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Abstract

The intercalation of primary, secondary, tertiary, and aromatic amines into
layered TiOCl have been investigated by a variety of methods. The intercalation
reaction does not appear to be a redox process. A key step for intercalation of amines
into host TiOCl is proposed to be a coordination via nitrogen lone electron pair to Tid3+
metal centres.

Subsequent substitution of the interlayer chloride ions of TiOCI by the amine
molecules is strongly dependent on the properties of the organic compounds and their
ability to form ammonium salts. Based on X-ray diffraction, fluorescence, elemental
analysis and thermal analysis, a model for the interaction of amines with TiOCI is
proposed.

The intercalation of primary, secondary, and tertiary amides into TiOCI and
VOC! have been studied. A redox intercalation process is ruled out by using variety of
amides with a range of redox potentials. The proposed interaction of intercalated
amides with the host is different from that of amines and may dominated by formation

of hydrogen bonds between the amides protons and Cl ions of the host.

1111



Acknowledgments

| would like to thank my supervisor, Professor D. Richeson, for his help, advice,

and support during the fulfillment of this research work.

| would also like to thank Professor S. Gambarotta and Professor C. Detellier for

their fruitful suggestions throughout this work.

Also, | would like to thank my co-workers for their support.



Table of Contents

List of Tables
List of Figures
List of Abbreviations
Introduction
Literature overview
1. Graphite
Transition metal oxides
Transition metal dichalcogenides
Metal phosphorus trichalcogenides
Acid Salts of tetravalent metals

Clay minerals

N o oo s e N

Intercalation chemistry of Metal Oxychlorides
7.1 Structure and Synthesis of Metal Oxychlorides
7.1.1 Intercalation Chemistry of Metal Oxychlorides with the
AIOCI structure
7.1.2 Metal Oxychlorides with the FeOCI structure
7.2 Topocher.ical Reactions of Metal Oxychlorides
7.2.1 Intercalation reactions
7.2.2 Topochemical substitution reactions
Hypothesis
Experimental
Purlfication of starting materials
Instrumentation

- Powder X-ray Diffraction

13
15
17
20
20

21
23
26
26
35
38
40
40
40
41



- Thermal Gravimetric Analysis

- FTIR Spectroscopy

- X-Ray Fluorescence

- Elemental analysis

Reactions

- Synthesis of TiOCI

- Synthesis of VOCI

- Reactions of TiOCI with pyridine
Reaction in a sealed tube at 250°C
Reaction in a Schilenk flask at 80°C

- Reactions of TiIOC! with N,N,N',N*tetramethylethylenediamine
Reaction at 100°C
Reaction at 170°C

- Reactions of TiOCI with N,N'-dimethylethylenediamine
Reaction in a sealed tube at 80°C
Reaction in a Schlenk flask at 80°C
Removal of [Ha(CHa3)NCH2CHaNHz(CHg))2+Clg from the product
Synthesis of DMEN-salt

- Reactions of TiOCI with ethylenediamine
Reactions in a sealed tube at 160-170°C
Reaction in a Schlenk flask at 80°C for 5 days
Reaction in a Schlenk flask at 75°C for 9 hours
Reaction in a Schlenk flask at 759C for 16 hours
Reaction in a Schlenk flask at 750C for 4 days
Reaction in a Schlenk flask at 75°C for 7.5 days
Removal of [HaNCH2CHaNH3)2+Clo- from the product

Vi

41
41
41
42
42
42
42
43
43
44
44
44
45
45
45
45

47
47
47
48
48
48
49
49
49



Synthesis of EN-salt
- Reaction of TiIOCI with diethylenstriamine
- Reaction of TIOCI with N,N-dimathylacetamide
- Reaction of TiOCI with dimethylformamide
- Reaction of TIOCI with N-methylformamide
- Reaction of TIOC! with acetamide
- Reaction of VOCI with N,N-dimethylacetamide
- Reaction of VOCI with N-methylformamide
- Reaction of VOCI with acetamide
Results and discussion
Preparation of starting materials
- Synthesis of TiOCI
- Synthesis of VOCI
Topochemical reactions of TIOCI and VOCI layered compounds
- Reactions of TiOCI with amines
1. Reactions of TiOC! with N,N'-dimethylethylenediamine
1.1 Reaction in a sealed tube at 80°C
1.2 Reaction in a Schlenk flask at 80°C
1.3 DMEN-salt removal
1.4 Synthesis of DMEN-salt
2. Reactions of TiOCI with ethylenediamine
2.1 Reactions in a sealed tubes at 160-170°C
2.2 Reaction in a Schlenk flask at 80°C
2.3 Reaction in a Schlenk flask at 75°C for 9 hours
2.4 Reaction in a Schlenk flask at 75°C for 16 hours
2.5 Reaction in a Schlenk flask at 75°C for 4 days

vil

50
50
51
51
52
52
53
53

54
54
54
58
63
65
66
66
70
80
88
91
91
91
94
08
98



2.6 Reaction in a Schienk flask at 759C for 7.5 days
2.7 Synthesis of EN-salt
3. Reaction of TiOCI with diethylenetriamine
4. Reactions of TiIOCI with N,N,N’,N'-tetramethylethylenediamine
5. Reactions of TIOCI with pyridine
5.1 Reaction in a sealed tube at 2560°C
5.2 Reaction in a Schlenk flask at 80°C
- Proposed mechanism for topochemical reactions of TiIOC| with amines
- Reactions of TiOCI and VOCI with amides
Reaction of TIOCI with N,N-dimethylacetamide
Reaction of TIOCI with dimethylformamide
Reaction of TiOCI with N-methylformamide
Reaction of TiOCI with acetamide
Reaction of VOCI with N,N-dimethylacetamide
Reaction of VOCI with N-methylformamide
Reaction of VOCI with acetamide
- Proposed mechanism for intercalation reactions of
TiOCI and VOCI with amides
Conclusions
References

Vil

101
116
120
124
127
127
131
138
143
143
146
149
152
156
158
161

166
169
170



List of Tables

Table! Compounds with the Orthorhombic AlIOCI structure

Table Il Unit - Cell parameters of selected compounds with the FeOCI structure

Table 1l Metallocene Intercalates of MOCI

Table IV Aromatic Amine Intercalates of FeOCI

Table V Aromatic Amine Intercalates of VOCI

Table VI Calculated and Experimental powder patterns for TiOCI

Table VIl Powder pattern of VOCI

Table VIII Powder pattern of the product obtained during a sealed tube

reaction of TiOC! with DMEN

Table 1X Powder pattern of the product obtained during a Schlenk flask
reaction of TIOCI with DMEN

Table X Powder pattern of the product obtained during a Schlenk flask
reaction of TiIOC! with DMEN and heated to 80°C for 4 days

Table XI Powder pattern of the final product of the reaction of TiOC! with DMEN

Table XIl Summary of reactions of TIOCI with N,N'-dimethylethylenediamine

Table Xl Powder pattern of [H(H)(CHa)NCchHgN(CHg)(H)H]2+2CI'

Table XIV EA results for [H(H)}(CH3)N-CHa-CHa-N(CHz)(H)H]2+2ClI"

Table XV Powder pattern of the product obtained during the reaction of

TiOCI with EN in a Schlenk flask for 5 days at 80°C
Table XVI Powder pattern of TIOCKCoHgN2)o.4

Table XVII EA results for TIOCI(C2HgN2)o.4

Table XVIII Powder pattern of the product obtained from the reaction
of TiOCl with EN in a Schlenk flask for 16 hours at 75°C

Table XIX Powder pattern of the product obtained from the reaction

of TIOCI with EN in a Schlenk flask at 75°C for 4 days

X

23
25
Kh
33
34
56
61

68

72

76

82

87
90
88

93
96
97

100

103



Table XX Powder pattern of the product obtained from the reaction

of TIOCI with EN at75°C for 7.5 days
Table XXI Powder pattern of TiOClg 5{CoH7N2)0.5

Table XXIl EA data for TiOClg 5(C2H7Ns)o.5

Table XXl Summary of reactions of TiIOCI| with EN

Table XXIV Powder pattern of EN-salt [H3N-CHa-CHp-NHgJ2+2CI-

Table XXV EA data for [HagN-CHa-CHo-NHgJ2+2CH

Table XXVI Powder pattern of TIOCI(C4H13N3)o.15

Table XXVIl EA data for TIOCHC4H1aN3)0.15

Table XXVill Powder pattern of the product obtained during
a sealed tube reaction of TIOCI with TMEDA

Table XXIX Powder pattern of the grey product obtained from
the sealed tube reaction of TiIOCI with pyridine

Table XXX EA data for TiOCl(py)o.2

Table XXXI Powder pattein of the product obtained from the
Schlenk flask reaction of TiIOCI with pyridine

Table XXXII EA data for TIOCI{py)o.38

Table XXXl Summary of reactions of TiIOCI with pyridine

Table XXXIV Powder pattern of the product obtained from the reaction of

TiOCI with DMA

Table XXXV Powder pattern of the product obtained from the reaction of

TiOCl with DMF

Table XXXVi Powder pattern of the product obtained from the reaction of

TIOC! with NMF
Table XXXVII EA results for TIOCI(HC(O)N(H)CH3)p.95

107
109

109

114
118

116
122
123

126

129
132

134

132

137

145

148

151
150



Table XXXVIIl Powder pattern of the product obtained from the reaction of
TiOCI with acetamide
Table XXXIX EA results for for TIOCI[(CH3)C{O)NH2]0.03

Table XL Summary of reactions of TiOC! with amides

Table XLI Powder pattern of the product obtained from the reaction of
VOCI with DMA

Table XLl Powder pattern of the product of the reaction of VOC! and NMF
Table XLIII EA data for VOCI(HC{O)N(CHa)H)4 o

Table XLIV Powder pattern of the product obtained from the reaction of

VOCI with acetamide
Table XLV EA results for VOC! / (CH3C(C)NH2)g.25

Table XLVI Summary of reactions of VOCI with amides

Xl

154
153

155

156

158
160

163
164

165



List of Figures
Figure 1 The MoOg structure

Figure 2 The WOg structure

Figure 3 The MXg structure

Figure 4 The Zr(PO4)2H2¢H20 Structure

Figure 5 Two layered and three layered variants of sheet silicates

Figure 6 The AIOCI structure

Figure 7 The TiOCI structure

Figure 8 Powder XRD spectrum of TiOCl

Figure 8 TGA curve of TiOCI

Figure 10 Powder XRD spectrum of VOCI

Figure 11 TGA of VOCI

Figure 12 PXRD spectrum of the product obtained during a sealed tube
reaction of TiIOC| with DMEN

Figure 13 TGA of the product obtained during a sealed tube
reaction of TiOCI with DMEN

Figure 14 PXRD spectrum of the product obtained during a Schlenk flask
reaction of TiOCI with DMEN

Figure 15 PXRD spectrom of the product obtained during a Schlenk fiask
reaction of TiOCI with DMEN and heated for 4 days at 80°C

Flgure 16 TGA of the product obtained during a Schlenk flask reaction of
TiOC! with DMEN and heated to 809C for 4 days

Figure 17 PXRD of the final product of the reaction of TiOCI with DMEN

Figure 18 TGA of the final product of the reaction of TIOCI with DMEN

Figure 19 (a) An interlayer bridging model for TiIOCIx(C4H11N2)y

(b) The intralayer bonding model for TiOClx(C4H11N2)y

X1l

16
18
22
24
55
57
60
62

67

69

71

75

79

81

83
85



(c) Modei structure of TIOCIx(C4H1{1N2)y represented by tilted guest molecules

Figure 20 PXRD of the DMEN-salt [H(H)(CH3)N-CHo-CHo-N(CHg)(H)H]2+2CI-

Figure 21 PXRD spectrum of the product obtained during the reaction of
TiOC! with EN in a Schlenk flask for 5 days at 80°9C
Figure 22 PXRD spectrum of TIOCI(CoHgN2)g.4
Figure 23 PXRD spectrum of the product obtained from the reaction of
TiOCl with EN in a Schlenk flask at 750C for 16 hours
Figure 24 PXRD spectrum of the product obtained from the reaction of
TiOCI with EN in a Schlenk flask at 750C for 4 days
Figure 25 PXRD spectrum of the product obtained from the reaction of
TiOCl with EN at 750C for 7.5 days
Figure 26 PXRD spectrum of TiOClg 5(C2H7N2)o.5
Figure 27 (a) Interlayer bridging model for TiOClg 5(CoH7N2)g.5
(b} Intralayer bonding model for TiOClg 5(C2H7N2)o 5
{c) Mode! structure of TiIOClg 5(CoH7N2)p 5 represent hydrogen bonding
(d) Model structure for TiOClg 5(C2H7N2)g.5 where EN molecules form a
second layer
Figure 28 PXRD spectrum of EN-salt [NHz-CH2-CHa-NHz)2+2Cr"
Figure 29 PXRD spectrum of TiIOCI(C4H13N3)0.15
Figure 30 PXRD spectrum of the product obtained during a sealed tube reaction
of TiIOCI with TMEDA
Figure 31 PXRD of the grey product obtained from the sealed tube reaction of
TiOCI with pyridine
Figure 32 TGA of the grey product obtained from the sealed tube reaction of
TiOCI with pyridine
Figure 33 PXRD of the product obtained from the Schlenk flask reaction of

X1l

89

82
95

99

102

106
108

111

112

117
121

125

128

130



Figure 34
Figure 35
Figure 36
Figure 37
Figure 38

Flgure 39
Figure 40

Figure 41

Figure 42

TiOCI with pyridine
Structural model for pyridine intercalated compounds
PXRD of the product obtained from the reaction of TIOCI with DMA
PXRD of the product obtained from the reaction of TiOCI with DMF
PXRD of the product obtained from the reaction of TIOCI with NMF
PXRD of the product obtained from the reaction of TiOCI

with acetamide
PXRD of the product obtained from the reaction of VOCI with DMA
PXRD spectrum of VOCI(NMF)1 o
PXRD spectrum of the product obtained from the reaction of

VOCI with acetamide
(a) Interlayer bridging mode! for NMF intercalation into

TiOCl and VOCI

(b) Structural model for acetamide intercalation into TiOCI and VOCI

X1V

133
136
144
147
150

163

157
159

162

167



List of Abbreviations

A Angstrom

AC Acetamide

DMEN N,N’-dimethylethylenediamine
DMA N,N-dimethylacetamide

DMF N,N-dimethylformamide

EA Elemental Analysis

EN Ethylenediamine

IR Infrared Spectroscopy

"3N" Diethylenetriamine

NMF N-methylformamide

PXRD Powder X-Ray Diffraction

py Pyridine

SCE Saturated Calomel electrode
TGA Thermo Gravimetric amalysis
THF Tetrahydrofuran

TMEDA N,N,N’,N’-tetramethylethylenediamine

XRF X-Ray Fluorescence

XV



INTRODUCTION

The study of reactions between guest molecules or ions and solid host lattices has
been an active research topic for more than 150 years. The first report conceming the
intercalation of graphite by sulfate ions appeared in 1841 by Schauffautl. However,
interest in intercalation chemistry began to grow significantly and to extend into many
scientific disciplines only in the 1960s.

Since the sixties, the number of host lattices has been expanded significantly to now
include investigations with natural aluminosilicates and layered synthetic materials.

Intercalation chemistry has become an increasingly interesting topic over the last
30 - 40 years. Areas of major interest have been the intercalation of ions and molecules
into layered inorganic lattices with the ultimate goal of preparing materials for high-density
energy storage devices (e.g.,Li,TS,; Li,V,0,), heterogeneous catalysis (e.g., Co,MoS,;
Ni,WS, ), and shape - selective adsorption/ catalysis.'! Compounds prepared by
intercalation reactions may also exibit unusual physical properties such as enhanced
electronic conductivity, fast ion conductivity, and even superconductivity.’

Traditional solid state synthesis requires high temperatures and long reaction
times. One of the distinctive features of intercalation reactions is that they may take place

under mild conditions and are, therefore, often called easy solid state reactions.

A variety of inorganic layered compounds are able to undergo intercalation reactions that

involve the reversible insertion of guest species between two - dimensional layers of the
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host. In the case of expandable layered compounds, the interlayer region of the host
expands to accomodate the guest, and interlayer host - host interactions are replaced by
host - guest and guest - guest interactions often leading to the preferred orientation of the
guest species.

Previous research work has shown that organic molecules containing at least one
functional group can be used as guest molecules. Typical representatives are amines,
alcohols, organophosphonates, thia - compounds, and heterocyclic compounds. Also,
some large organic molecules including metallocenes and their derivatives and molecules
with a very long carbon chains (C,;) can penetrate between the layers of the host lattice.
Inorganic species such as ammonia, water, and some inorganic acids or their anions can

play the role of a guest molecules as well.

From a thermodynamic standpeoint a major consideration in the driving force for

intercalation reactions is the interaction of the guest with the host lattice. It is possible

to pick out several types of interaction between the guest molecules and the host lattice.?

1. Binding of the guest can be realized by the formation of a coordination bond to a
lattice site. In this case the guest molecule will be an electron donor.

2. The formation of hydrogen bond between the oxygen atom of the oxo-anion of the
host and the hydrogen atom of the guest species. Frequently only part of the
molecules can be held by the hydrogen bond.

3. An electron transfer from the guest molecule to the host lattice can take place. This

electron transfer leads to the oxidation of the guest and reduction of the host.
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4. A proton transfer from the hydroxyl group of a layered material to the guest molecule.
The result is a guest molecule that has become positively charged and the layers of
the host now bear a negative charge.

5. Weak van der Waals forces between the layers of the host can trap the guest

molecule inside layers.

A fundamental problem of all intercalation reactions is the effect of the host on the
guest and the guest on the host, Which forces or mechanisms are involved into the
intercalation process and keep the guest molecule inside of the host? How do the
properties of the guest and of the host layered compound change? What is the
orientation of the guest inside the host lattice? Is it possible to effect on the rate of the
intercalation process? All these questions are the central questions of intercalation
chemistry.

Different layered materials can be used as a host lattices. The most thoroughly
investigated layered materials for intercalation reactions are:

- Graphite

- Transition metal oxides

- Transition metal dichalcogenides

~ Metal phosphorus trichalcogenides
- Acid salts of tetravalent metals

- Clay minerals

- Metal oxyhalides
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The present research work is devoted to study of topochemical reactions of layered

metal oxychlorides TiOCl and VOCI.

