 

 
 x y z U(eq) 

Pr(1) 2624(1) 3970(1) 3795(1) 12(1) 
O(1) 2452(2) 3381(1) 6830(1) 26(1) 
O(2) 259(2) 1695(1) 4280(1) 21(1) 
O(3) 1512(2) 2692(1) 3561(1) 19(1) 
O(4) 752(2) 5718(1) 3010(1) 27(1) 
O(5) 2520(1) 5595(1) 6857(1) 22(1) 
O(6) 2824(2) 4631(1) 5674(1) 22(1) 
O(7) 5072(2) 2863(1) 1576(1) 24(1) 
O(8) 2448(2) 4903(1) 137(1) 25(1) 
O(9) 1684(2) 4508(1) 1919(1) 21(1) 
O(10) 5082(2) 4813(1) 3420(1) 20(1) 
O(11) -664(2) 3996(1) 3945(1) 21(1) 
N(1) 2018(2) 3158(1) 5703(1) 19(1) 
N(2) 1465(2) 5346(1) 3942(1) 18(1) 
N(3) 4009(2) 3459(1) 1738(1) 18(1) 
C(1) 1742(3) 1936(1) 6594(2) 34(1) 
C(2) 1672(2) 2477(1) 5623(2) 19(1) 
C(3) 1117(2) 2267(1) 4394(2) 17(1) 

U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
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Table  A 9.  Anisotropic displacement parameters  (Å
2 x 10

3
) for Pr(PAO)3(H2O)2 

 
 U11 U22 U33 U23 U13 U12 

Pr(1) 14(1) 10(1) 11(1) 0(1) -1(1) 1(1) 
O(1) 43(1) 23(1) 12(1) -3(1) -5(1) -4(1) 
O(2) 20(1) 17(1) 26(1) 0(1) -2(1) -6(1) 
O(3) 25(1) 15(1) 17(1) -1(1) -1(1) -4(1) 
O(4) 39(1) 20(1) 23(1) 5(1) -5(1) 8(1) 
O(5) 23(1) 23(1) 20(1) -7(1) -2(1) 2(1) 
O(6) 36(1) 14(1) 17(1) 0(1) -5(1) 4(1) 
O(7) 36(1) 18(1) 19(1) -2(1) -3(1) 9(1) 
O(8) 22(1) 30(1) 21(1) 9(1) 1(1) 3(1) 
O(9) 19(1) 25(1) 17(1) 1(1) 0(1) 2(1) 
O(10) 17(1) 22(1) 22(1) -2(1) 0(1) -2(1) 
O(11) 16(1) 23(1) 23(1) -2(1) 0(1) 4(1) 
N(1) 23(1) 20(1) 13(1) -1(1) -3(1) -1(1) 
N(2) 19(1) 17(1) 20(1) 4(1) -1(1) 1(1) 
N(3) 19(1) 15(1) 18(1) -2(1) -1(1) 0(1) 
C(1) 47(1) 28(1) 27(1) 11(1) -10(1) -11(1) 
C(2) 19(1) 20(1) 19(1) 4(1) -1(1) -4(1) 
C(3) 15(1) 17(1) 21(1) -1(1) -2(1) 1(1) 
C(4) 31(1) 16(1) 34(1) -3(1) 1(1) 4(1) 
C(5) 19(1) 14(1) 25(1) 1(1) 3(1) 0(1) 
C(6) 15(1) 16(1) 19(1) -3(1) 2(1) -1(1) 
C(7) 36(1) 24(1) 16(1) -1(1) 1(1) 1(1) 
C(8) 19(1) 19(1) 15(1) -1(1) -1(1) -3(1) 
C(9) 15(1) 18(1) 17(1) 0(1) -4(1) -2(1) 

The anisotropic displacement factor exponent takes the form:  -2π
2
[ h

2
 a*

2
U11 + ...  + 2 h 

k a* b* U12] 
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Table  A 10.  Hydrogen coordinates ( x 10
4
) and isotropic displacement parameters 

(Å
2
 x 10

3
) for Pr(PAO)3(H2O)2 

 
 x y z U(eq) 