In the following section, an overview of related literature is presented. This
overview consists of a brief description of different classes of layered compounds that
may undergo intercalation reactions and more detailed description of synthesis,
properties, and structures of metal oxyhaiides and their chemical reactivity in terms of

ability to undergo topochemical reactions.



LITERATURE OVERVIEW.

There are several classes of layered materials that can be used as host lattices

for topotactic chemical reactions.

1. Graphite

Graphite is unique in its ability to intercalate both electron donors and acceptors.
Intercalation with reduction of the graphite layers can occur with alkali metals.®® Alkali
metal intercalates can be divided into two classes. The heavier metals such as K, Rb and
Cs react easily with graphite at 200°C or less. Lithium reacts only at higher temperatures
or pressures. The sodium compound is difficult to make directly and is poorly
characterised. The distinction between the two groups ( K, Rb, Cs and Li, Na ) has
generated speculation that the ionization potentials of the gaseous atoms provide the
basis for distinction between the two classes. The ionization potentials (in eV) of K (4.34),
Rb (4.18), and Cs (3.89) lie below the electron affinity of graphite (4.6), whereas those
of Li (5.39) and Na (5.14) lie above this value.

The first ionization energies of alkaline earth metals { Ca, Ba, Sr) and lanthanides
( Eu, Yb, Sm, Tm ) lie above the electron affinity of graphite. Therefore the conditions of
synthesis of the alkaline earth and lanthanide intercalates parallel the conditions for Li -

intercalation (several weeks at 500 - 600°C).
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Graphite forms compounds with electron acceptors such as bromine and Lewis
acid molecules. Many metal fluorides, such as TiF,, SbF;, UF; and XeF, can be easily

incorporated into the graphite structure.32

2. Transition metal oxides.

A number of metal oxides with layered structures exist (e.g., V,0g, M0O,, WO, ).
These materials fall into two classes: those with layered host lattices and those formed
from oxides containing tunnel networks. The first class is represented by MoO, and VO,
in which the interlayer spacing can be increased to accomodate a guest species (Figure
1). An example of another class is WQ,, which has an interpenetrating three - dimentional
network of tunnels (Figure 2). In this case there is a limit to the size of the insertion atom
that can be incorporated without breaking bonds in the host oxide matrix, and only guests

with a small atomic radius, such as H and Li, have been inserted.

Intercalation of transition metal oxides is of broad interest in the synthesis of new
materials. It is known that MoO, is an important component of many industrial calalysts,
but molybdena - based systems suffer from the disadvantage of a very low surface area.
Intercalation of layered MoO, may lead to a new materials with catalytic properties and
with high' surface area.® Pillared crystals of MoO, may combine the catalytic and

conducting properties that can lead to a new type of sensors.?



Figure 1 The MoQ; structure.

P09
22

Figure 2 The WO, structure.
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Several different polyoxycations have been introduced as pillaring agents into highly

crystalline MoO,. The most widely used has been [AIO,AlL(OH)..(H,0),,)*. Lerd, Lalik and
co - workers reported successful insertion of [AIO,Al,;{OH)(H.0),."* and [Big(OH),,]* into
layered MoOj, by ion exchange with sodium forms of hydrated iayered compounds.* The
insertion of a gallum analogue [Ga0,Ga.,(OH)y(H,0):,)'*. and a mixed
[GaO0,Al,,(OH),(H,0).2]"* polyoxycation were reported in 1991.5°

Intercalation of electroactive polymers poly(pyrrole), poly(aniline) and
poly(thiophene) has been achieved in layered V,O; and MoO,’ Poly(ethylene oxide)(PEO)
has been intercalated into V,0;" and the product material has a promising application as

cathodes for high - energy batteries.

3. Transiti tal dichal i

Layered metal chalcogenides of the type MX, ( M = metal, X = S, Se, Te ) are found
for transition elements of group 1Vb ( Ti, Zr, Hf ), Vb ( V, Nb, Ta }, VIb ( Mo, W ), VlIb ( T,
Re ), and Viilb ( Pt } and for the main group elements Sn and Pb.

The MX, layers consist of two anion sheets with a sheet of metal atoms in the
central plane. There is strong ( partially covalent) bonding between the interlayer atoms
M and X. Two varieties of coordination of the metal between the anions are known
(octahedral or trigonal prismatic) (Figure 3).%

The electronic properties of these materials range from semiconducting to metallic

behavior depending on the metal, the chalcogen, the coordination of the metal to the



e

(a) (b)

Figure 3 The MX, structure.
(a) Single layer;
(b) Octahedral coordination;

(c) Trigonal prismatic coordination of M.

il L L T T R,



10

chalcogen atoms, and on the mode of stacking of the MX, layers. Transition - metal
dichalcogenides have been extensively investigated for their interesting electrical

properties and their application as cathode materials for rechargeable high - energy -

density lithium batteries.®

In 1965 Rudorff first observed alkali metal intercalation into dichalcogenides and
proposed an ionic structure model.'*** Compounds with Lewis base molecules were
prepared originally by Weiss and Ruthardt.'® Recent investigations of the mechanism of
direct Lewis base intercalation established that these reactions are correlated with redox
process. Such intercalation reactions are usually accompanied by oxidation of the guest
species coupled with electron transfer to the host.'® This concept is supported by studies
on the mechanism of intercalation of NH,.'® An investigation on the mechanism of NH,
intercalation into TaS, demonstrated this reaction involves the oxidation of the guest
molecules with formation of N,. The electrons are transferred to the TaS, layers, while

the protons are accepted by NH, molecules.

2NH, >N, +6H* +6 ¢ (1)
x e + TaS, —> [ TaS, | (2)
H+ + NH3 memeal> NH4+ (3)

It was shown'? that in the case of pyridine intercalation in NbS, TaS,, etc.., the

orientation of pyridine molecules in their van der Waals gap prohibits any direct interaction
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between the nitrogen lone pair and the host lattice. The mechanism of pyridine (py)

intercalation into MX,, can be described by the Schéllhom model.?° The key step in this
model is the condensation of two pyridine molecules to give 4,4'-bipyridyl with the loss
of two protons and two electrons. These two electrons are transferred to the host lattice.
The condensation reaction provides the source of protons for the formation of pyridinium

ions ( pyH* ) (equations 4,5,6).

X py —> (X/2) py-py + X H* + x ¢ 0]
X py + X H* —=> x pyH* (5)

MX, + X pyH* +y py + X & —=> ( MX, Y( pyH"),{ py ), (6)

The stability of the intercalated compounds in this model is provided by the electrostatic
interaction between the negatively charged lattice and pyridinium ions. The pyridinium
ions in this model are solvated by neutral pyridine.

The intercalation of organometallic species into layered compounds was first
demonstrated for transition metal dichalcogenides by Dines in 1975 and appeared to be

redox process.®’

The intercalation of conjugated and saturated polymers in layered transition metal
dichalcogenides is of interest because resulting organic / inorganic structures can possess
new electrical, structural, and mechanical properties.'® Incorporation of polyethers'?,

polyaniline'®, and polystyrene’? into layered MoS, has been achieved recently by different
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research groups. It was observed that intercalation into MoS; is possible only with strong
reducing agents such as alkali metals. Reaction of LiMoS, with water produces single
layers of MoS,. These single layers adsorb a polymer forming a layered nano -composite
material containing well - ordered alternating monolayers of polymer and M082.1°'"

{Scheme 1).

4. Metal phosphorus trichalcogenides

Metal phosphorus trichalcogenides of the formula M"PXa. where M stands for a
metal in the II* oxidation state (M = Cd, Ni, Zn, Mn, Fe, Mg, Ca, V, Co, Pd, In, Sn, Pb,
Hg) and X is S or Se, form a family of layered materials, structually similar to the layered
dichalcogenides. These solids are best described as two - dimensional arrays of M2* ions
assembled by P,Sg* bridging ligands.

Several MPS, compounds display a unique reactivity, as they take up cations from
a solution and discharge interlamellar M?* cations into the solution.'® These results imply

that the M - S bonds are quite labile.'”

The intercalation chemistry of the metal phosphorus trichalcogenides can be
divided into three classes according to the nature of the guest molecule. The first reported
intercalation reactions were the reactions with organic amines, followed by a great deal
of work on alkali metal intercalates. More recently, organometallic intercalation have been

investigated.
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Very interesting results have been achieved with MPS;, using the Lewis base

pyridine as a guest species. Much of this work was performed before the Schélthorn
model mechanism of pyridine intercalation into transition metal dichalcogenides was
described. An extension of the Schéllhom model to the MPS, compounds would require
the transition metals to be reduced from their stable II* state. Alternatively, intercalation
may proceed by reduction of a site other than the metal, e.q., eitherthe P-P orP - §
linkages, or it may proceed by a totally different mechanism.

Joy and Vasudevah'® have shown in the case of MnPS,, FePS, and NiPS,
materials that the intercalated species were, indeed, pyridinium ions solvated by neutral
pyridine molecules, and intercalation mechanism is not an electron transfer to the host
lattice but a novel ion - exchange/ intercalation process in which charge neutrality is
maintained by a loss of M?* ions. The proton originates from trace amounts of water
present in the starting pyridine and it is unlikely to be from bipyridyl formation. This was
confirmed by the observation that intercatation of rigorously dried pyridine was extremely

difficult. The reaction scheme can be described by equations 7 and 8:

2x py + 2x H,O0 » 2x pyH* + 2x OH" v4)
MnPS, + 2x pyH" + y py + 2x OH™ ~—->

—> (Mn, PS; *(pyH* ),,( pY ), + X Mn®*( OH ), (solution) (8)

A similar intercalation mechanism was observed for intercalation of organometallic

cations.'®®' and alkali metal cations'into MPS, materials. The most direct method for



15

organometallic cation intercalation is through ion - exchange with previously intercalated

alkali metals and ammonium cations.?!

5. Acid Salts of Tetravalent Metals

These compounds, whose structures are schematically represented in Figure 4,
have the general formula M"’(HXO‘.’)2 * nH,0, where M = Zr, Ti, Sn and X = P, As. Owing
to the presence of = P - OH acidic groups between the layers, strong interaction are
especially obtained with polar guest molecules that are Brénsted bases. In the case of
[ Zr(PO,), 1 H, * H,0, it has been found that one molecule of NH, for each =P - OH
group is taken up, even from very dilute aqueous solutions of ammonia.?? This
intercalation into [ Zr(PQ,), ] H, * H,0 occurs via protonation of NH, and formation of the

diammonium form, according to equation 9.
[ Ze(HPO,),] * H,0 + 2 NHy —> [ Zr(PO,),](NH,), * H,O (9)

The uptake of NH, by zirconium phosphate was successfully employed in kidney
machines for the removal of NH, and NH,* from human blood after previous catalytic
decomposition of the urea to NH, and CO,.2

The intercalation of n - alkylamines in M"V(PO,),H, * H,0 can be represented by

the equation 10%;
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[ TIHPO,),] * H,0 + 2 RNH, —~> Ti(PO,), * 2 RNH, * H,0 (10)

The topotactic acid - base reaction between the layered acid and basic guest affects all
acid groups of the solid material.

Alcohols are much weaker proton acceptors than are amines, and the strength of
their interactions with the acid =P - OH groups of layered acid salts is also expected to
be weaker. Due to this fact, alcohol intercalates are not obtained. Intercalation of alcohols
has been achieved, however, by using salt forms of zirconium phosphate, e.g.,
[21{PO,),JHNa * 5H,0.% The salt form is contacted with pure alcohols previously acidified
with a strong mineral acid, so that the metal ions are exchanged and the reaction can be

described by the following equation:

[ Zr(PO,),]HNa * 5H,0 + XROH + H* ——> [2r(PO,),]H, * XROH + Na*  (11)

The intercalation of glycols may also be easily achieved by such a procedure.

6. Clay minerals

Clay materials are a class of naturally occurring sheet silicates that are well known

to form intercalates with guest organic molecules.
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There are two main structural types of sheet silicates { Figure 5):
- two - layered sheets ( kaolinite and dickite )
- three - layered sheets { smectites, vermiculites and micas )
A clay sheets can be made up of two or three layers which are linked together. The first
is a layer of comer - linked tetrahedra, and the second is a layer of edge - linked
octahedra. The tetrahedral layer is composed of Si** cations in tetrahedral coordination
with oxygen. The octahedral layer consists of two planes of closest - packed oxygen or
hydroxy! ions with A®* or Mg®* cations occupying the resulting octahedral sites between
the two planes.

All of the kaolin minerals are made up of nearly identical 7.2A sheets of
composition Al,Si,O5;(OH), and can be intercalated ( directly or indirectly ) by different
organic compounds. The direct intercalation involves the direct reaction of the mineral
with the organic compound. The compounds that can be directly intercalated into clay
minerals have certain common properties such as high dipole moments and a tendancy
to form strong hydrogen bonding. Direct organokaolinite intercalates were obtained with
DMS0%%25 | NMF?® | formamide®®®® | potassium acetate?’, ammonium acstate, and
hydrazine.2® Organokaolinite intercalation compounds may be formed indirectly by the
replacement of a previously intercalated molecule with another molecule. A wide range
of alkali, alkaline halides, and amino acids have been intercalated into clay minerals by
using either hydrazine or ammonium acetate as an agent to first open up the layers,

followed by its displacement with the desired compound®,



20
7. Intercalation chemistry of Metal Oxyhalides

Metal chalcogenchalides are known for all of the group lIIA ( Al, Ga, In, Tl ) and
B ( Sc, Y, La, Ac ) metals, for the first row transition metals up to and including iron (
Ti, V, Cr and Fe ), for antimony and bismuth, and for nearly ali the lanthanides and
actinides.

Nearly 250 metal chalcogenohalides of formula MXY are known, where M = metal,
X=0,8, SeandY =Cl, Br, l. Despite this wide range of existence, only a small number
of metal chalcogenohalides have been reported to undergo topochemical reactions.
Among the whole class of MXY only the oxyhalides with M = Ti, V, Cr, Fe and Al and the

thio- and selenohalides with M = Al are known to act as a hosts for this kind of reaction.

7.1. Structure and synthesis of Metal Oxyhalides

Layered metal oxyhalides can be broken down into four structural types based on the
radius ratio of M** to 0.2
- The smallest metal ions ( Rya, / Rg,. between 0.35 and 0.44 ) give the
AIOCI structure, in which the M®* ion is four - coordinate.
- Metal ions of intermediate size ( Ry, / Rg,. between 0.46 and 0.58 ) give
the FeOCl structurs, in which the M®* ion is six - coordinate.
- Slightly larger metal ions ( Ry, / Rg,. between 0.66 and 0.69 ) give the

SmSI structure, in which the M®* ion is seven - coordinate.
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- The largest metal ions ( Ry, / Rg,. between 0.69 and 0.86 ) give the

PbFCI strusture, in which the M2* ion is nine - coordinate.

Topochemical reactions are known only for materials with the AIOCI and FeCCl

structures, none has been reported for compounds in the PbFCI or SmSI structural

class.?®

7.1.1. Intercalation chemistry of Metal Oxyhalides with the AIOCI structure

There are four known members of this group : AIOX with X = CI, Br or |, and
GaOCl. None of these compounds has been obtained in the form of single crystals
suitable for X-ray diffraction. All conclusions about structure and lattice parameters were
done on the basis of X-ray powder studies.?®®® Analysis of X-ray powder diffraction
spectra allowed the conclusion that these compounds have an orthorhombic structure,
the space group is Pca2,, with four MOCI per unit cell. Each metal ion is tetrahedrally
coordinated to three O ions and one CI' ion {Figure 6). The O% of the tetrahedra are
linked together to form layers perpendicular to the b axis. The CI vertices are
perpendicular to the Al-O-Al network bonding to the Al center along the c direction. The
unit - cell parameters of the orthorhombic AIOCI structure are listed in Table 1.

Schafer and co - workers were the first to investigate synthetic routes to this class
of compounds.®'*® AIOC! was prepared using a sealed - tube reaction of AICI, with a

wide variety of metal oxides. The best result was obtained in the sealed tube reaction of
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excess AICI, with As,O, at 250°C. AsCl, and unreacted AICI, can be separated from the
colorless, microcrystalline product by sublimation or by washing with the proper organic

solvents. AIOBr, AlOI and GaOCI have been prepared by similar methods, 202323334

Table |

Compounds with the Orthorhombic AIOC! structure

Compound a(A) b(A) ] c(A) ) References
AIOCI 5.50 8.24 4,92 30a
AlOBr 6.73 10.02 4.92 30a

AlOI 6.86 11.03 4.92 30a
GaOCi 5.65 8.33 5.08 30b

7.1.2. Metal Oxyhalides with the FeOCI structure

This structural class of compounds consists of MOCIl and MOBr (M =Ti, V, Cr, Fe
and In), and InOl.

Goldsztaub first determined the structure of FeOCI, the parent structure of this
class of compounds, in 1934.%5 FeOC| crystallizes in the orthorhombic space group Pmmn
(Figure 7). Each metal is coordinated to four O* and two CI" ions. All chlorides are

bridging with the CI vertices perpendicular to the M-O-M bonding of the layers. The unit -
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cell parameters of selected compounds with the FeOCI structure are listed in Table II.

Table Il

Unit - Cell parameters of selected compounds with the FeOCI structure

——— ——

Compound a(A) b(A) c(A) References
TiOCl 3.79 8.03 3.38 38
vOCI 3.77 7.93 3.29 37
FeOCI 3.78 7.92 3.3 36

Mathods of TIOC! synthesis have been reported by Schafer et al.?® in 1958 and include
the high - temperature sealed - tube reaction of TiCl, and TiO,. The best procedure
appears to be the sealed - tube reaction of excess TiCl, with TiO, in a temperature
gradient 650° - 550°C. The product is a reflective yellow - brown crystalline solid which
is stable in moist air but converts slowly to TiO, in boiling H,0. In an N, steam, TiOCI
decomposes to TiCl, and Ti,O, above 700°C.

The only reported synthesis of TiIOBr involves the sealed - tube reaction of Ti, TiO, and
Br, in a temperature gradient 650° - 550°C.2° The product is a reflective, red - brown flat
needles.

Many synthetic approaches have been reported for the synthesis of VOCI. The best

synthetic pathway involves the sealed - tube reaction of excess VCl; with V,05 in a
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temperature gradient 720° - 620°C.*° VOClI is red - brown flat crystalls which are stable in
air.

The synthesis of VOBr employed sealed tube reactions of excess VBr; with several oxides
have been carried out.*! The best result came from the reaction with As,0O, at 400°C. The
product is obtained as a small violet crystalls.

Several synthetic procedures to yield FeOCl are known. The most commonly employed
method involves the sealed - tube reaction of FeCl, and Fe,0, at 370°C.* FeOC! is

obtained as shiny dark violet crystals.

7.2. Topochemical reactions of Metal Oxychlorides

It is well known from the literature that metal oxychlorides can undergo
topochemical reactions. These reactions can be divided into two general types:

intercalation reactions and topochemical substitution reactions.

721§ lati .
Intercalation reactions fall into five broad categories:
A. Intercalation of cationic molecules using tetrahydroborate reagents and nBuLi
B.Intercalation of organosulphorus compounds
C. Intercalation of conducting polymers
D. Organometallic intercalation

E. Intercalation of amines
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A variety of cationic molecules can be intercalated into FeOCI matrix using

tetrahydroborate reagents {(equation 12).

x(Cat*)BH,” + A ——> (Cat*),[A*] + (x/2) B,H, + (x/2) H, (12)

In this reaction, the BH," anion acts as the reducing agent, and cation intercalation occurs
with generation of two gases - B,H and H,.*® Results concerning intercalation of different
cationic guests using this BH,” method were reported only for FeQOCI.

FeOCl is a very susceptible matrix for different cationic guests intercalation. Alkali
metal ions (e.g.Li*, K*, Na*) can be incorporated into FeOCI very rapidly, even within two
hours at room temperature (25°C).*® The ease with which the FeOC! lattice can be
intercalated is also demonstrated by the introduction of the large cationic transition - metal

complex (Ph,P),Cu* by this remarkable reaction*® (equation 13).

(PhyP),Cu*BH, + FEOCI > [ Cu(PPhy),], sFeOCI + 0.05(1/2B,H, + H,) (13)

Intercalation of lithium cations guests into layered MOCI can also be achieved both
chemically and electrochemically giving Li, MOCI prod uct.* Chemical and electrochemical
intercalation of lithium was performed for FeOCI, VOC! and CrOCI host lattices ( nothing
was reported for TiOCl). In all these cases lithium intercalation corresponds to the
reduction of M?* to M2*, It is very interesting to note that lithium can be washed out of

Li,FeOCl with water to yield the original structure. This reaction gives convincing evidence
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of the stability of the FeOCI host lattice. In contrast to the iron derivative, Li,CrOCl as well
as Li,VOCI, are decomposed by water to give mainly lithium chloride and the transition
metal oxides.

From our point of view, the result obtained with FeOCI host lattice seems a bit
strange. It is known that FeOCl in dry air is stable, but, in air saturated with H,0
completely decomposes into FeO{OH) and then to Fe,O,. The product of hydrolysis

appears amorphous to X-rays and could be easily missed by the authors of the article.

Intercalation of planar electron donors has been investigated for FeOCi and results

in the formation of new inorganic / organic conducting materials.*®

A new intercalation compound, FeOCI(ET),q, where ET
bis(ethylenedithio)tetrathiafulvalene, was prepared by treating FeOCI with a solution of
ET.% Structural and electronic studies showed that the new material contains stacks of
partially oxidized ET molecules in the interlayer region.

The powder X-ray diffraction pattern of the intercalate showed that the FeQCI
interlayer spacing expands by 14.43A upon intercalation of ET. A structural model for
FeOCI(ET),;,, was proposed on the base of calculated atomic distances in which ET
molecules are canted at an angle of ca.10° from the perpendicular with respect to the

anion sheets. These materials exhibited high electrical conductivity presumably due to the

intercalated electron donors.

FeOCI is one of the most convenient redox - intercalation hosts for a variety of
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organic molecules including organic polymers. The resulting intercalation compounds are
very interesting systems of theoretical and practical interest. in general, they are
composed of monolayers of positively charged conductive polymer and negatively
charged FeOCL.*

Wu and co - workers® studied the intercalation of furan, terfuran and tetrafuran
into FeOClI layered host. These species are known to oxidatively polymerize chemically
or electrochemically to yield polyfuran. The results of intercalation reactions showed that
furan itself did not intercalate in FeOCI because of its high oxidation potential. The redox
potentials of terfuran and tetrafuran are 1.3 and 1.0 Volts vs. 8CE respectively. These
values are low enough to be suitable for redox intercalation reaction with FeOCI. Reaction
of terfuran with FeOC! proceeded in a sealed tube at 100°C. The product exhibited an
interlayer expansion of 7.7A to accomodate the intercalated polyfuran species.

Tetrafuran partially intercalated FeOCI under sealed tube conditions. The authors
assume that the kinetics of tetrafuran intercaiation were slow due to the large size of this
monomer,

Kanatzidis and collegues reported the successful oxidative intercalaiion of
aniline’8, pyrrole*®, and 2,2"-bithiophene*™ into FeOCI using the same technique. X-ray
studies showed that these new materials are highly crystalline and the FeOCI interlayer
spacing expands by more than 5A. Elaboration and characterisation of such materials is

continuing.

The layered transition metal oxyhalides FeOC!, VOCI, and TiOCI has been found
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to undergo direct intercalation of organometallic compounds. In 1975, Dines*® first

demonstrated the intercalation of organometallic species into layered transition metal
dichalcogenides. After additional studies Davies®® et al. have identified that for direct
intercalation in metal dichaicogenides the organometallic compounds first ionization
potential must lie below 6.2 eV,

Halbert and Scanlon® discovered that ferrocene with its first ionization potential
of 6.88 eV can be successfully intercalated into FeOCI. This fact illustrated that FeQCl
permits a broad range of organometallic intercalates to be prepared.

Metallocene intercalates, (Cp,M*),(MOCIy*,prepared by direct reaction of the
elactron - rich metallocenes with the hosts FeOCI, VOCI and TiOCl are listed in Table Ill.

The electronic nature of the ferrocene and cobaltocene intercalates of FeOCI has
been probed by Mdssbauer spectroscopy and magnetic susceptibility.5! On the basis of
the electronic studies of metallocene intercalates it was assumed that the electron - rich
metaliocenes are oxidized upon intercalation, and the electrons donated to the layers are
essentially localized on metal sites in the host lattice.

The more recent Mdssbauer and conductivity studies® suggest delocalization of
the transferred electron density in the host lattice.

Detailed examination of the mechanism of organometallic intercalation and the
nature of the products have only been performed for the FeOCI host lattice. No details
of characterisation other than layer expansion have been given for intercalation of Cp,Co

into VOCI and TiQClI.
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Table Il

Metallocene Intercalates of MOCI

Metallocene* X MOCI d-spéce(A) References
NiCp, FeOCl 53
FeCp, 0.16 FeOCl 5.13 52
MnCp, FeOCl 53
VCp, FeOCI 53
CoCp, 0.16 FeQClI 4.94 51, 52
CoCp; 0.16 VOCI 4.86 51
CoCp, 0.16 TiOCl 5.12 51

*Cp = cyclopentadienyl

The intercalation of transition metat oxyhalides by ammonia and n - alkylamines
was first recognized by Hagenmuller and co - workers in 1967.%* In the extention of the
above work, the reactions of many aliphatic and aromatic amines with MOX, especially
with FeOCl, has been widely studied.

The intercatation of C H,.,sNH, { n = 10, 12, 14, 16, 18 ) was achieved with

FeOCI as the host material.5® The intercalates were obtained by direct reaction between
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FeOC| and anhydrous amine. X-ray studies showed that the interlayer distance at room
temperature increase gradualiy with the increase of chain length.

Choy and collsgues™ studied the intercalation of C H,,,,NH, (n =2, 6, 8, 10, 12)
into VOCI host lattice. X-ray studies showed that the d-spacing ( distance between |ayer$)
of n-ethylamine intercalate is only slightly higher than that of ammonia - derivative,
indicating the axes C - C - N lie parallel rather than perpendicular to the VOCI sheets. The
d-spacing increases significantly if the intercalated amine contains six or more carbon
atoms per alkyl chain. Comparison of the obtained d-values with calculated ones ( the
calculated d-spacings were obtained by assuming that alkyl chains are perpendicular to
VOCI layers) showed that alkyl chains have an orientation of 40-60° to the VOCI plane.

The proposed mechanism for the alkylamine intercalation reactions is a charge
transfer between the amine guest and MOC! host lattice resulting in a weak bonding

between host and guest.®®

The intercalation of aromatic amines into FeOCI and VOCI seems to be the most
thoroughly studied reaction from point of view orientation, bonding and structure.

On the basis of X-ray powder diffraction data, Koizumi® et al. proposed a uniform
model in which the neutral amine molecules lie in the van der Waals gap with their
aromatic rings perpendicular to the host layers and their nitrogen lone pairs bonding to the
layers. This research group studied the intercalation of pyridine (py), 4-aminopyridine (4~
Apy), and 2,4,6-trimethylpyridine (2,4,6-TMpy) into the layered FeOCI matrix and

proposed a mechanism for this reacticn based on a Lewis acid and base reaction with



partial transfer of the pyridine electrons to the host FeOCI layers.

Table IV.

Aromatic Amine Intercalates of FeQCl|

= e

layered expansion (A)
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Compound d-space(A) References
FeOCI(pY)y/a 13.27 5.35 57
FeOCI(4 - Apy)yss 13.57 5.65 57
FeOCI(2,4,6 - TMpY)ys 11.9 3.87 57

The interlayer spacings for the intercalated compounds are summarized in Table IV.

According to Table IV, the layered expansion of FeOCl in the case of pyridine

intercalation Is bigger than that in the case of 2,4,6-trimethylpyridine. This layered

expansion data is not consistent with Koizumi's model.

Venien and co - workers®® proposed that in VOCI the pyridine axis ( defined in the

plane of the ring through the nitrogen atom and para carbon ) is inclined to the layers.

This model was consistent with experimental data for a series of methyl substituted

pyridines intercalated into VOCI. The results are listed in Table V.

X-ray powder diffraction suggests that the intercalated molecules lie in the van der

Waals gap of VOCI with the molecular axis tilted at angles at about 50° relative to the

normal to the layers.



Aromatic Amine Intercalates of VOCI

Table V.

Guest d-space layered expansion dimensions of
molecules (A (A) molecules (A)
pyridine 13.35 5.45 6.8; 6.6; 3.0
o-methylpyridine 13.39 5.49 6.8; 7.5; 3.4
m-methylpyridine 13.20 5.27 6.8; 7.5; 3.4
p-methylpyridine 13.95 6.02 7.7, 6.6; 3.4
p-ethylpyridine 12.02 4.09 8.7; 6.6; 4.4

34
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7.2.2. Topochemical Substitution Reactions

In section 7.1 it was pointed out that, in general, the structure of layered metal
oxyhalides consist of strongly interacting central M - O sheets with more weakly bound
irterlayer halides. The interlayer halides form a two dimensional array on each side of the
M - O layer and this structure should be an ideal for topochemical substitution reactions
involving the substitution of chloride ions by the organic molecule without the
reconstruction of the other part of the layers.

The literature contains some brief reports concerning the use of ethylene glycol
(C,H,(OH),), methanol and ammonia in substitution reactions of MOCI layered hosts.

Koizumi and co - workers® reported the preparation of the new compound

FeOOCH, by two different methods. The first method involves the reaction of the

intercalated compound FeOCI{4-aminopyridine),,, with methanol (14).
FeOCI ( 4-Apy ),/4 + CHOH ——-> FeOOCH, + HCI + 4-Apy (14)
This new compound was not obtained by direct reaction between FeOCI and CH,OH.
Second method for the preparation of FeOOCHj, involves the direct reaction of

FeOC! with sodium methoxide (15).

FeOCI + CH,ONa ——> FeOOCH, + NaCl (15)
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In both cases, the compound was identified to be FeOOCH, by chemical, IR, X-ray
diffraction, and differential thermogravimetric analysis ( TGA ). X-ray diffraction data
showed the presence of NaCl. The new compound was found to have the d-spacing of
10A. Thermal analysis data of FeOOCH, showed that the compound decomposes at
300°C associated with a 19% weight loss.

Attempts to prepare VOOCH, from VOCI and CH,ONa by the same method were
unsuccessful. In spite of the similarity between the VOCI and FeOCI structures, and the
ability of both of them to form intercalated compounds with pyridine molecules, the
product VOOCH, was not obtained. This interesting phenomenon has not been explained.

Another substituted prcac:luctem was prepared by the reaction of the intercalation

compound FeOC! (4-aminopyridine),,, with ethylene glycol C,H,(OH), (18).

FeOC! (4-ApY)ys + 1/2C,H,(OH), ~—> FeO(0,C,H,);, + HCl + 1/4Apy  (16)

The reaction product FeO(0,C.H,),, was examined by X-ray diffractometry, IR, chemical
and TGA analysis.

The interlayer distance of the wet product was 14.5A, however, after the product
was washed with acetone, in order to remove free ethylene glycol, the d-spacing
decreased to 10.89A. The thermal behavior of FeO(O,C,H,)ys is very similar to that of
the methoxide derivative FeOOCH,. A weight loss was observed at 300°C which
corresponds to 22% of the starting mass. Méssbauer spectrum studies of FeO(C,C,H,), s

concluded that the new material had a crystai structure derived from that of FeOC}; i.e.
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the Fe®* ions are octahedrally coordinated by oxygens. Two model structure have been
proposed for the product. In both cases, the ethylene glycol (EG) is directly bonded to the
iron in the FeO double layers. The first model involves interlayer bridging with the EG
molecules coordinated to Fe ions of two parallel FeO layers. The interlayer distance for
this bridging model is estimated to be below 8.2A even if the molecules have an all trans
configuration ( the longest possible molecular length ). In contrast, the second model

proposes the EG molecules coordinates to two Fe™

ions in the same layer. This gives an
estimated interlayer distance of approximatsly 11.0A based on methylene groups
belonging to upper and lower layers contacting each other at a distance of twice their van
der Waals radii. The observed interlamellar distance was 10.89A. Thus, the interlayer
bonding mode! was taken to be more probable. The collapse of the interlayer spacing
from 14.5A to 10.89A when the sample was washed with acetone was explained by the
fact that before being washed with acetone, the new product FeO(O,C;H,),,» contained
an excess amount of EG molecules lying parallel to the layers. The difference of 3.6A
corresponds to almost twice van der Waals radius of the methylene group.

Exposure of AIOCI and FeOCI to gaseous ammonia results in the uptake of
ammonia over a period of 48 hours for AIOCI, and several month for FeOCI at 25°C>,
Powder X-ray diffraction indicated the presence of NH,CI, which can be removed from
the product through washing with liquid NH, to leave amorphous solids AIO(NH,) and
FeO(NH,) respectively. Infrared spectrum showed signals at 3300, 3200, and 1600 cm

that were assigned to -NH, - related vibrations.
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The reaction of VOC! with NH,®' is similar to that of FeOCI. Two equivalents of
NH, are absorbed at 25°C over a period of one month. The final black amorphous
product VO(NH,) was analysed by IR and TGA. Infrared spectrum showed absorptions
at 3200 and 1630 ¢cm™' that have been assigned to the -NH, group. A band at 420 cm™
assigned to V-Cl stretching disappears in the product. TGA studies showed that VO(NH,)
decomposes at 160°C to give V,0, and V(NH,),; V{(NH,), decomposes further at 260°C
to give VN and 2NH,.
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HYPOTHESIS

The existing literature completely supports the idea that metal oxychlorides can
undergo topochemical reactions. The features that control the intercalation process are
complicated and not completely clear. Among the intercalation reactions of metal
oxychlorides, FeOC| has been the major host lattice that has been studied, and it is quite
clear that many intercalation reactions involving FeOCl and a variety of substrates proceed
via redox processes. It is of our interest to probe the features that control the intercalation
of both amines and amides into TIOCI and VOCI host lattices.

We believe that redox potential may be important feature in the thermodynamics of
intercalation of organic molecules into MOX. Furthermore, based on the literature review,
the presence of reactive protons may provide an additional driving force for these
reactions. Therefore, amines and amides that have a range of oxidation potentials, that
have different number of reactive protons, and various molecular sizes and shapes were
chosen as the guest molecules. From these studies we hoped to gain information about
the mechanism for the intercalation of amines and amides, the possibility of substituting
of interlayer Ci ions of the host by the amine or amide molecule, the driving force for the
substitution process, and an idea about the orientation of the guest molecules inside the

host.
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EXPERIMENTAL

The purification of starting materials and the following reactions were performed
in the absence of air and water using standard Schlenk techniques, a vaccuum line or a

nitrogen - filled glovebox.

Purification of starting materials:

Ethylenediamine, N,N’'- dimethylethylenediamine, N,N,N',N’-
tetramethylethylenediamine, diethylenetriamine, and pyridine were dried by reflux for 12
hours with sodium and then distilled under nitrogen. tert - Butylamine was dried with CaH,
and then distilled under N,. N,N - Dimethylformamide { DMF ) was dried with CaSO, and
then distilled under N,. N - Methylformamide { NMF ) was dried with molecular sieves
for 2 days followed by distillation under N,. Acetamide was purified by sublimation in
vacuo. N,N - Dimethylacetamide ( DMA ) was shaken with BaO, then refluxed for one
hour followed by distillation under N,.

TiCls, TiO,, V5,03, and VCl; were purchazed from Aldrich and used without further

purification.

Instrumentation.
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Powder X - Ray Diffraction { PXRD )

Diffraction patterns were collected with a Phillips PW 3710 based Xpent system.
The powder patterns for the air sensetive samples were obtained using a brass air - tight
holder assembled in the dry box while the air - stable samples were analysed using a no
background spinning Si holder. In both cases the powder patterns were collected using

Cu,, radiation ( wavelength 1.54060 ).

Thermal Gravimetric Analysis ( TGA ).

Thermal analysis for all samples was done on a Polymer Laboratories
simultaneous DSC/TGA  STA 1500H ( Differential Scanning Calorimetry /
ThermoGravimetric Analysis) instrument. A heating rate of 20°C/min was found to be an
ideal for both sample and curve quality purposes. All measurements were done in an

alumina pan under nitrogen flow at a rate of 40 - 60 cm®s.

FTIR Spectroscopy (IR ).
All IR spectra were recorded using Nujol mull between NaCl! plates on either a

Mattson 3000 or Bomem Michelson Series 100 FTIR systems.

X - Ray Fluorescence ( XRF ).

Fluorescence spactra were measured with a Philips PW 2400 X-ray spectrometer.
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Elemental analysis ( EA ).