H(1D) 2682 3829 6826 38 
H(4D) 889 5474 2391 41 
H(7D) 5449 2720 2230 36 
H(10D) 5698(14) 4888(10) 4015(7) 30 
H(10E) 5808(13) 4695(11) 2905(9) 30 
H(11D) -1200(18) 4031(10) 3305(7) 31 
H(11E) -1173(18) 4300(7) 4375(12) 31 
H(1A) 2953 1873 6850 50 
H(1B) 1281 1467 6318 50 
H(1C) 1037 2111 7255 50 
H(4A) 748 6705 4284 40 
H(4B) 2072 6771 5366 40 
H(4C) 94 6529 5589 40 
H(7A) 4399 3006 -418 38 
H(7B) 5039 3815 -724 38 
H(7C) 3059 3583 -964 38 
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Table  A 11.  Torsion angles [°] for Pr(PAO)3(H2O)2 
 

O(2)#1-Pr(1)-O(3)-C(3) 76.60(13) 
O(9)-Pr(1)-O(3)-C(3) -154.16(13) 
O(6)-Pr(1)-O(3)-C(3) -6.67(15) 
O(10)-Pr(1)-O(3)-C(3) 118.54(13) 
O(11)-Pr(1)-O(3)-C(3) -82.82(13) 
N(1)-Pr(1)-O(3)-C(3) 2.82(12) 
N(2)-Pr(1)-O(3)-C(3) -90.77(14) 
N(3)-Pr(1)-O(3)-C(3) 150.93(13) 

O(2)#1-Pr(1)-O(6)-C(6) 146.75(14) 
O(9)-Pr(1)-O(6)-C(6) 5.06(17) 
O(10)-Pr(1)-O(6)-C(6) 73.52(14) 
O(3)-Pr(1)-O(6)-C(6) -134.72(13) 
O(11)-Pr(1)-O(6)-C(6) -67.57(14) 
N(1)-Pr(1)-O(6)-C(6) -143.81(16) 
N(2)-Pr(1)-O(6)-C(6) -1.34(13) 
N(3)-Pr(1)-O(6)-C(6) 97.78(16) 

O(2)#1-Pr(1)-O(9)-C(9) 4.88(16) 
O(6)-Pr(1)-O(9)-C(9) 130.82(14) 
O(10)-Pr(1)-O(9)-C(9) 63.15(14) 
O(3)-Pr(1)-O(9)-C(9) -81.74(14) 
O(11)-Pr(1)-O(9)-C(9) -149.64(15) 
N(1)-Pr(1)-O(9)-C(9) -126.85(15) 
N(2)-Pr(1)-O(9)-C(9) 136.94(15) 
N(3)-Pr(1)-O(9)-C(9) -17.23(13) 

O(2)#1-Pr(1)-N(1)-C(2) -80.42(14) 
O(9)-Pr(1)-N(1)-C(2) 62.49(18) 
O(6)-Pr(1)-N(1)-C(2) -179.27(16) 
O(10)-Pr(1)-N(1)-C(2) -130.10(13) 
O(3)-Pr(1)-N(1)-C(2) 9.29(13) 

O(11)-Pr(1)-N(1)-C(2) 85.15(14) 
N(2)-Pr(1)-N(1)-C(2) 145.18(14) 
N(3)-Pr(1)-N(1)-C(2) -28.92(16) 

O(2)#1-Pr(1)-N(1)-O(1) 83.62(13) 
O(9)-Pr(1)-N(1)-O(1) -133.46(12) 
O(6)-Pr(1)-N(1)-O(1) -15.23(11) 
O(10)-Pr(1)-N(1)-O(1) 33.94(15) 
O(3)-Pr(1)-N(1)-O(1) 173.33(14) 
O(11)-Pr(1)-N(1)-O(1) -110.81(13) 
N(2)-Pr(1)-N(1)-O(1) -50.78(14) 
N(3)-Pr(1)-N(1)-O(1) 135.13(12) 

O(2)#1-Pr(1)-N(2)-C(5) -49.18(16) 
O(9)-Pr(1)-N(2)-C(5) -172.11(14) 
O(6)-Pr(1)-N(2)-C(5) 2.12(13) 

O(10)-Pr(1)-N(2)-C(5) -84.82(13) 
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O(3)-Pr(1)-N(2)-C(5) 112.24(13) 
O(11)-Pr(1)-N(2)-C(5) 104.17(14) 
N(1)-Pr(1)-N(2)-C(5) 39.54(14) 
N(3)-Pr(1)-N(2)-C(5) -146.06(13) 