EA of all the samples was obtained on Perklin Elmer 2400 Series 2 CHN Anaiyzer.

Reactions

Synthesis of TIOCL.

Titanium(lll) oxychloride was prepared by sealing a mixture of 1.8g {0.01 moles)
TiCl, and 0.3g (0.003 moles) TiO, in a Quartz ( or Vycor ) glass tube 20cm long and 2cm
in diameter. The glass tube was heated in an oven in a temperature gradient of 550°C
to 650°C for 3.5 days. The glass tube was opened in air and the product was washed
with DMF, ethanol and ether to remove starting materials (excess of TiCl,) or by products
(TiCl,) formed during the reaction. Dark brown flat shiny crystals of TiOCl wers obtained
and stored in a vial. Our experience showed that TiOC! is not moisture or air sensitive.
TiOCl was not obtained in the form of single crystal suitable for X-ray diffraction. TiOCI
was characterised through therma! analysis, powder X-ray diffraction and X-ray
fluorescence.

TGA showed one weight loss at 755°C that corresponds to 44.6% of the sample
weight. X-ray powder pattern: d-value (A) (relative intensity): 7.96 (100); 4.00 (0.2); 3.41

(0.3); 2.67 (2.9); 2.57 (0.4). XRF showed the ratio Ti/Cl equal to 1.

Synthesis of VOCI,

VOC!| was prepared by heating a mixture of 1.8g (0.01 mol) VCl, and 1.0g (0.008
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mol) V,0; in a temperature gradient of 580°C to 620°C in an evacuated sealed Quartz
( or Vycor ) tube for 3 days. The solid thus obtained was washed with DMF, ethanol and
ether in air to remove unreacted starting materials. After this procedure, the compound
was dried and stored in a vial. Brown - red flat VOCI crystals were not suitable for single
crystal X-ray crystallography and the compound was characterised by TGA, PXRD and
XRF.

Powder X-ray diffraction data: d-value (A) (relative intensity) : 7.80 (100); 3.38 (10.9); 2.63
(2.1); 2.52 (13.8); 2.36 (2.5). TGA: two weight losses at 730°C (23%), and at 880°C
(15%)

XRF: The ratio V/Cl = 1.

Reactions of TIOCI with pyridine (C;H:N).

Reaction in a sealed tube at 250°C:

0.5g of TiOCI and 5ml of pyridine were mixed together in a heavy walled glass
tube. The tube was sealed under vacuum and heated for 2 days at 250°C. The product
appeared as shiny grey crystals that were analysed by PXRD, thermal analysis and EA.
PXRD pattemn: d-value {A) (relative intensity): 11.85 (100); 7.99 (66.0); 5.96 (12.8); 4.00
(0.3); 3.41 (2.0); 2.98 (0.7); 2.67 (1.1); 2.57 (0.8); 2.39 {0.3); 2.01 (5.6); 1.61 {2.0).
The TGA showed two weight losses . The first one takes place before 70°C (4% of the
original mass). The second weight loss occurs between 150°C and 300°C (9% of the

original mass). The compound remaining in a pan after TGA run was confirmed to be
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TiOCl by PXRD. The 9% weight loss in the TGA measurement corresponds to an

intercalation compound with the formula TiOCI{pY),.11.
Elemental analysis: Calculated values for TiIOCI(py)o,: %C (10.4); %H (0.8); %N (2.4)
Experimental values: %C (10.1); %H (1.05); %N (2.0)

Reaction in a Schienk flask at 80°C:
5ml of pyridine and 0.5g of TIOCI| were mixed in a Schlenk flask and vigorously

stirred at 80°C for 2 weeks. A dark grey crystalline solid was isolated by filtration.

PXRD pattern: d-value (A) (relative intensity) : 12.72 (8.3); 7.95 (100); 6.45 (1.2); 4.00

(0.4); 2.67 (5.4); 2.57(0.1)

Elemental analysis: Calculated values for TIOCI(py)gqq: %C (17.61); %H (1.46); %N (4.1)

Experimental values: %C (17.53); %H (2.28); %N (4.50)

Reactions of TIOC! with N,N,N',N',- tetramethylethylenediamine (TMEDA)
[(CH,).NCH,CH,N(CH;).].

Heaction at 100°C:

0.5g of TiOCl and 5ml of TMEDA were mixed together inside a teflon lined acid
digestion bomb. The bomb was heated at 100°C for 1.5 days. The brown product was
analysed by PXRD.

d-value (A) (relative intensity): 7.98 (100); 3.88 (1.6); 3.4 (1.0).
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Reaction at 170°C:

0.5g TiOCl and 5ml TMEDA were mixed in a heavy walled tube. The tube was
sealed evacuated and heated to 170°C for 4.5 days. The resultant solid looked the same
as starting material. The reaction mixture was allowed to stay in the sealed tube for 18
months. A brown crystalline product was isolated by filtration.
PXRD: d-value (A) {relative intensity): 13.18 (1.9); 7.93 (100); 3.4 (5.1); 2.67 (1.7); 2.57

(5.8); 2.39 (0.9).

Reaction of TiOCl with N,N’-dimethylethylenediamine (DMEN)
[ H{CH )N-CH,-CH,N(CH,)H ]

Reaction in a sealed tube at 80°C:

A mixture of TiOCI (0.5g) and DMEN {5ml) was sealed in an evacuated heavy
walled glass tube. The tube was heated to 80°C for 2 days. A dark blue product was
obtained after the DMEN solution was removed under vacuum.

PXRD : d-value (A) (relative intensity): 11.25 (100); 7.92 (12.8); 5.71 (6.9); 4.00 (1.4);
3.73(0.5); 3.41 (0.4); 2.88 (2.0); 2.55 (0.4)
TGA: One weight loss at 283.5°C (26.3%) and consistent with a formulation

TIOCHC4NaH42)0.44

Reaction in a Schienk flask at 80°C:

DMEN (5ml) was vacuum transfered into a Schlenk flask containing 0.5g of TiOCi.
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The reaction mixture was maintained under N, flow for 2 weeks at 80°C. The DMEN
solution was removed under vacuum and the resulting dark blue - grey product was
isolated.
PXRD: d-value (A) (relative intensity): 14.27 (17.9); 11.4 (100); 7.92 (23.6); 5.8 (10.9); 4.34
(1.9); 3.89 (1.2); 3.74 (3.3); 3.48 (4.5); 3.4 (9.5); 3.18 (3.3); 2.92 (5.9); 2.67 (1.6); 2.56
(1.1)

The dark blue - grey product was heated in a tube under N, for 4 days at 80°C in
the absence of solution.
PXRD: d-value (A) (relative intensity): 14.57 (100); 8.60 (6.3); 7.91 (34.0); 7.38 (8.1); 5.01
(8.1); 4.34 (15.6); 3.65 (4.1); 3.58 (8.3); 3.4 (10.3); 3.25 (4.0); 3.01 (1.6); 2.87 (1.1); 2.79
(0.5); 2,72 (1.0); 2.67 (1.2); 2.54 (1.0}
TGA of the compound after 4 days heating: Three weight losses: 310°C{25%); 504°C(10%)
and 700°C(10.87%)
IR spectrum of the compound obtained after 4 days heating at 80°C showed absorption

bands at 2449; 2360; 1716; 1261; 1022 and 721 cm™.

mixture:

The compound obtained after 4 days of heating was heated to 360°C under N, flow
inside of the TGA instrument. A shiny grey product was obtained.
PXRD : d-value (A) (relative intensity) : 10.12 (7.9); 7.95 (100); 3.40 (0.8); 3.37(0.8); 2.67
(5.4)



47
IR of the shiny grey product showed an absorption bands at 1718; 1261 and 721 cm™.

TGA: Two weight losses: the first weight loss was observed at 506°C (13.2% of the
original mass) and the second weight loss was taking place at 703°C (12.03% of the
original mass).

XRF showed the ratio T/C! = 4.

EA (experimental values): %C (3.09); %H (1.26); %N(0.76).

Synthesis of [H(H)(CH,N-CH,-CH,-N(CH.)(H)H]2*2CT
DMEN - salt was synthesised by adding HCI to DMEN. The white crystalline

product was isolated and dried.

PXRD: d-value (A) (relative intensity): 8.64 (32.1); 4.35 (100); 3.85 (3.0); 3.58 (5.6); 3.29
(1.9); 3.17 (4.8); 2.87 (5.1); 2.84 (3.9); 2.79 (1.9); 2.74 (1.6); 2.54 (0.8); 2.42 (0.4).
TGA: One weight loss at 327°C (100% of the original mass).

EA: Calculated values for C4H, ,N,Cl,: %C (29.81); %H (8.69); %N (17.39)

Experimental values: %C (29.83); %H (9.08); N (17.33)

Reactions of TiOCI with ethylenediamine (EN) [H,N-CH,-CH,-NH,].

Reactions in a sealed tubes at 160° - 170°C.

TiOCI (0.5g) and 5ml of EN were mixed together in a heavy walled glass tube. The
tube was then evacuated, sealed, and heated in the oven at 160°-170°C for 2; 2.5 and

4 days. The dark grey products were isolated by vacuum and analysed by PXRD.
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Reaction in_a Schienk flask at 80°C for 5 days.

0.2g TiOCI and 2ml EN were mixed in a Schlenk flask and heated to 80°C for 5
days. The EN solution was removed under vacuum and a dark biue - grey crystalline

product was isolated.

PXRD: d-value (A) (relative intensity): 11.24 (100); 5.69 (7.6); 2.87 {2.3); 2.51 (0.6); 2.29
(0.2).

Reaction in a Schlenk flask at 75°C for 9 hours:

0.5g TiOCl and 0.5ml EN were allowed to react in a Schlenk flask with vigorous
stirring for 9 hours at 75°C. In approximately 7 hours a colour change of the solid from
dark brown to dark blue - grey was observed. After an additional 2 hours, the EN solution
was removed under vacuum and a dark blue - grey crystalline product was isolated.
PXRD: d-value (A) (relative intensity): 11.39 (100); 5.73 (14.0); 3.83 (0.6); 2.88 (5.0); 2.28
(0.5).
EA: Calculated values for TiOCI(C,NyHg)ps: %C (7.80); %H (2.68); %N (9.18).

Experimental values: %C (7.80); %H (2.81); %N (7.97).

Reaction in a Schienk flask at 75°C for 16 hours:

A mixture of 0.5g of TiIOC! and 5ml of EN was stirred vigorously for 16 hours at
75°C in a Schlenk flask. The EN solution was removed by vacuum and a dark blue - grey
solid was obtained.

PXRD: d-value (A) (relative intensity): 13.42 (5.4); 11.31 (100); 5.65 (25.4); 3.77 (0.5);



49
2.83 (17.2); 2.27 (2.2).

Reaction in a Schlenk flask at 75°C for 4 days:

The dark blue - grey product obtained in the previous reaction and 5ml of EN were
mixed together in a Schlenk flask. The mixture was heated for 3 days at 75°C under
vigorous stirring. EN solution was removed by vacuum and the product appeared as a
mixture of dark blue - grey and yellowish - white solids.

PXRD: d-value (A) (relative intensity): 13.80 {22.6); 11.31 (100); 5.69 (6.5); 3.71 (0.2);
3.61 (0.3); 3.45 (1.1); 3.33 (0.7); 3.24 (2.1); 2.98 (1.4); 2.94 (0.5); 2.85 (1.9); 2.71 (0.4);

2.62 (0.7); 2.51 (0.2); 2.39 (0.2); 2.33 (0.2); 2.28 (0.2)

Reaction in a Schlenk fiask at 75°C for 7.5 days:

The dark blue - grey product obtained in the previous reaction and 5mi of EN were
mixed together in a Schlenk flask. The mixture was heated for 3.5 days at 75°C. The EN
solution was removed by vacuum and the product appeared as a mixture of dark blue -
grey and yellowish - white solids.

PXRD: d-value (A) (relative intensity): 13.16 (100); 4.92 (27.3); 3.62 (22.2); 3.51 (14.5);

3.33 (7.0): 3.25 (14.5); 2.98 (21.6)

Removal of {H.N-CH,.-CH.-NH.I**2CI" (EN-salt) from the reaction mixture:

A mixture of dark blue -grey and yellowish - white solids was washed with EN,

dried with ether, and heated at 80°C for 1 hour.
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PXRD : d-value {A) (relative intensity): 14.52 (100); 7.13 {5.5); 4.88 (2.1)

EA: Calculated for TIOCly 5(CoNoH, )5t %C (10.6); %H (3.5); %N (12.4)
Experimental values: %C (10.24); %H (3.52); %N (10.14)

IR showed an absorption bands at 1716, 1261, and 721 cm’™

XRF : the ratio Ti/Cl = 1.9

Synthesis of [HaN-CH,-CH,-NH.]2*2CI":

EN-salt was synthesised by adding HCI to EN solution. The yellowish - white
product was isolated and dried.
PXRD: d-value (A) (relative intensity): 7.50 (30.9); 3.86 (20.6); 3.70 (14.7); 3.45 (100);
3.33 (70.3); 3.24 (62.7); 3.18 (5.1); 2.97 (81.3); 2.94 (45.2); 2.82 (5.2); 2.73 (91.9); 2.71
(20.7); 2.62 (43.7); 2.49 (4.9); 2.44 (9.6); 2.39 (10.2); 2.33 (10.4).
TGA : One weight loss at 311.7°C (100% of the sample weight). )
EA: Calculated values for C,NH,,Cl,: %4C (18.0); %H (7.52); %N (21.05)

Experimental values: %C (19.35); %H (7.81); %N (21.08)

Reaction of TIOCI with diethylenetriamine [H,N-CH,-CH,-N(H)-CH,-CH-NH,] ("3N")

5ml of “3N" was vacuum transfered to a Schlenk flask containing 0.5g of TiOCI.
The reaction mixture was heated for 5 days at 90°C under vigorous stirring. Excess "3N"
was removed by filtration and the dark grey product was washed with THF in order to
remove residual "3N".

PXRD : d-value (A) (relative intensity): 12.01 (100); .02 (25.0); 4.03 (2.0); 3.03 (5.6);
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2.41 (0.9).
EA: Calculated values for TIOCHCNaH 045t %C (6.30); %H (1.96); %N (5.50) ;

Experimental values: %C (6.31); %H (2.14); %N (5.29).

IR showed an absorption bands at 1718, 1081, 800, and 721cm™

Reaction of TIOCI with N,N - Dimethylacetamide ( DMA ) [CH,C{O)N(CH,),).

TiOCI (0.5g) and 5mi of DMA were sealed in an evacuated glass tube. The tube
was heated to 60°C for 10 days. The mixture was filtered and the solid was dried under
vacuum to yield a brown product.

PXRD: d-value {(A) (relative intensity): 7.91 (100); 3.99 (0.2); 3.40 (0.3); 2.67 (2.6); 2.57
{0.4).

IR spectrum did not show the presence of DMA.

Reaction of TiOC] with Dimethylformamide ( DMF ) [HC(O)N(CH;)].

0.5g of TIOCI and 5ml of DMA were mixed together in a Schlenk flask and allowed
to react for 1 week at 80°C with vigorous stirring. The DMF was removed by filtration and
the product was dried under vacuum to yield a brown solid.
PXRD: d-value (A) (relative intensity): 16.01 (0.5); 7.88 (100); 3.99 (0.2); 3.40 (0.4); 2.67
(2.2); 2.57 (0.8)

IR spectrum did not have characteristic absorption bands for DMF.



Reaction of TIOCI with N - Methylformamide ( NMF ) [HC(O)N(CH,)H).

0.5g of TIOCl and 5m! of NMF were sealed in an evacuated glass tube and heated
to 100° - 110°C for 8 days. Tne NMF was removed by filtration and the solid was dried
under vacuum to yield a grey - blue crystalline product.
PXRD: d-value (A) (relative intensity): 15.35 (2.7); 7.87 (100); 3.97 (0.2); 3.39 (4.2); 2.66
(2.3); 2.56 (2.0); 2.39 (0.2)
IR spactrum showed an absorption bands at 3300, 1670, 1570, and 721 cm’’
EA: Calculated values for TIOCI(HC(O)N(CH,)H), g5: %C (14.67); %H (3.05); %N (8.5);

Experimental values: %C (14.53); %H (3.34); %N (9.5)

Reaction of TIOCI with acetamide [CH,C(O)NH,].

TiOCI (0.5g) and 2.0g of acetamide were sealed in an evacuated glass tube. The
mixture was heated to 100° - 110°C ( the melting point of acetamide is 81°C ) for 9 days.
A dark brown/purple product was washed with ethano! and dried under vacuum.
PXRD: d-value (A) (relative intensity): 14.21 (0.3); 11.63 {0.3); 7.92 (100); 5.69 (0.3); 3.99
(0.3); 3.41 (0.1); 2.86 {0.0); 2.67 (3.9); 2.57 (0.1)

IR: 721 cm™,
EA: Calculated values for TIOCI(CH;C{O)NH,)g 04 %C (0.71); %H (0.14); %N (0.41);
Experimental values: %C (0.80); %H (0.12); %N (0.38)

Reaction of VOCI with N,N - dimethylacetamide.

VOCI (0.5g) and 5ml! of DMA were mixed together in a Schlenk flask. The mixture
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was heated to B0°C for 10 days with vigorous stirring. The DMA was removed by filtration
and the dark brown product was dried under vacuum.
PXRD: d-value (A) (relative intensity): 7.87 (100); 3.39 (0.4); 2.63 (2.2); 2.53 (0.7).

IR spectrum did not show any presence of DMA.

Reaction of VOC! with N - Methylformamide.

0.5g of VOCI and 5ml| of NMF were sealed in an evacuated glass tube and heated
to 100° - 110°C for 8 days. The NMF was removed by vacuum, the solid was dried to
yield adark brown product.
PXRD: d-value (A) (relative intensity): 12.84 (100); 6.49 (21.2); 3.31 (6.2); 2.70 (1.9)
IR spectrum showed an absorption bands at 1710, 1645, and 723 em”™.
EA: Calculated values for VOCI{HC(O)N(CH,)H), o: %C {14.86); %H (3.09); %N (8.6)

Experimental values: %C (14.56); %H (3.28); %N {7.12)

Reaction of VOCI with Acetamide.

0.5g of VOCI and 2g of acetamide were sealed in an evacuated heavy walled glass
tube. The mixture was heated to 100° - 110°C for 9 days. A dark brown product was
washed with ethano! and dried under vacuum.
PXRD: d-value (A) (relative intensity): 11.77 (100); 8.57 (21.5); 3.94 (6.6); 2.95 (4.3)
IR spectrum showed signals at 1714, 1658 and 723 cm™.
EA: Calculated values for VOCI / (CH,C(O)NH,), 25: %C (5.1); %H (1.07); %N (2.9) ;
Experimental values: %C (4.91); %H (1.20); %N (1.55)
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RESULTS AND DISCUSSION

Preparation of starting materials

1. Synthesis of TiOCl.

The solid state preparation of TiOCI crystals has been reported by Schafer*® who
suggested a sealed quartz tube reaction of TiCl; (1.8g; 0.01moles) and TiO, (0.3g;
0.003moles) mixture in a temperature gradient of 550°C - 650°C. We used the same
synthetic procedure and were completely satisfied with the product in terms of purity,
quality and quantity.

This synthetic method proceeds by the redox reaction described by the following

equation (17):

2TiCl, + TiO, =—--> 2TIOCI + TICI, (17)

TiCl, and an excess of TiCl, can be easily removed by washing the sample with
dimethylformamide, ethanol, and ether. Pure TiOCl is a large flat brown shiny crystals
which are hard to break and not moisture or air sensitive.

All characterisations of the product were done by PXRD, TGA and XRF. The powder
pattern of TiIOC! is shown in Figure 8. The comparison of calculated and experimentally
obtained powder patterns is presented in Table VI. Powder XRD shows that obtained

TiOCI crystals are pure and not contaminated by unreacted starting materials.
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Table VI

Calculated and experimental powder patterns for TiOCl|

Calculated =E:n(perimental

d-space (A) | rel. intensity % hk! d-space (A) | rel. intensity %
8.03 100 001 7.96 (8.01) 100
4.01 2.0 002 4.00 0.2
3.42 €9.0 101 3.41 0.3
3.1 1.0 011
2.75 1.0 102
2.67 0.0 003 2.67 2.9
2.58 60.0 012 2.57 0.4
2.52 0.0 110
2.40 15.0 111
2.18 1.0 103

[— — E— _

* . Usually peak at the lower angle gives not precise d-spacing value. We used 002 and

003 peaks to calculate the real d-space.
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The thermal analysis curve (Figure 9) consists of only one weight loss at 755°C
with a corresponding loss of 44.6% of the sample weight. This weight loss is consistent

with the decomposition of TiOCI to TiCl, and formation of Ti,O,, that was confirmed by

PXRD.

XRF analysis gave the anticipated 1:1 ratio for Ti:Cl.

2. Synthesis of VOCI.

The solid state VOCI synthesis was first described by Schafer*® and involved
reaction of VCl, and V,0, in a sealed quartz tube in a molar ratic 2:1. This procedure
was applied in our laboratory but the product was of low quality in less than 50% yield.
By varying the starting material ratio, and the range of the temperature gradient, it was
determined that the ideal reaction conditions were close to 1.8 VCl, : 1.0 V,04 ratio set
along a 620° - 580°C gradient for 60 hours®2.

The VOCI product obtained from the sealed tube reaction consisted mostly of dark
brown VOCI powder located only in the hot end of the tube, and a small amount of large
flat reddish - brown VOCI crystals located in the middle part of the sealed tube. Ehrlich
and Siefert®® have reported that the VOCI crystals could be a result of a vapour phase
transport of volatile VOCI,, which disproportionates to VOCI and VOCI,. The balanced
equation for the VOCI synthesis is not yet clear and the reaction can be described by the

following general equation (18):
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VClam + Vzoa(,) ———r VOCI“) + VC|2(3) + VCla(‘) + VCI4(g} + VOCIS(G) (1 8)

The major impurity in this reaction is green VCI, crystals and powder. Any residual VCl,,
VCI,, and VOCI, can be removed by washing the sample with dimethylformamide, ethanol
and ether.

VOCI crystals suitable for singal crystal X-ray crystallography have not been obtained.
Thus all characterisations were based on PXRD (Figure 10), TGA and XRF technigues.
The powder pattern of VOClI is presented in Table VII. The interlayer spacing of our VOCI
was 7.89A a value that differs by 0.04A from the reported one equal to 7.93A%.

The major problem involved in synthesis of VOCI is contamination of the product
by VCl,. This contamination mostly occurs during opening of the sealed tube when
physical mixing of the products occur. Unfortunately our VOCI samples are sometimes
contaminated with VCI, impurity. Since VCl, is very inert to the chemical reactions we
carried out, its presence was monitored but did not appear to effect the reaction under
investigation.

Thermal analysis showed two weight losses observed at 730°C (23% weight loss) and
880°C (15% weight loss) (Figure 11).

A V/ClI ratio of 1 was obtained by XRF for our VOCI samples.
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Figure 10 Powder XRD spectrum of VOCI



Table VIl

Powder pattern of VOCI

d-space (A) rel. intensity % hkl 20 degrees

7.80 (7.89) 100 001 11.33
3.38 10.9 101 26.29
2.63 2.1 003 34.05
2.52 13.8 012 35.51
2.36 2.5 111 38.07

* - 003 peak was used to calculate d-space of VOCIi
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Topochemical reactions of TiOCi and VOCI layered compounds.

Although the existing literature gives substantial support to the idea that metai
oxychlorides can undergo topochemical reactions, the features that control the
intercalation process are complicated and not completely clear. It is quite clear that many
intercalation reactions involving a variety of substrates and hosts other than MOX proceed
via redox process. We have attempted to probe these features by a number of
experiments invoiving quite wide range of substrates.

Substrates that have very different tendency to be oxidized were chosen as the
guest molecules for intercalation reactions of TiOCI and VOCI hosts. In order to better
understand the mechanism and driving forces of intercalation reaction of metal
oxychlorides we chose guest molecules that possess reactive protons. The size of the
guest molecules is also an important aspect in intercalation chemistry and we attempted
to study the dependance of the layer expansion with the size of intercalated molecule.
From these studies we hoped to give an idea about the orientation of the guest molecule
inside the host.

In order to study the issues that control the intercalation process, we decided to
periorm the experiments with the following guest molecuies:

1. Molecules displaying an oxidation potentials within & wide range, such as tertiary,
secondary, primary, and aromatic amines; tertiary, secondary, and primary amides.
2. Molecules that contain reactive protons bound to nitrogen atoms (e.g. ethylenediamine,

N,N'-dimethylethylenediamine, diethylenetriamine, N-methylformamide, and acetamide).
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3. Molecules of different size and shape such as ethylenediamine, N,N,N'N'-

tetramethylethylenediamine and pyridine.

The results of reactions with different substrates are discussed below.
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Reactions of TIOCI with amines.

Reactions of TiOC! with diamines, triamines and aromatic amines have never been
reported in a literature. Va;'ious diamines and triamines are available with different redox
properties, different numbers of active protons, and different molecular size. Diamines and
triamines are flexible molecules, and contain two/three functional amino groups. These
guest molecules can be oriented in a variety of ways inside the host thereby creating
diverse layer expansions. Diaming and triamine molecules can be coordinated to two
parallel TIOCI layers and form interlayer bridging, can iie parallel to the layers and be
coordinated to the titanium ions within the same layer, or can be tilted with respect to the
layers. Aromatic amines (e.g. pyridine) are planar molecules with their nitrogen lone pair
more accessible which may play a role in the rate of intercalation. With this fact in mind,
primary, secondary, and tertiary diamines, primary triamine and aromatic amine became

guest molecules of our interest.

1.Reactions of TiOCI with N,N'-dimethylethylenediamine [CH,(HIN-CH,-CH,-N(H)CH]

N,N'-dimethylethylenediamine contains two amine protons, one on each of the two
nitrogen atoms. It was our interest to examine the influence of these protons on the
intercalation process and establish possible participation in topochemical substitution

reactions.
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1.1 Reaction in a_sealed tube at 80°C.

The first reaction to be studied took place in a sealed evacuated tube. Heating a
mixture of TiOCI and DMEN in a sealed glass tube at 80°C for 2 days resulted in the
formation of a dark blue product. Powder XRD spectrum of the dark blue solid {Figure 12)
indicated the formation of a new intercalated compound with d-spacing 11.38A and
presence of unreacted starting material TIOCI with d-space 8.00A. The powder pattern
of the reaction product is presented in Table VIII.

A formulation of TIOCHC4H,,N,), 4, came from thermal analysis results. The TGA
curve of the dark blue solid (Figure 13) consists of only one weight loss at 283°C (26.3%
of the sample weight) that can be atiributed to decomposition of the intercalated
compound. The absence of the 755°C weight loss on the TGA curve indicates the small
amount of unreacted TIiOCI in the analysed sample (figure 9). In comparison to TGA,
powder XRD is able to observe even a very small amount of TIOC! due to its very
crystalline nature. According to our results, the amount of unreacted starting material is
very small and could come from the walls of a sealed tube. During formulation
calculations the presence of TiOC| was ignored.

The material remaining in a pan was confirmed to be TIOCI by PXRD. The thermai

analysis result can be described by equation 19:

TIOCHC4H,,Ny)p 45 -—350°C-=> TIOCI (19)
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Figure 12 PXRD spectrum of the product obtained during a sealed tube reaction of

TiOCl with DMEN
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Table VIll
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Powder pattern of the préduct obtained during a sealed tube reaction of TIOCI with DMEN

——

d-space (A) rel. int;:ity % | hkl | 20 degrees comments
11.25 (11.38)1® 100 001 7.85 TIOCKCHoNo)o.as

7.91 (8.00)® 12.8 001 11.16 TioCH

5.71 6.9 002 15.50 .

4.00 1.4 002 21.44 .

3.73 0.5 003 23.79 .

3.41 0.4 101 26.10 b

2.88 2.0 004 30.99 .

2.55 0.4 012 35.08 "

* - peaks related to a new intercalated compound TIOCI(C4H5N3)g 44

** . peaks of TIOCl

(a) - d-space of an intercalated compound was calculated by using 002, 003, and 004

peaks

(b) - d-space of TIOC| was calculated by using 002 peak
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Based on the fact that intercalated DMEN molecules expanded the layers of the

host by 3.38A we can propose an orientation of DMEN molecules between the TiOCI
layers. Based on estimating the length of 1.3A for the C-C bond, and 1.47A for the C-N
bond for an extended DMEN molecule, we propose that this expansion value is most

consistent with guest molecules tilted at angles at about 28° to the host layers.

1.2 Reaction in a Schlenk flask at 80°C.

In this case DMEN was vacuum transfered into a Schlenk flask containing TiOCl.
The mixture of TIOCI and DMEN was heated at 80°C for 2 weeks. As soon as the colour
of the solid changed from dark brown to dark blue-grey, and DMEN solution became
cloudy, the reaction was stopped. The DMEN solution was removed under vacuum
because the cloudy appearance of the solution could indicate the formation of the
ammonium hydrochloride salt { [H(H)(CH)N-CH,-CH,-N(CH,)(H)(H)H?*2CI) DMEN-salt
which would be useful to examine by PXRD.

The product isolated from this reaction seemed to be a mixture of two different
coloured solids: one dark blue-grey and the other white. The mixed product was
characterised by PXRD (Figure 14). PXRD pattern of the reaction product is presented
in Table IX.

The analysis of the PXRD pattern of the product obtained during this reaction of TiOCl
with DMEN indicated four different compounds. One of them is unreacted TiOC! (d-space
8.01A) while the other three compounds were formed during the reaction.

The first compound appeares to be a new solid with d-space 11.60A {layer expansion
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Figure 14 (a) PXRD spectrum of the product obtained during a Schlenk flask reaction
of TiOCl with DMEN.
(b) PXRD spectrum of the DMEN-salt [H{H){CHz)N-CH,-CH,-N(CH,}(H)HF*2Cr



Table 1X
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Powder pattern of the product obtained during a Schienk flask reaction of TiOCI with

DMEN
d-space rel. intensity % | h k1 | 20 degrees comments
14.27 17.9 001 6.18 TIOCL(C4R2.4No)y
11.40 (11.60)® 100 001 7.74 TiIOCHCHN,),
7.92 (8.01)® 23.6 001 11.16 TiocK™
5.80 10.9 002 15.24 b
4.34 1.9 20.44 salt
3.89 1.2 22.82 salt
3.74 3.3 23.77
3.48 4.5 004 25.57 .
3.40 9.5 101 26.14
3.17 3.3 28.04 salt
2.92 5.9 004 30.55 .
2.67 1.6 003 33.53
L _




Table IX ( continue )
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d-space (A) | rel. intensity % hkl 20 degrees comments
2.56 1.1 34.94 salt
2.34 0.2 005 38.41 bl

* - peaks related to the substituted product TiIOCI(C4H,, No)y, (n=10r2)

** . peaks related to the intercalated compound TiOCI(C4H,N,),

*** - peaks of TiOCI

salt - peaks of the DMEN-salt [H(H)(CH,)N-CH,-CH,-N(CH,)(H)H]>*2CI" (see Table XIl)

(a) - d-space was calculated by using 002 and 003 peaks

(b) - d-space was calculated by using 003 peak
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is 3.59A) which was observed in the previous reaction of TiIOC! with DMEN in a sealed
tube at 80°C and can be attributed to the intercalated product TIOCKC,H,,N,)044. In order
to confirm that the second material was the DMEN-salt, the salt was independently
synthesised and the XRD is shown in Figure 14 (see section 1.4). Based on the formation
of the DMEN-salt we can propose that the third compound, with d-space 14.27A ( layered
expansion 6.26A ), is a new organic derivative TIOCL(CH,..,N,), of the layered compound
TiOCI derived through a substitution reaction.

This result clearly demonstrated that the reaction of TiOC! with DMEN lead to the
formation of both intercalated and substituted compounds, and they can be easily formed
under mild conditions. Formation of the substituted compound probably goes through the
formation of intercalated one, and our interest was to observe the transformation of one
compound into another upon heating.

To observe this transformation, the reaction product that consists of four
compounds (Figure 14), was heated in a glass tube under nitrogen flow for 4 days. Heating
of the solid was performed in the absence of solution and the established temperature was
80°C. No colour change of the solid was observed during heating. The change in the
PXRD of the solid after heating (Figure 15} in comparison to PXRD of the solid before
heating (Figure 14) indicated a reaction had occured. The sharp peak at
20 = 7.74°, due to the intercalated compound TiOCI(C,H,,N,) .44 (figure 14) disappeared
with concurrent increase of the broad peak at 20 = 6.18° (figure 14) assigned to the
substituted compound TiOCI(CH,,..N,), ). The new d-spacing of the substituted product

corresponded to 14.57A, and a layered expansion of 6.56A. Powder XRD analysis of the



75

g
g
£
=] s :
-] =
£ g
=
5
=
g g
3 =~ E
&
5 T s
0 5 10 15 20 25 30 35 40

20 deprees

Figure 15 PXRD spectrum of the product obtained during a Schienk flask reaction of

TiOC! with DMEN and heated for 4 days at 80°C.



Table X
Powder pattern of the product obtained during a Schlenk flask reaction of TiOC! with

DMEN and heated at 80°C for 4 days.

d-space (A) rel. intensity % | h k!l | 20 degrees comments
14.57 (14.57)® 100 001 6.06 TiOCH(CyHy2.0N,),
8.60 6.3 10.27 sait
7.91 (8.01)® 34.0 001 11.17 Tiocr™
7.28 8.1 002 11.97 .
5.01 2.9 17.67
4.33 15.6 20.45 salt
3.65 4.1 004 23.96 .
3.57 8.3 24,86 salt
3.40 10.3 101 26.18
3.25 4.0 27.40 salt
3.01 1.6 29.64 salt
2.87 1.1 31.10 salt




Table X { continue )

17

d-space (A) | rel. intensity % hkl 20 degrees comments
2.78 0.5 32.05 salt
2.72 1.0 32.81 salt
2.67 1.2 003 33.51 i
2.54 1.0 35.27 salt

* - peaks related to the substituted compound TiOCL(C,H,.,No),
*** - peaks of TiOCI
salt - peaks of the salt [H(H)(CH,)N-CH,-CH,-N(CH,)(H)H]?*2CI" ( see Table Xt )
(a) - d-space was calculated by using 002 and 004 peaks

(b) - d-space was calculated by using 003 peak
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product after heating clearly demonstrated the transformation of the intercalated product
into the substituted one.

The powder pattern (Table X) of the product after heating also indicated the
presence of DMEN-salt, which also became more crystalline relative to the starting
material. The presence of the salt is also supported by infrared data. An absorption bands
at 2449, 2360, 2160 and 850 cm™' appeared due to the salt formation and can be
attributed to the N-H and N-C vibration modes of the salt.

Thermogravimetric analysis of the product after this heat treatment (Figure 16)
showed three weight losses that can be attributed to the decomposition of the three
compounds present in the product: substituted compound, DMEN-salt, and unreacted
TiOCL. The first weight loss of 25% was observed at 310°C and can be assigned to the
loss of the salt [H(H)(CHz)N-CH,-CH,-N(CH,)(H)H)*2CT. The second weight loss occured
at 504°C (10%) and demonstrated the decomposition of the substituted compound
TiOCL(C4H;2.4Ny),. The third weight loss occured at 700°C (10.87%) and indicated on the
decomposition of unreacted TiOCI. Thermal analysis of intercalated and substituted
compounds showed that the substituted compound decomposes at a highed temperature
( T = 504°C, figure 16 ) than the intercalated one ( T = 283°C, figure 13 ). This is likely
due to formation of a bond between the inorganic layer and the organic molecule. Thus
indicating that the DMEN molecules are directly bonded to the titanium mstal centres in

the TiO doubie layers via its own nitrogen atoris.
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Figure 16 TGA of the product obtained during a Schlenk flask reaction of TiOCI with

DMEN and heated to 80°C for 4 days
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1.3 DMEN-salt removal.

DMEN-salt, present in the product along with substituted compound and unreacted
TiOCl, can be easily removed from the mixture by its sublimation or by washing the
product with amine. The first method was chosen due to convenience of temperature
control and cleaner operation. The product was heated to 360°C under N, flow in the
TGA apparatus. The final shiny grey product was obtained in the TGA pan.