O(2)#1-Pr(1)-N(2)-O(4) 128.46(12) 
O(9)-Pr(1)-N(2)-O(4) 5.53(11) 
O(6)-Pr(1)-N(2)-O(4) 179.75(14) 
O(10)-Pr(1)-N(2)-O(4) 92.82(12) 
O(3)-Pr(1)-N(2)-O(4) -70.13(15) 
O(11)-Pr(1)-N(2)-O(4) -78.19(12) 
N(1)-Pr(1)-N(2)-O(4) -142.82(12) 
N(3)-Pr(1)-N(2)-O(4) 31.58(13) 

O(2)#1-Pr(1)-N(3)-C(8) -159.18(13) 
O(9)-Pr(1)-N(3)-C(8) 3.24(12) 
O(6)-Pr(1)-N(3)-C(8) -106.90(14) 
O(10)-Pr(1)-N(3)-C(8) -82.48(12) 
O(3)-Pr(1)-N(3)-C(8) 115.70(13) 

O(2)#1-Pr(1)-O(3)-C(3) 76.60(13) 
Symmetry transformations used to generate equivalent atoms:  
#1 x+1/2,-y+1/2,z    #2 x-1/2,-y+1/2,z 
 
 
 
 

Table A 11 (continued) 
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Table  A 12.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement 
parameters (Å2 x 103) for [(H3C)4N][Cu(PAO-)(PAO2-)(H2O)].H2O 

 
 x y z U(eq) 

Cu(1) 6258(1) 3176(1) 6850(1) 16(1) 
O(1) 5077(1) 2546(2) 7689(1) 20(1) 
O(2) 2952(1) 2767(1) 7331(1) 22(1) 
O(3) 4553(1) 4249(1) 4265(1) 15(1) 
O(4) 7936(1) 2331(2) 8160(1) 23(1) 
O(6) 6907(1) 3976(2) 4647(1) 15(1) 
O(7) 6584(1) 6451(2) 7624(1) 20(1) 
O(8) 10055(1) 2219(2) 8526(1) 40(1) 
N(1) 4623(1) 3740(2) 5428(1) 14(1) 
N(2) 7360(1) 3481(2) 5885(1) 14(1) 
C(1) 3865(1) 2880(2) 6982(1) 16(1) 
C(2) 3578(1) 3471(2) 5635(1) 14(1) 
C(3) 2211(1) 3639(2) 4692(1) 19(1) 
C(4) 8592(1) 3244(3) 6506(1) 15(1) 
C(5) 8899(1) 2565(2) 7839(1) 20(1) 
C(6) 9629(1) 3470(2) 5992(1) 20(1) 
N(3) 12839(1) 7841(2) 8850(1) 16(1) 
C(7) 14192(1) 7822(2) 8862(2) 26(1) 
C(8) 12598(2) 5939(2) 9415(1) 22(1) 
C(9) 11860(1) 8005(3) 7525(1) 26(1) 
C(10) 12703(1) 9608(2) 9585(1) 21(1) 
O(9) 10826(1) 2813(2) 11101(1) 36(1) 

U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
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Table  A 13.  Anisotropic displacement parameters (Å2 x 103) for 
[(H3C)4N][Cu(PAO-)(PAO2-)(H2O)].H2O 

 
 U11 U22 U33 U23 U13 U12 

Cu(1) 14(1) 25(1) 11(1) 3(1) 6(1) -1(1) 
O(1) 19(1) 28(1) 13(1) 2(1) 8(1) -3(1) 
O(2) 24(1) 22(1) 27(1) -2(1) 18(1) -3(1) 
O(3) 15(1) 18(1) 11(1) 2(1) 5(1) -2(1) 
O(4) 21(1) 29(1) 16(1) 6(1) 5(1) 1(1) 
O(6) 14(1) 21(1) 12(1) 4(1) 6(1) 1(1) 
O(7) 21(1) 20(1) 16(1) 3(1) 4(1) 0(1) 
O(8) 24(1) 72(1) 21(1) 5(1) 6(1) 24(1) 
N(1) 18(1) 12(1) 13(1) -1(1) 8(1) -1(1) 
N(2) 17(1) 14(1) 12(1) 1(1) 7(1) -1(1) 
C(1) 22(1) 12(1) 18(1) -4(1) 12(1) -3(1) 
C(2) 16(1) 8(1) 19(1) -2(1) 8(1) -1(1) 
C(3) 14(1) 18(1) 27(1) 3(1) 9(1) 1(1) 
C(4) 15(1) 12(1) 17(1) -2(1) 6(1) 0(1) 
C(5) 21(1) 22(1) 16(1) -2(1) 5(1) 5(1) 
C(6) 14(1) 23(1) 23(1) -3(1) 9(1) 0(1) 
N(3) 17(1) 19(1) 13(1) -1(1) 5(1) -2(1) 
C(7) 20(1) 29(1) 32(1) -3(1) 14(1) -2(1) 
C(8) 33(1) 15(1) 22(1) 0(1) 14(1) -2(1) 
C(9) 27(1) 33(1) 12(1) 0(1) 3(1) -6(1) 
C(10) 27(1) 17(1) 20(1) -2(1) 11(1) 1(1) 
O(9) 42(1) 40(1) 20(1) -1(1) 5(1) 16(1) 

The anisotropic displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h 
k a* b* U12 ] 
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Table  A 14  Hydrogen coordinates ( x 104) and isotropic  displacement parameters 
(Å2 x 103) for [(H3C)4N][Cu(PAO-)(PAO2-)(H2O)].H2O 

 
 x y z U(eq) 

H(6D) 6062(5) 4170(30) 4497(14) 23 
H(7D) 6274(9) 7402(9) 7043(7) 30 
H(7E) 7420(4) 6733(19) 8078(11) 30 
H(3A) 2216 4104 3888 29 
H(3B) 1728 4598 4991 29 
H(3C) 1784 2324 4573 29 
H(6A) 9502 4738 5530 29 
H(6B) 9572 2354 5420 29 
H(6C) 10495 3466 6687 29 
H(7A) 14356 9090 8518 39 
H(7B) 14274 6707 8345 39 
H(7C) 14833 7659 9729 39 
H(8A) 11698 5935 9374 33 
H(8B) 13215 5848 10297 33 
H(8C) 12723 4790 8945 33 
H(9A) 10974 8031 7520 38 
H(9B) 11947 6850 7039 38 
H(9C) 12015 9243 7147 38 

H(10A) 11827 9608 9602 31 
H(10B) 12828 10844 9186 31 
H(10C) 13366 9532 10448 31 
H(9E) 10502(19) 2650(20) 10272(3) 54 
H(9D) 10949(19) 4116(6) 11257(14) 54 
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Table  A 15.  Torsion angles [°] for [(H3C)4N][Cu(PAO-)(PAO2-)(H2O)].H2O 
 

N(1)-Cu(1)-O(1)-C(1) -3.35(9) 
N(2)-Cu(1)-O(1)-C(1) -75.5(3) 
O(4)-Cu(1)-O(1)-C(1) -176.77(9) 
O(7)-Cu(1)-O(1)-C(1) 91.81(9) 
N(1)-Cu(1)-O(4)-C(5) 66.1(4) 
O(1)-Cu(1)-O(4)-C(5) 179.17(10) 
N(2)-Cu(1)-O(4)-C(5) 6.63(10) 
O(7)-Cu(1)-O(4)-C(5) -88.02(10) 
O(1)-Cu(1)-N(1)-C(2) -0.28(9) 
N(2)-Cu(1)-N(1)-C(2) 172.54(9) 
O(4)-Cu(1)-N(1)-C(2) 113.8(4) 
O(7)-Cu(1)-N(1)-C(2) -92.23(9) 
O(1)-Cu(1)-N(1)-O(3) -175.87(9) 
N(2)-Cu(1)-N(1)-O(3) -3.06(10) 
O(4)-Cu(1)-N(1)-O(3) -61.8(4) 
O(7)-Cu(1)-N(1)-O(3) 92.18(9) 
N(1)-Cu(1)-N(2)-C(4) 179.11(11) 
O(1)-Cu(1)-N(2)-C(4) -109.5(3) 
O(4)-Cu(1)-N(2)-C(4) -7.03(12) 
O(7)-Cu(1)-N(2)-C(4) 83.23(12) 
N(1)-Cu(1)-N(2)-O(6) 1.27(11) 
O(1)-Cu(1)-N(2)-O(6) 72.6(4) 
O(4)-Cu(1)-N(2)-O(6) 175.14(11) 
O(7)-Cu(1)-N(2)-O(6) -94.60(10) 
Cu(1)-O(1)-C(1)-O(2) -173.38(10) 
Cu(1)-O(1)-C(1)-C(2) 6.00(14) 
O(3)-N(1)-C(2)-C(3) 0.74(19) 
Cu(1)-N(1)-C(2)-C(3) -175.00(10) 
O(3)-N(1)-C(2)-C(1) 179.05(10) 
Cu(1)-N(1)-C(2)-C(1) 3.32(14) 
O(2)-C(1)-C(2)-N(1) 173.09(12) 
O(1)-C(1)-C(2)-N(1) -6.33(16) 
O(2)-C(1)-C(2)-C(3) -8.50(18) 
O(1)-C(1)-C(2)-C(3) 172.08(12) 
O(6)-N(2)-C(4)-C(6) 0.2(2) 
Cu(1)-N(2)-C(4)-C(6) -177.76(13) 
O(6)-N(2)-C(4)-C(5) -176.18(12) 
Cu(1)-N(2)-C(4)-C(5) 5.88(17) 
Cu(1)-O(4)-C(5)-O(8) 176.80(13) 
Cu(1)-O(4)-C(5)-C(4) -5.47(16) 
N(2)-C(4)-C(5)-O(8) 177.70(15) 
C(6)-C(4)-C(5)-O(8) 1.2(2) 
N(2)-C(4)-C(5)-O(4) -0.2(2) 
C(6)-C(4)-C(5)-O(4) -176.69(14) 