This material was examined by PXRD (Figure 17). Powder XRD showed only the
presence of unreacted TiOC! and a new compound with d-spacing equal 10.12A. All of
the DMEN-salt was removed from the sample. The powder pattemn of the final shiny grey
product is presented in Table XI. |

The interlayer distance of the product before salt removal was 14.57A. The d-
spacing decreased to 10.12A ( layered expansion is 2.11A ) when the product was
heated to 360°C using TGA. So, the result showed that after salt sublimation, the layers
collapsed and the d-spacing of the shiny grey substituted compound became 10.12A.

The IR spectrum of the final product showed an absorption bands at 1718 and
1261 cm’! that can be attributed to the N-H and C-N vibration modes of the amine. The
IR spectrum exhibited an N-H vibration mode that indicate the participation of only one
H(CH,4)N- group in the substitution process.

Thermogravimetric analysis of the final shiny grey product (Figure 18) showed two
decomposition steps. The first step was observed at 506°C (13.2%) and can be assigned
as the decomposition of the substituted compound TiOCL(C4H.,No)y. The second

decomposition step occured at 700°C (12.0%) and indicated the decomposition of
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Figure 17 PXRD of the final product of the reaction of TiOCI with DMEN
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Table XI

Powder pattern of the final product of the reaction of TiOCI with DMEN

82

d-space (A) | rel. intensity % hkl 20 degrees comments
10.12 7.9 001 8.73 TIOCKCHqNp)y
7.95 (8.01)® 100 001 11.11 Tiocl™
3.40 0.8 101 26.12 e
3.37 0.8 003 27.40 *
2.67 5.4 003 33.50 e

* - peaks related to the substituted compound TiOCI,(C,H,{N,),

*** . peaks of TiOCI

(a) - d-space was calculated by using 003 peak
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unreacted TiOCI. The thermogravimetric analysis result is consistent with a previously
obtained one (Figure 18) and showes that the final product is free of salt.

Chemical analysis of the final product gave the following experimental data: %C (3.09);

%H (1.26); %N (0.76). X-ray fluorescence showed the ratio of Ti to Cl equal to 4.
Unfortunately, we were not able to determine the formusiation of the final substituted

product due to the presence of unreacted TiOCI. At the beginning we assumed that all

chlorine ions detected by XRF ( the ratio Ti:Cl equal to 4:1) could come with unreacted

TiOC! ( our final shiny grey product is a mixture of unreacted TIOCI and the substituted

compound) but calculated formulation for the substituted product did not fit the elemental

analysis data, The only conclusion which we can make so far is the following:

- the new substituted product has d-space 10.12A ( layered expansion is 2.11A );

- the substituted product contain some chlorine ions resulting in the formulation

TIOCL(C4Hy1Np)y:

- only one proton adjacent to nitrogen atom participated in the substituted process.

Three model structures can be proposed for the substituted product: an interlayer
bridging model, the intralayer bonding model, and the model where only one end of the
organic molecule is bonded to the layer and molecules are tilted to the layers of the host.
The first model is illustrated in Figure 19a. The estimated bond lengths used in these
calculations are 1.5A for the Ti-N bond, 1.47A for the N-C bond and 1.3A for the C-C
bond when they are projected in the direction perpendicular to the layer. The interlayer

distance for the first model is calculated to be below 8.02A ( d-space of TiIOCI) even if the
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Figure 19a An interlayer bridging madel for TiOCI(C,H,,N,),
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Figure 19¢ Model structure for TIOCL(C,H,N,), represented by tilted guest molecules
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molecules have the trans configuration in order to have the longest possible molecular
length. The interlayer distance will be around 10A if DMEN molecuies coordinate to
titaniumn ions within the same layer as shown in Figure 19b. The first model doesn't agree
with the observed layer collapse. The second model involves participation of both protons
adjacent to different nitrogen atoms in the substitution reaction and doesn't agree with IR
data.
The third model (Figure 19¢) is consistent with both the IR and layered expansion data.
This model structure is also supported by the observed collapse of the layers during
heating. The d-space of the product decreased from 14.57A to 10.12A when the DMEN-
salt was removed by sublimation from the sample. The difference of 4.45A could be due
to DMEN-salit lying the between layers of the host. After heating the sample to 360°C (salt
removal), the interlayer space becomes less populated, the organic molecules become
more oriented and strong interraction between DMEN molecules of upper and lower TiO
double layers decreases the distance between layers.

A summary of reactions of TiIOCI with N,N'-dimethylethylenediamine is presented

in Table XII.



Table XIl

Summary of reactions of TiIOCI with N,N'-dimethylethylenediamine

Reaction d-space (A) | layer product comments
conditions exp. (A
sealed tube 11.38 3.37 TIOCKCH 2NL)g 44 intercalated
80°C, 2days prod. + TiOCI
Schl. flask 14.27 6.26 TiIOCL{C4H,.,Np), | subst. comp.
80°C, 14d 11.60 3.59 TIOCHCH No)pas | interc. comp
TiOCl
DMEN-salt
| 4d. heating
14.57 6.56 TIOCL{CH,p.,Ng), | subst. comp.
DMEN-salt
TiOClI
! salt remov.
10.12 2.11 TIiOCIL(C4Hy4Ng), | subst. product

TiOC! unreact

87
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1.4 Synthesis of [H(H)(CHIN-CH,-CH,-N(CH.)(H)H]**2CI" ( DMEN-salt)

In order to confirm the DMEN-sait formation during topochemical substitution
reaction of TiIOCI with DMEN, the DMEN-salt was synthesised by adding HC! to DMEN.
A white crystalline product was isolated and dried. The obtained DMEN-salt was
characterised by PXRD (Figure 20). Powder pattern of the salt is presented in Tabie XIII.
Thermogravimetric analysis showed only one weight loss at 327°C that corresponds to
100% of the sample weight.

The formulation [H(H)(CHa)N-CHz-CHe-N(CHa)(H)H]2*2CI' is consistent with elemental

analysis results (Table XIV).

Table XIV
EA results for [H{H)CH,)N-CH,-CH,-N(CH,)(H)H]**2Cr

% Calculated values Experimental values
C 29.81 29.83
H 8.69 9.08

N 17.39 17.33
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Figure 20 PXRD of the DMEN-salt [H(H)(CH)N-CH,-CH,-N(CH)(H)H]2*2CI
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Table XIli

Powder pattern of the DMEN-salt [H(H)(CHz)N-CH,-CH,-N(CH,) (H)H[**2Cr

d-value (A) relative intensity % 20 degrees
8.64 32.1 10.22
7.36 3.3 12.00
4.86 1.1 18.21
4.34 100 20.40
3.85 3.0 23.06
3.68 5.6 24.82
3.29 1.9 27.03
3.17 4.8 28.07
2.87 5.1 31.10
2.84 3.9 31.45
2.78 1.9 32.06
2.74 1.6 32.54
2.54 0.8 35.28
2.41 0.4 37.17
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Reactions of TiIOCI with ethylenediamine [H,N-CH,-CH,-NH, ]

Ethylenediamine molecules contain four active protons that can equally participate in
topochemical substitution reaction. Different conditions were employed to reactions of

TiOCI with EN.

2.1 Reactions of TIOCI with EN in a sealed tubes at 160° - 170°C.

A number of reactions of TiOCI with EN were done in sealed tubes for different
length of time. The tubes containing TIOC! and EN were cooled in a liquid nitrogen,
evacuated, sealed, and heated in the oven at 160° - 170°C for 2, 2.5 and 4 days. The
dark grey/black products were isolated by removal of EN under vacuum and characterised
by PXRD. PXRD gave only a broad featureless spectra indicating that the products
formed were amorphous in nature. Based on the assumption that the reaction
temperature was too high and had lead to the decomposition of EN and the products, we

performed the next reactions under milder conditions.

2.2 Reaction in a Schlenk flask at 80°C.

Heating a mixture of TIOC! and EN in a Schienk flask at 80°C for 5 days resulted
in the formation of a dark blue-grey crystalline product. The EN solution was removed
under vacuum and the product was characterised by PXRD (Figure 21). Powder pattern

of the product is listed in Table XV, This pattern showed that all of the TiOCl was reacted
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Figure 21 PXRD spectrum of the product obtained during the reaction of TiOCI with EN

in a Schlenk flask for 5 days at 80°C



Table XV
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Powder pattern of the product obtained during the reaction of TiIOC! with EN in a Schlenk

flask for 5 days at 80°C

* - peaks related to the intercalated compound TiOCI(C,HgN,),

__d-space (A rel. i;tensity %| hkl 20 degrees comments
11.23 (11.42)@ 100 001 7.86 TIOCHC,HgN,),
5.69 7.6 002 15.55 *
2.86 2.3 004 31.15 *
2.51 0.6 35.66
2.29 0.2 005 39.22 *
D

(a) - d-space was calculated by using 002, 004, and 005 peaks
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and the intercalated compound TiIOCIC,HgN,), with d-space 11.42A ( layered expansion

is 3.41A) was formed. The compound TiOCI(C,H,N,), was characterised only by PXRD

due to a very small reaction scale.

2.3 Reaction in a Schlenk flask at 75°C for 9 hours.

The above reaction was repeated once more with the introduction of vigorous
stirring. The reaction was performed in a Schlenk flask at 75°C for 9 hours. Approximately
7 hours after the reaction started, a colour change of the solid from dark brown to dark
blue-grey was observed. After an additional 2 hours the reaction was stopped and the
EN solution was removed under vacuum. The product appeared as a dark blue-grey
crystalline solid that was analysed by PXRD (Figure 22). The powder pattern of a dark
blue-grey product is presented in Table XVI.

PXRD analysis showed that the reaction of TIOC! with EN was very clean, all of
the starting material had reacted and a new intercalated product was formed. A
formulation of TIOCHC,HgN,), 4 for the dark blue-grey product is consistent with chemical
analysis results. EA results are presented in Table XVII. Consistent with the previous
result, we observed a layer expansion of the host TiIOCI by 3.46A ( d-space is 11.47A).
Note also that the layer expansion value of TiIOCI(C,HgN,), 4 is very similar to that of
TIOCI(C4H;2N5)0.44 (Figure 12). On the base of obtained d-spacing value we can assume
that the EN molecules are tilted relative to the host layers.

This reaction was remarkable and clearly demonstrated the influence of kinetic factors on

the reaction rate. It was observed that in the case of heterogeneous systems kinetic
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Figure 22 PXRD spectrum of TIOCKC,HgN,), 4
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Table XVi

Powder pattern of TIOCI(C,HgN,), 4

96

d-space (A) rel. intensity % hkl 20 degrees comments
11.39 (11.47)® 100 001 7.75 TiOCI(C,HgNo)o 4
5.72 14.0 002 15.46 *
3.82 0.6 003 23.21 *
2.87 5.0 004 31.05 "
2.30 0.5 005 39.10 *

* - peaks related to the intercaiated compound TiOCKC,HgN,)g 4

(a) - d-space was caiculated by using 002, 003, 004, and 005 peaks
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Table XVII

EA results for TIOCI(C,HgN,), 4

% Calculated values Experimental values
C 7.80 7.8

H 2.68 2.81

N 8.18 7.97

factors such as temperature, amount of starting materials, and especially speed of stirring

that increase the surface area between two phases, are critical for the reaction rate.
Formation of the intercalated compound TiOCI(C,HgN,),, was confirmed by

thermal analysis which showed the formation of starting material TIOCI during heating the

intercalated compound to 380°C under nitrogen flow (equation 20). The formation of

TiOCI was confirmed by PXRD.

TIOCI(C,H,N,), s —-380°C—> TIOCI (20)
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2 4 Reaction in a Schienk flask at 75°C for 16 hours.

A mixture of TIOCI and EN was stirred vigorously for 16 hours at 75°C. In
approximately 7 hours the colour of the solid had changed from dark brown to dark blue-
grey . The reaction was allowed to continue for an additional 9 hours. Excess EN was
removed by vacuum and the obtained dark biue-grey product was analysed by PXRD
(Figure 23). The powder patiern of the dark blue-grey product is presented in Table XVIIl.
The PXRD spectrum demonstrated that in 16 hours two compounds with d-spaces 13.42A
and 11.31A had already formed, in contrast to the 9 hour reaction where only one
compound with d-space 1 1.47A was observed by PXRD (Figure 22). The compound with
d-space 11.31 A is assigned as the intercalated compound TiOCI{C,HgN,), by the analogy
with the previous reaction . The compound with d-space of 13.42A could also be an
intercalated compound but with different orientation of EN molecules inside layers or it

could be a newly formed substituted compound. At this point we didn't have enough data

to make a conclusion concerning the compound with d-space 13.42A.

2 5 Reaction in a Schlenk flask at 75°C for 4 days.

In an effort to identify the compound with d-space 13.42A obtained during a 16
hours reaction of TIOC! with EN, we decided to continue the reaction with the dark blue-
grey product.

The dark blue-grey product obtained during the previous reaction (reaction in a Schlenk
flask at 75°C for 16 hours) was mixed together with EN solution in a Schlenk flask and

heated for 3 additional days under vigorous stirring at 75°C. A colour of the solid stayed
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Figure 23 PXRD spectrum of the product obtained from the reaction of TiOC!

with EN in a Schlenk flask at 75°C for 16 hours.
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Table XVII
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Powder pattem of the product obtained from the reaction of TIOCI with EN in a

[ —

Schlenk flask at 75°C for 16 hours

* - peaks related to a new formed compound

** - peaks related to the intercalated compound TiOCI{C,HgN,),

d-space (A) rel. intensity % hkl 20 degrees comments
13.42 5.4 001 6.58 new compound’
11.31 (11.31)@ 100 001 7.86 TIOCHC,HgN,),
5.65 25.4 002 15.67 .
3.77 0.5 003 23.54 -
2,83 17.2 004 31.53 .
2.27 2.2 005 39.65 -

(a) - d-space was calculated by using 002, 003, 004, and 005 peaks
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the same but the EN solution changed from colorless to foggy, and a white solid was
observed on the walls of a Schlenk flask. The EN solution was removed by vacuum and
the product appeared as a mixture of dark blue-grey and yellowish-white solids. This
mixture was analysed by PXRD (Figure 24) which showed that the yellowish-white solid
was the EN-salt {H,N-CH,-CH,-NH,J**2CI' by comparison with an authentic sample (see
section 2.7), that could be formed only during the topochemical substitution reaction.
Based on this fact we attribute the unidentified compound with d-space 13.42A from the
previous reaction (Figure 23} to a substituted compound, TiIOCI{C,Hg.,N,), ( where n is the
number of protons participated in the substitution reaction).

The intercalated compound TiIOCI{C,HyN,), with d-space 11.31A is stili present in PXRD

spectrum of this mixture. The powder pattern of the product obtained during the 4 day

reaction of TiIOCI with EN is presented in Table XIX.

2.6 Reaction in a Schienk flask at 75°C for 7.5 days

The previous three reactions of TiOCI with EN demonstrated that the substituted
compound can be formed through the formation of intercalated compound. The results
indicate that it is simply a matter of heating the intercalated compound to cause
substitution and salt formation. Thus far we have been unable to get only the substituted
compound and our product is a mixture of both intercalated and substituted compounds
(Figure 24). Therefore, we decided to continue the reaction with the dark blue-grey product
that was obtained during the reaction in a Schlenk flask for 4 days at 75°C.

The dark biue-grey product obtained from the reaction in a Schienk flask at 75°C for 4
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Figure 24 (a) PXRD spectrum of the product obtained from the reaction of TIOCI with
EN in a Schlenk flask at 75°C for 4 days.

b) PXRD spectrum of the EN-salt [HN-CH,-CH,-NH,**2CT
(b) aN-CH,-CHy-NH,
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Table XIX

Powder pattemn of the product obtained from the reaction of TiOCI with EN in a Schienk

flask at 75°C for 4 days.

—

d-space (A) | rel. intensity % hkl 20 degrees comments

13.79 22.6 001 6.40 TiOCL(CHgnNo),
11.31 100 001 7.80 TIOCI(C,HgN,),
5.65 6.5 002 15.585 *

3.71 0.2 23.93 salt

3.61 0.3 24,58 salt

3.45 1.1 25.78 salt

3.33 0.7 26.72 salt

3.24 2.1 27.48 salt

2.98 | 1.4 29.95 salt

2.94 0.5 30.34 salt

2.82 1.9 004 31.32 "

2.71 0.4 33.02 salt

I N




Table XIX ( continue )
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d-space (A) | rel. intensity % hkl 20 degrees $comment;_=
2.62 0.7 34.13 salt
2.50 0.2 35.76 salt
2.39 0.2 37.52 salt
2.33 0.2 38.51 salt
2.28 0.2 39.38

* - peaks related to the substituted compound TiOCI,(CH, No)y
** - peaks related to the intercalated compound TiOCI(C,HgN,),

salt - peaks of the EN-salt [HyN-CH,-CH,-NH,J?*2CT
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days {the product is a mixture of intercalated compound, substituted one, and EN-salt
(Figure 24)) was mixed with EN solution in a Schlenk flask. The mixture was heated for
additional 3.5 days at 75°C under vigorous stirring. No changes in the colour of the solid
were noticed, but the EN solution became cloudy. The EN was removed by vacuum and
the isolated product was a mixture of dark blue-grey and yellowish-white solids. The
mixture was examined by PXRD (Figure 25) which showed the absence of peaks related
to the intercalated compound TIOCKC,HgN,),. The powder pattern of the obtained product
is presented in Table XX and showed that the obtained dark blue-grey product of 7.5
days reaction is a mixture of substituted compound and EN-salt formed during the
substitution process.

EN-salt can be easily removed from the product by washing with pure EN. The
dark blue-grey product was washed with EN, dried with ether, heated at 80°C for 1 hour,
and examined by PXRD (Figure 26). Powder XRD spectrum which is presented in Table
XXl showed only the presence of peaks related to the substituted compound
TiOCl 5(CaH7No)o -

An IR spectrum of TiOCl, 5(C,H,N,), s showed absorption bands at 1716 em™ and
1261 cm™ that can be attributed to the N-H and C-N vibration modes of the amine.

EA (Table XXIl) and XRF are consistent with the formulation of the product as
TIOCly 5(C,H;N,)o s - XRF showed the ratio of Ti to Cl equal to 1.9.

The new organic derivative TiOC,5(C,H;N,)es of TIOCI with d-space 14.51A

(layered expansion is 6.50A) was formed during a topochemical substitution reaction of

TiOC! with EN, where half of the chlorine ions were substituted with EN molecules. It is
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Figure 25 PXRD spectrum of the product obtained from the reaction of TiIOCI with EN

at 75°C for 7.5 days.



Table XX

Powder pattern of the product obtained from the reaction of TiOCI with EN

at 75°C for 7.5 days.
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d-space (A) _rel. intensity % hkl 20 degrees comments

13.16 100 001 6.71 TIOCI{CoHgaNy),
4.92 27.3 17.98

3.62 22.2 24.56 salt

3.51 14.5 25.29 salt

3.33 7.0 26.69 salt

3.25 14.5 27.37 salt

2.98 21.6 29.95 salt

* - peak related to the substituted compound TiOCL(C,Hg.,N,),

salt - peaks of the EN-salt [HzN-CH,-CH,-NH,*2Cr
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Figure 26 PXRD spectrum of TiOCl, 5(C,H,;N,)o s
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Table XXI

Powder pattemn of TiIOCl, ¢(C,H,Ny)g 5

| d-space (A) |relintensity % | hkl | 20 degrees comments
14.51 100 001 6.08 TiOCly5(C2H/No)o s
7.8 16.2 002 12.30 *
4.84 2.1 003 18.13 *

* - peaks related to the substituted compound TiIOCly 5(CoH;NL)g 5

Table XXl

EA data for TiOCly g(C,H;No)o s

___—Y_Wd values T Experimental values
C 10.6 10.24
H 3.5 3.52
N 12.4 10.14
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very interesting to notice that after EN-salt removal, the layers of TiOCl, (C,H,N,), 5 did
not collapse, in contrast to TIOCI,{C,H,,N,), where layered expansion after sait removal
became just 2.11A. This difference in d-spacing might be explained by different
orientations of the organic molecules between the layers. Several structural models can
be proposed for the EN - substitution product. We can estimate the interlayer distances
in the models by using bond lengths of 2.39A for Ti-Cl (bridged) bond; about 2.45A for
Ti-Cl (terminal) bond; 1.5A for Ti-N bond; 1.47A for N-C bond; 1.3A for C-C bond; and
Van der Waals radius of 1.8A for a Cl ion, and 2A for a CH,, group.

The first model is based upon formation of an interlayer bridging diamido illustrated
in Figure 27a. The interlayer distance for the bridging model is estimated to be less than
8A. A second model based upon intralayer bonding, with EN molecules coordinated to
Ti ions within the same layer {Figure 27b), can have the terminal Ci ions of the parallel
layer or another EN molecules opposing them. In both cases interiayer distance is
calcutated to be approximately @ - 10A. The first two models don't agree with the
observed Iaygr expansion value and chemical analysis results.

A thirdhproposed model (Figure 27¢) involves formation of hydrogen bonding
between -NH, groups of EN molecules and terminal Cl ions of the opposite layer. This
model agrees with EA results but the estimated interlayer distance equal, to 12 - 13A is
less than the observed one.

in the last model (figure 27d) only one end of EN molecules is fixed by direct
bonding to titanium metal centres in the TiO double layers via its own nitrogen atoms and

the interlayer space of TiOCl, 5(C,H,N,), 5 is quite populated by EN molecules. EN
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Figure 27d Model structure for TiOCl, ;(C,H,N,), ¢ where EN molecules form the

second layer.
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molecules belonging to the same TiO double layer interract strongly with each other,
creating a second layer. The newly formed organic double layer interracts strongly with
the upper and lower TiO double layers with a distance approximately equal to 14.48A; a
value which corresponds quite closely to the observed interlayer distance. Thus, the
model that involves the formation of two organic layers by EN molecules seems the most

probable.

A summary of reactions of TiOCI with EN is presented in Table XXIIl.
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Table XXl

Summary of reactions of TiOCI with EN

Reaction d-space (A) | tayer exp. product comments
conditions (A)
sealed tube amorphous or
160-170°C, decomposed
2,25, 4d product
Schl. flask 11.42 3.41 TiIOCHC,HgN,), interc. comp.
80°C, 5d
Schl. flask 11.47 3.46 TiIOCI({C,HgN,)e4 | interc. comp.

75°C, 9hours

vig. stirring

l
Schl. flask 13.42 5.41 TiOCI(C,HgN,), intc. comp.
75°C, 16h 11.31 3.30 unidentified
vig. stirring compound

1




Table XXl (continue)

Reaction d-space (A) layer exp. product commaents
conditions (A)
Schl. flask 13.80 5.79 TIOCI,{C,Hg.N2)y subst. comp.
75°C, 4d 11.31 3.30 TIOCKHC,HgN,), interc.comp.
vig. stirring EN-salt
d
Schl. flask 13.16 5.15 TIOCI(CoHg.,No)y subst. comp.
75°C, 7.5d EN-salt
vig. stirring
d salt
removal
14.51 6.50 TiOCly 5(CoH;Ny)o 5 subst. prod.




2.7 Synthesis of [H,N-CH,-CH,-NH,1>*2CI ( EN-sat )
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To confirm formation of the EN-salt during the substitution reaction of TiOCI with EN, the

salt was synthesised by adding HCI to EN solution. The yellowish-white solid was

isolated, dried, and examined by PXRD (Figure 28) and TGA. Powder pattem of EN-salt

is listed in Table XXIV.

Thermal analysis results showed one weight loss at 311.7°C that corresponds to 100%

of the sample weight.

The formulation [H;N-CH,-CH,-NH,]?*2CI" is consistent with the EA results (Table XXV).

Table XXV

EA data for [HyN-CH,-CH,-NH,1?*2CI

r_—T—_ Calculated values Experimental values
C 18.0 19.35
H 7.52 7.81
N 21.05 21.08
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Figure 28 PXRD spectrum of EN-salt [H,N-CH,-CH,-NH,J?*2Cr



Table XXIV

Powder pattemn of EN-salt [HzN-CH,-CH,-NH,J?*2CI
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d-value (A) relative intensity % 20 degrees
7.50 30.9 11.77
3.86 20.6 22.99
3.70 14.7 23.98
3.45 100 25.79
3.33 70.3 26.73
3.24 62.7 27.48
3.18 5.1 28.02
2.97 81.3 29.97
2.94 45.2 30.33
2.82 5.2 31.66
2.73 91.9 32.75
2.70 20.7 33.05




Table XXIV ( continue )
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d-value (A) relative intensity % 20 degrees
2.62 43.7 34.15
2.49 49 35.85
2.44 9.6 36.69
2.39 10.2 37.55
2.33 10.4 38.54
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3. Reaction of TiOC| with diethylenetriamine [H,N-CH,-CH,-N(H)-CH,-CH,-NH,]

TiOCl and diethylenetriamine were mixed together in a Schlenk flask. The mixture
was heated for 5 days at 90°C under vigorous stirring. Diethylenetriamine was removed
by filtration when the colour of the solid had changed from dark brown to dark grey. The
dark grey product was washed with THF to remove an excess of diethylenstriamine. The
reaction product was examined by PXRD (Figure 29) and showed the formation of a new
compound with d-space 12.06A (layered expansion is 4.05A). The powder pattern of the
dark grey product is presented in Table XXVI. Since no salt formation was observed
during the reaction we can assume that the dark grey product is the intercalated
compound TiOCI(C4H,3N3)y.

It is easy to confirm that the product of this reaction is an intercalated compound
just by heating it to its de-intercalation temperature. The remaining compound should be
starting material TIOCI. Therefore, the dark grey product was heated to 360°C under
nitrogen flow in a glass tube and the resulting compound was analysed by PXRD. The
PXRD spectrum of intercalated compound TiOCKC,H,;N3), after heating to 360°C was

identical to that of TIOC!. This thermal reaction can be described by equation (21).

TIOCH(C,H,Ny), —360°C—> TIOCI (1)

This result indicates that the reaction of TiOCI with diethylenetriamine yields a new

intercalated compound TiIOCKCH,4N,), .
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Figure 29 PXRD spectrum of TIOCI{C,H,,N4)4 45
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Powder pattern of TIOCI(C4H3N3)g 45

Table XXVI
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d-space (A) rel. intensity % | h ki | 20 degrees comments
12,01 (12.06)® 100 001 7.35 TIOCI(CHaNa)o15
6.02 25.0 002 14.70 *
4.03 2.0 003 22.00 *
3.03 5.6 004 29.46 *
2.41 0.9 005 37.31 *

* - peaks related to the intercalated compound TiIOCKC,4H,3N3)g 45

(a) - d-value was calculated by using 002, 003, and 005 peaks
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The degree of intercalation, X, can be calculated from microanalysis data which are

consistent with the formulation TIOCKC,H,5N5),.45 (Table XXVII).

Table XXVil

EA data for TIOCI(C,Hy3N3)o4s

% Calculated values Experimental values
C 6.30 6.31
H 1.96 2.14
N 5.50 5.29

An IR spectrum of TIOCKC,H,;N3), 5 Showad an absorption bands at 1718 and
800 cm™ that can be assigned to vibration modes of N-H bond, and an absorption band
at 1081 em™! that indicate on vibration modes of C-N bond.

This intercalated compound has an interlayer distance of 12.06A that corresponds
to the layered expansion of 4.05A. The only mode! we believe is consistent with this
observation is where the diethylenetriamine molecules lie almost parallel { or with a small
angle ) to TiOCI layers.

We attempted to synthesise the substituted compound by heating
TiOCI(C,H,3N,), 15 In diethylenetriamine solution, but our efforts were not very succesful.

The product after heating was analysed by PXRD which did indicate diethylenetriamine-
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salt formation as well as formation of several compounds, however, they couldn't be
identified.

The formation of several compounds is not surprising based on the fact that
diethylenetriamine molecules have five reactive protons and three amino groups available
to participate in the substitution process. A wide number of structural models are possible

for diethylenetriamine organic derivative of TIOCI.

4.Reactions_of TiIOC! with N.N,N',N'-tetramethvlethylenediamine
[(CH.),NCH,-CH,-N(CH,),]

The reactivity of TIOCI with TMEDA was examined under a variety of conditions.

The first attempt was carried inside a teflon fined acid digestion bomb. The bomb
was heated at 100°C for 1.5 days. The colorless TMEDA solution was then removed by
filtration and the product appeared as a brown crystalline solid. The solid was examined
by PXRD. The PXRD spectrum of the solid looked exactly the same as that of the starting
material, indicating that no reaction between TiOCl and TMEDA had taken place.

We decided to repeat the reaction at higher temperature with TiOCl and TMEDA
in a sealed evacuated heavy walled glass tube. After heating at 170°C for 4.5 days no
changes in the appearance of the solution or the solid were noticed and the reaction
mixture was allowed to stay in the sealed tube for 18 months at room temperature. The

brown crystalline product was isolated by filtration and analysed by PXRD (Figure 30).
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Figure 30 PXRD spectrum of the product obtained from the sealed tube reaction of

TiOCI with TMEDA.
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Table XXVIli

Powder pattern of the product obtained during a sealed tube reaction of TiOC! with

TMEDA
d-space (A) | rel. intensity % hkl 20 degrees comments

13.18 1.9 001 6.70 new product’
7.93 100 001 11.14 Tiocl”
3.99 0.3 002 22.25 b

3.40 5.1 101 26.15 h

2.67 1.7 003 33.53 -

2.56 5.8 012 34.88 .

2.39 0.9 111 37.59 b

* - peak of the reaction product

** . peaks related to the starting material TiOCI
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The powder pattern of the reaction product is presented in Table XXVII1.

Again, the PXRD spectrum is very similar to that of TiOCL. The only difference is a small
broad peak with d-space 13.18A. The relative intensity of this peak is very small and only
slightly above the noise level. These results indicate that the reaction of TiQOCI with

tertiary amine TMEDA did not occeur.

5. Reactions of TiOC! with pyridine (C:H:N

5.1 Reaction an a sealed tube at 250°C.

The reaction of TiIOCI with pyridine was carried out in an evacuated, sealed, heavy
walled glass tube at 250°C for 2 days. Pyridine was then removed by vacuum, and the
isolated grey crystalline material was characterised by PXRD (Figure 31). The PXRD
spectrum showed the formation of an intercalated compound TiOCl(py), as well as
unreacted TiOCl. The powder pattern of the grey product is presented in Table XXIX.
According to the PXRD spectrum, the new intercalated compound TiOCl{py), has d-
space equal to 11.93A which corresponds to a layer expansion of 3.92A. Intercalation of
pyridine into TiIOCI host layers has been confirmed by thermal analysis. The TGA curve
(Figure 32) of the grey product heated to 300°C consists of two weight losses. The first
waeight loss was observed at 70°C (4% of the original mass) and is assigned to the loss
of surface pyridine. The second weight loss occured between 150°C and 300°C (9% of

the original mass) and corresponds to the loss of intercalated pyridine. The compound
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Figure 31 PXRD of the grey product obtained from the sealed tube reaction of TiOCI

with pyridine
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Table XXIX

Powder pattem of the grey product obtained from the sealed tube reaction of TiOC! with

pyridine.
d-space (A) reTintensity %: hkl 20 degrees comments
11.85 (11.93)@ 100 001 7.45 TiOCI(py)o. 51
7.99 66.0 001 11.06 Tiocl”
5.96 12.8 002 14.85 *
4.00 0.3 co02 22.19 o
3.41 2.0 101 26.07 **
2.98 0.7 004 29.89 *
2.67 1.1 003 33.43 .
2.57 0.8 012 34.81 .
2.39 0.3 005 37.52 *
2.01 5.6 004 45.08 .
1.61 1.9 005 57.20 e

* - peaks related to the intercalated compound TiOCI(py)g 14

** - peaks of TiOClI

(a) - d-space was calculated by using 002, 004, and 005 peaks
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Figure 32 TGA of the grey product obtained from the sealed tube reaction of TIOCI with

pyridine
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remaining in the pan after the TGA run was confirmed to be TiOCl by PXRD (equation

22).

Based on the TGA analysis we assign a formulation of TiOCl(py), 4, to the intercalated
product. Chemical analysis (Table XXX) gave a result for a slightly different formulation
of TIOCl(py), .- This may be due to the presence of surface pyridine that had not been

removed from the sample before EA run.

5.2 Reaction in a Schlenk flask at 80°C.

TiOCI and pyridine were mixed together in a Schlenk flask and vigorously stirred
for 2 weeks at 80°C. A dark grey crystalline solid was isolated by filtration and analysed
by PXRD (Figure 33). The PXRD pattern showed the formation of a new compound with
d-space 12.72A as well as unreacted TiOCI. The powder pattern of the dark grey product
is listed in Table XXXI.

The formulation TiOCl(py), 4 is consistent with EA results (Table XXXII). This
sample was heated to 80°C for 15 minutes before the EA run in order to remove the
surface pyridine. The intercalation of pyridine into TiOCI was confirmed by heating a
sample of TIOCKpy)o.4s in @ glass tube under nitrogen flow to 300°C (equation 23). The

compound remaining in a tube was examined by PXRD and confirmed to be TiOCI.
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EA data for TIOC!py),»
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%

Calculated values

Experimental values

C 10.4 10.1

H 0.8 1.05

N 2.4 2.0

Table XXXII
EA data for TiIOCi(pY)o.sa

% Calculated values Experimental values
C 17.61 17.53

H 1.46 2.28

N 4.1 4.50
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Figure 33 PXRD of the product obtained from the Schlenk flask reaction of TiOC| with

pyridine
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Table XXXI

Powdar pattem of the product obtained from the Schlenk flask reaction of TiOC! with

pytidine

d-space (A) | rel. intensity % | hkl ;(; degrees comm—ents o

12.72 8.03 001 6.94 TiOCI(py)g.zs
7.95 (8.01)@ 100 001 11.12 Tiocl”

6.45 1.2 002 13.71 .

4.00 0.4 002 22.20 b

2.67 5.4 003 33.50 b

2.57 C.1 012 34.88 -

* - peaks related to the intercalated compound TiOCI{py), 3a
** - peaks of TiOCl

(a) - d-space of TiOC| was calculated by using 002 and 003 peaks
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TIOCI(pY)y5 =—300°C—-> TiOCI (23)

The new intercalated compound TiIOCI(py}, 55 Was found to have d-space of 12.72A which
corresponds to layered expansion of 4.71A.

A summary of reactions of TiOC! with pyridine is presented in Table XXXIII. The results
of both reactions of TIOCI with pyridine indicated that with pyridine the stoichiometry can
be variable. In a sealed tube at 250°C TIOCI reacts with pyridine to give TiOCI(py), ¢
whereas in a Schlenk flask under vigorous stirring at 80°C it gives TIOCI(py), 55- This
result is very interesting and demonstrates that the rate of intercalation reaction is
strongly dependent on the area of contact surface between the two phases ( solid TiOCI
and liquid pyridine).

The layer expansion values for the two pyridine intercalated compounds, 3.92A and
4.71A are not consistent with Kolzumi's®” uniform model in which the pyridine molecules
lie in the van der Waals gap with their aromatic rings perpendicular to the host layers and
their nitrogen lone pairs bonding to the layers. Rather these values are consistent with
a model (Figure 34) where pyridine molecules are tilted to the layers of the host TiOCI.
This tilting of the pyridine molecules relative to the TiC double layers may be consistent
with a model in which the pyridine is coordinated to the Ti centres. The proposed
coordination of the pyridine molecules to the metal centres could be tha major force which
holds the organic molecules inside the layers. In this model, the bridging chlorine ions
would become terminal and the length of Ti-Cl bonds will increase. In this situation only

small and selected molecules can be accomodated by the host layers. Pyridine molecules
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Figure 34 Structural model for pyridine intercalated compounds.
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preferr a tilted orientation inside TiOCI layers in order to avoid the contact with terminal
chlorine ions and each other.