N(1)-Cu(1)-O(1)-C(1)  -3.35(9)                              
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Scope and Method of Study:  The purpose of the investigation conducted in this project 

was to establish a simple, cost-effective, environmentally benign method, utilizing 
the distinctive thermal instability of the metal complexes of pyruvic acid oxime 
(PAO) ligand, for the synthesis of high surface area, porous, nanocrystalline metal 
oxide ceramics and testing them as heterogeneous catalyst systems and adsorbents 
for the remediation of arsenate in aqueous medium.  The metal complexes of PAO 
were readily prepared in aqueous medium via ligand exchange strategy.  Structural 
characterization of these complexes was to verify their formation on the basis of 
their infrared (IR) and solid-state 13C nuclear magnetic resonance (NMR) spectra, 
X-ray powder diffraction (XRD), single crystal X-ray diffraction, and thermal 
gravimetric and differential thermal analyses (TGA and DTA).  IR and XRD 
analyses were used to confirm the formation of metal oxides as the final products 
of the pyrolysis of the metal complexes of PAO.  The crystallite size, the surface 
properties (acidity, basicity and BET surface area), and the morphology of the 
metal oxides were to be determined by XRD, the adsorption of base and acid probe 
molecules, and by scanning and transmission electron microscopes (SEM and 
TEM), respectively.  Some of the metal oxides were to have their catalytic activity 
examined with either Friedel-Crafts alkylation or Claisen-Schmidt condensation in 
Teflon bomb reactors at 150 oC. The analyses of the products were to be executed 
by gas chromatography/mass spectrometry technique.  The adsorption ability of 
some of the metal oxides for arsenate in aqueous solution was to be performed in 
the natural pH range of water (6.8-7.1) at room temperature. The equilibrium 
concentration of arsenic was to be determined using a water analysis test kit (EM 
Science, Gibbstown, NJ, USA). 

Findings and Conclusions:  Zinc oxide was very good catalyst for the coupling reaction 
between benzaldehyde and acetophenone.  It was the first time that zinc oxide was 
used for this kind of reactions. Nickel zinc ferrite was an excellent catalyst for the 
selective N-methylation of aniline using either methanol or dimethyl carbonate as a 
methylating agent.  Tricobalt tetraoxide was the first oxide used for the allylation 
of benzene.  Allybenzene was obtained in very high yield along with a small 
amount of diallyl ether.  Iron, cobalt, and zinc oxides were excellent adsorbent for 
arsenate in aqueous medium.  The cobalt oxide was also used for the first time in 
such an application.  The adsorption capacity of the oxide was found to depend on 
its surface properties.  It appeared that surface acidity played a key role in 
determining the capacity of the oxide.   
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