In contrast to pyridine molecules, TMEDA molecules are bulky, which may present
a kinetic barrier to intercalation into TiOCI. The planar pyridine molecule with its lone pair

more accessible may allow easier and faster the intercalation reaction to occur,

Table XXXINl

Summary of reactions of TiOCl with pyridine

Reaction d-space (A) layer exp. product comments
conditions (A)
sealed tube 11.93 3.93 TiOCl(py)e44 | interc. comp.
250°C, 2d TiOCl
Schl. flask 12.72 4.71 TiOCKpy)eas | interc. comp.
80°C, 2weeks TiOCl
vig. stirring
N _
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A proposed mechanism for topochemical reactions of TIOCI with amines

With the accumulation of experimental data that has been described, it is
appropriate to address the mechanism and driving forces involved in the intercalation of
amines into TiOCl. As was mentioned at the introduction of this section, except for
solvolysis and ion exchange intercalation reactions, redox processes are often invoked
to explain the results of intercalations for a variety of host materials. Among the
intercalation reactions of metal oxychlorides, FeOCI has been the major host lattice that
has been studied. The literature present data consistent with the idea that redox reactions
can be a driving force for intercalation of FeOC| with various substrate molecules.
Reduction of Fe' to Fe" during intercalation reaction is not particulary surprising due to
the fact that this couple is characterised by a relatively low value of redox potential. The
same can not oe said about the Ti"/Ti" couple. Our study of topochemical reactions of
TiOCI with several amines such as TMEDA, DMEN, EN, diethylenetriamine and py had
as one of its goals, the desire to clarify the role of redox reactions in the intercalation of
TiOCL. If these guest species are arranged in order of their ability to be oxidized, the first
one will be TMEDA due to the fact that it contains four methyl groups which play the role
of electron donors. At the end of this order we can place the molecules with a higher
redox potential (vs SCE) such as EN, diethylenetriamine, and py. The results of the
present work showed that the reaction of TiOC| with TMEDA doesn't occur even during
a long reaction time. In contrast, intercalation reactions of TIOC| with those molecules that

are harder to oxidize, takes place relatively smoothly and within several hours. These
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intercatation of amines into TiOCI host lattice doasn't proceed by a redox mechanism.
This leaves the question of what is the driving force of intercalation of amines into TiOCI?

The results clearly show that only amines that have an active protons adjacent to
nitrogen atom (the exception is pyridine ) can be intercalated into our layered host, TIOCI,
and they indicate that subsequent substitution reactions with accompaning salt formation
can occur. For the reactions under study, formation of intercalated compounds is quite a
fast process in comparison to other heterogeneous reactions, and it is difficult to catch a
moment when the intercalation has been completed but the subsequent substitution
reaction has not yet taken place. In many cases, the intercalation reaction was followed
immediately by a substitution reaction during heating either in the presence or absence of
the amine.

We can propose the following mechanism for the intercalation and substitution
reactions of amines with TiOCl that is a combination of three processes that are described
by diagram |.

The first process is the coordination of a guest amine via its nitrogen lone electron pair
to Ti** metal centres (Lewis Acid - Base interraction). We believe that coordination of
amine is a key stage for intercalation reactions. The newly formed intercalated system can
now undergo some degree of electron transfer from the guest to the host. This
corresponds to the metal centres of the layers being reduced while the guest molecules
are being partially oxidized. These reduced meta! centres now have two different routes

for chemical reaction (see diagram I) :

1. The Brénsted acidity of the guest species is increased by the partial oxidation
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thus allowing the chlorine ions of the host to become involved in a chemical
reaction with a guest molecules forming HCI, and futher reaction with amine
to form the salt. This chemical reaction leads to the formation of a substituted
compound where chlorine ions of the host are substituted by amine molecules.
Amine molecules are covalently bonded to titanium metal centres of TiO double
layers. This reaction corresponds to reoxidation of the reduced metal centres
and the substituted system is characterised by stable energetic state.

2. The other route can take place only in the case when the guest amines don't
have active protons. In this situation the degree of electron transfer is small

which leads to simple coordination of the amine to Ti** metal centres of TiOCI

host lattice.

partially
Ti reduced
| o metal centres

coordination e - transfer chemical reaction

Diagram | Proposed mechanism for the topochemical reactions of TiOCI with amines.
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The coordination of two amines with different size and shape, TMEDA and py, have been
studied. Thecretically, both of these molecules may intercalate between the TiOCl layers
and be coordinated via their nitrogen atoms to titanium metal centres. Coordination of py
molecules resulted in the formation of a stable intercalated compound due the small size
of the molecules that could be easily accomodated by the host layers. In contrast, we didn't
observe intercalation of TMEDA molecules and we suppose that the main reason for this
is kinetics. Due to the fact that TMEDA is a more sterically demanding molecule than
pyridine, they may just need more time to be intercalated into TiOCI.

All topochemical reactions of TiOCl reported in this thesis were performed using dry
amines and taking precautions to exclude moisture. Although TiOCi is reported to be stable
to moisture and appears to be so in our hands, it is critical that water be excluded from

these reactions in order to eliminate the complications arising from reactions such as

equation 24:

TIOC| + RRN-CHz-cHa'Naz + Hzo m————
——> [,AN-CH,-CH,-NR,H*ICI + TIO{OH)(,RN-CH,-CH,-NR,), (24)
R =H, Me

Traces of water could provide a source of protons which could lead to the formation of
amine intercalated compound as well as amine-salt formation. In addition to our
precautions, a number of experiments prove that reaction (24) does not take place in our

system and salt formation arises from the active protons of the amine:
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- During the reaction of TIOCI with TMEDA and pyridine no ammonium salt formation was
observed. Traces of water present in amine could lead to the formation of TMEDA-salt
{ [Me,N-CH,-CH,-NMe,H*ICI" ) as well as py-salt (C;HsNH'CI’) ;

- The formation of amine intercalated compounds such as TiIOCI(C,HgNy)g 4
TIOCIC4H,2N2)p 441 TIOCI(C4H 3N3)o 15 and TIOCI(pY)o 11, 0.28 Was confirmed by thermal
deintercalation which showed the regeneration of starting material TiOCI. Formation of

TiOCl is not possible during heating of TiIO(OH)(amine),.
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Reactions of TIOCI and VOCI with amides

We would suspect that the mechanism for amide intercalation into layered inorganic
solids should be different from those of amines. The main reason for this is their structural
distinction.

We have assume, that the intercalation of amines into TiOCI host lattice is at lpast
partially based on coordination of amines to the titanium centres in the TiO double layers
via there nitrogen atoms. In contrast to amines, nitrogen lone pair in amides are not
available for coordination to a metal centre due to the interraction with the carbonyl group
and creation an amide resonance structure. This means, that an important role in
intercalation process may be played by alkyl groups adjacent to nitrogen and carbon
atoms. The intercalation behavior of amides may provide information on whathow or not
this intercalation reaction is a redox process. Various amides, displaying oxidation
potentials within wide range, are readily available.

Finally, amides are planar molecules and their intercalation into the host layers may help

to provide an information on orientation in the interlamellar space.

The reaction between TiOCl and N,N-dimethylacetamide was carried out in

evacuated, sealed glass tube, that was heated to 60°C for 10 days. Excess DMA was
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Figure 35 PXRD of the product obtained from the reaction of TiOCI with DMA
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Table XXXIV

Powder pattern of the product obtained from the reaction of TiOCl with DMA

d-space (A) rel. intensity hkl 20 degrees comments

7.91 (8.01)® 100 001 11.18 Tioc!
3.89 0.2 po2 22.24 *
3.40 0.3 101 26.17 .
2.67 2.6 003 33.57 *
2.57 0.4 012 24.90 *

* - peaks related to TiOCI

(a) - d-space was calculated by using 003 peak
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removed by filtration and the isolated brown solid was dried under vacuum. The powder
pattern of the brown product is presented in Figure 35 and Table XXXIV,

The PXRD spectrum of the brown product obtained during the reaction of TiOCi
with DMA is identical to that of TiIOCI; it seems that a reaction did not take place. The IR

spectrum did not show any absorption bands indicating the presence of DMA,

Reaction of TiOC| with_dimethylformamide [ HC{OYN(CH,), 1

The reaction of TiIOCI with dimethylformamide was carried out in a Schlenk flask
at 80°C for 1 week under vigorous stirring. Excess DMF was removed by filtration, and
the isolated brown solid was dried under vacuum and analysed by PXRD (Figure 36). The
powder pattern of the brown product is presented in Table XXXV.

The PXRD spectrum showed the formation of an extremly low intensity new peak of an
intercatated material TIOCI{DMF),. The IR spectrum of a brown reaction product did not
show characteristic bands for DMF (vibration modes of C=0 bond at 1650 cm™).

Based on these results we conclude that under these reaction conditions only a

very small amount of DMF molecules was able to intercalate inside host TiOCl layers.
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Figure 36 PXRD of the product obtained from the reaction of TiOCI with DMF
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Powder pattern of the product obtained from the reaction of TiOCI with DMF

* - peak of a new compound TiIOCI(DMF),

** - peaks of TiOCI

(a) - d-space was calculated by using 003 peak

d-space (8) | rel. intensity % __h_k | 20 degrees comments
16.01 0.5 001 5.51 TIOCI(DMF),
7.88 (8.01)® 100 001 11.21 Tioc!”
3.99 0.2 002 22.26 .
3.40 0.4 101 26.18 e
2.67 2.2 003 33.55 -
2.57 0.8 012 34.86 -
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Reaction of TiIOCI with N - methylformamide [ HC(OIN(H}CH, 1

The reaction between TiIOCI and N - methylformamide was carried out in a sealed
evacuated glass tube which was heated to 100 - 110°C for 8 days. The NMF solution
remained colorless throught the reaction, however, the solid changed colour from dark
brown to dark blue-grey. The NMF solution was removed by filtration, and the dark blue-
grey solid was dried under vacuum,

The PXRD spectrum of the reaction product (Figure 37) showed the formation of
a new intercalation product TIOCI(HC(O)N(H)CH,), with d-space 15.35A (layered
expansion 7.39A) as well as the presence of unreacted TiOCl. The powder pattern of the
dark blue-grey product is presented in Table XXXVI.

The formation of an intercalated compound TiIOCI(HC(O)N(H)CH,), was futher
confirmed by XRF which showed the same Ti/Cl ratio as in the starting material TIOCI.
We assign a formulation TIOCI(HC(O)N(H)CH,), ¢ for this compound based on EA results
( Table XXXVII ).

An IR spectrum of TIOC!(NMF), ¢ showed absorption bands at 3300, 1670, 1570,
and 721 cm™. The signals at 3300 cm™ and 1570 em™ corresponds to vibration modes
of N-H bond. The absorption band at 1670 cm™ can be assigned to a vibration modes of

C=0 bond, and the signal at 721 ecm™ corresponds to vibration modes of Ti-Cl bond.
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EA results for TIOCIHC(O)N(H)CH,).05

%

Calculated values

Experimental values

14.67

3.05

8.5

14.53

3.34

9.5
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Figure 37 PXRD of the product obtained from the reaction of TIOC! with NMF
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Table XXXVi

Powder pattern of the product obtained from the reaction of TiOCI with NMF

d-space (A) | rel. intensity % hkl 20 degrees comments
15.35 2.7 001 5.75 TIOCKNMF)g g5
7.87 (7.96)@ 100 001 11.23 Tiocl”
3.97 0.2 002 22,33 b
3.39 4.2 101 26.21 b
2.66 2.3 003 33.63 .
2.56 20 012 34,97 -
2.39 0.2 111 37.61 “

* - peak of the intercatated compound TIOCKNMF) g5
** . peaks related to TiOCI

(a) - d-space was calculated by using 002 and 003 peaks
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Reaction of TiOCI with acetamide [(CH,)C(O)NH,]

The reaction of TiOCI and acetamide was carried out in an evacuated, sealed
glass tube, which was heated for 9 days at 100 - 110°C (the melting point of acetamide
is 81°C). Unreacted acetamide was removed by washing the product with ethanol. The
final dark brown/purple product was dried under vacuum and analysed by PXRD {Figure
38). The PXRD pattern of the dark brown/purple product is presented in Table XXXVIIL.

The PXRD spectrum showed the presence of unreacted TiOC! and formation of
a naw compound that appeared in the spectrum as a broad peak with two maxima at
20 = 7.59° and 6.21° . We can assume that this broad peak consists of two peaks that
correspond to the formation of two different compounds. The presence of two active
protons adjacent to nitrogen atom in acetamide molecule can be involved into substitution
process. It is possible that one of the newly formed compounds is the product of
substitution reaction between TiOC! and acetamide, and another one is intercalated
compound. EA results (Table XXXVII) call our assumption in question because the
amount of acetamide molecules that sit inside TiOCl layers is extremely smali
(TiOCl{acetamide), o5} and possible that substitution reaction did not occur.

The IR spactrum of the dark brown/purple product TIOCI[(CH,)C(O)NH, ], o5 ONly
showed an absorption signal at 721 cm’' which corresponds to vibration modes of Ti-C!

bond. No absorption bands indicating the presence of acetamide were observed.
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EA resuits for TIOCI[(CHZ)C{O)NH,]; o3
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Experimental values
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0.14
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Figure 38 PXRD of the product obtained from the reaction of TiOC| with acetamide
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Table XXXVII

Powder pattern of the product obtained from the reaction of TiQOCI with acetamide

d-space (A) | rel. intensity % hkl 20 degrees comments
14.21 0.3 001 6.21 TIOCI(AC)g05
11.63 0.3 001 7.59 TIOCI(AC)g03
7.92 (8.00)® 100 001 11.15 TiocI”
5.69 0.3 15.55 TiCl,
3.99 0.3 002 22.23 -
3.41 0.1 101 26.11 -
2.86 0.0 004 31.20 .
2.67 3.9 003 33.55 b
2.57 o1 | o012 34.86 .-

* - peaks of intercalated compound TiOCl{acetamide)y g3
** - peaks of TiOCI

(a) - d-space was calculated by using 002 and 003 peaks
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The PXRD results showed that the interlayer expansions in the case of amides

intercalation into TiOCI host is much bigger than the expected one { see calculated
layered expansions in Table XL, where we assumed that C=0 axis of amide is
perpendicular to the layers). The only explanation which can be given so far comes from
very broad appearance of the 001 peaks of the intercalation compounds. When the peak

is broad, it is very difficult to find its maximum and d-space values are not accurately

determined.
Table XL
Summary of reactions of TIOCI with amides
[ ————— —————— '-T
reaction d-space layered calculated
Amides | conditions (A exp. (A) | layered product
exp. (A)
DMA | sealed tube 8.01 - 4,73 TiOCI
60°C, 10d
DMF Schl, flask 16.01 8.0 4.73 TiOCI(DMF)x
80°C, 7d
NMF | sealed tube 15.35 7.39 4.13 TIOCHNMF)g o5
110°C, &d
AC sealed tube 14.21 6.21 4.13 TiOCI(AC)g 03
110°C, ad 11.63 3.63
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Reaction_of VOCI with N N-dimethylacetamide

The reaction of VOCI and N,N-dimethylacetamide was carried out in a Schlenk
flask. The mixture was heated for 10 days at 80°C. Excess DMF was then removed by
filtration and the dark brown product was characterised by PXRD (Figure 39). The powder
pattern of the dark brown product is presented in Table XLI.

An IR spectrum of the isolated solid did not show any charasteristic absorption bands for
DMA. On the basis of PXRD and IR results we conclude that no reaction occured

between VOCI] and DMA.

Table XLI

Powder pattem of the product obtained from the reaction of VOCI with DMA

=-c-i-spr;\c:e (A) re[__intensity % B hkli 20 degrees comments
7.87 (7.89)® 100 001 11.23 voc!
3.39 0.4 101 26.22 *
2.63 2.2 003 34.00 *
2.53 0.7 012 35.47 *

* - peaks related to VOCI

(a) - d-space was calculated using 003 peak
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Figure 39 PXRD of the product obtained from the reaction of VOC! with DMA
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Reaction of VOC! with N - methylformamide [HC(OCIN(CH.)HI

The reaction of VOC! and NMF was carried out in an evacuated, sealed heavy
walled glass tube heated to 100° - 110°C for 8 days. Excess NMF was removed by
vacuum and a dark brown product was isolated.

The PXRD spectrum (Figure 40) showed that all VOCI have reacted, and a new
compound with d-space 13.24A was formed. The powder pattern of a product is

presented in Table XLII.

Table XLIt

Powder pattemn of the product of the reaction of VOCI and NMF

d-space (A) rel. intensity % hki 20 degrees comments
12.84 (13.24)@ 100 001 6.87 VOCL(NMF), o
6.49 21.2 002 13.61 *
3.31 6.2 004 25.57 *
270 1.9 005 33.08 *

* - peaks related to the intercalated compound VOCL(HC(O)N(CHz)H), o

(a) - d-space was calculated by using 002, 004, and 005 peaks
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Figure 40 PXRD spectrum of VOCI{NMF),,
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If a substitution reaction had occured we would have expected formation of the
ammonium salt of NMF, however, no salt formation was observed during the reaction. We
attempted to synthesise NMF-salt by adding HCI to NMF. A very small amount of the
white solid was formed on the walls of a beaker used for the salt synthesis. But as soon
as the solid was taken from a beaker for the analysis, it is immediately became a liquid.
Our dark brown product after isolation from the excess NMF, iooked dry and we
concluded that the salt have not been formed during the reaction. We assume that the
new compound is the product of intercalation reaction. On the basis of EA results (Table

XL we propose the formulation VOCI(HC(O)N(CHz)H), o

Table XLIII
EA data for VOCI{(HC(O)N(CHo)H),

% Calculated valu: ] Experimental values ~
C 14.86 14.56
H 3.09 3.28
N 8.6 7.12

An IR spectrum of VOCI(HC(O)N(CH,)H), o showed absorption bands at 1714,
1658, and 723 cm™!. The absorption band at 1714 cm™ can be assigned to the vibration

modes of C=0 bond. The signal at 1658 cm™ corresponds to a vibration modes of N-H
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N-H bonds, and the absorption at 723 ¢m™ indicates a vibration modes of V-Cl bond.

Beaction of VOCI with acetamide [(CH.)G(OQ)NH,]

VOCI and acetamide were combined in a heavy walled glass tube which was
evacuated, sealed, and heated to 100° - 110°C for 8 days. The dark brown product was
washed with ethanol in order to remove unreacted acetamide, and analysed by PXRD
(Figure 41).

The PXRD spectrum showed the disappearance of diffraction peaks for VOCI, and
the appearance of reflections for two new compounds with d-space 1 1.77A and 8.57A. The
PXRD pattern of a dark brown product is presented in Table XLIV.

Due to the presence of reactive protons bound to the nitrogen atom in the
acetamide molecule, it may be that one of the newly formed compounds is a product of
substitution reaction, while another one is the intercalated compound. Interlayer expansion
in the case of substituted compound should be smaller than in the case of intercalated
compound, therefore the peak at 2© = 10.31° can L.» attributed to the possibly formed
substituted product. The compound with d-space 11.77A is assigned as the intercalated
compound. EA results (Table XLV) gave us an idea of the ratio between VOCI and NMF
which is equal to 4. But we don't know the ratio between intercalated and substituted
compound, and that is why we can't propose formulations for the newly formed products.

The IR spectrum of the dark brown product showed an absorption bands at 1670,
1640, and 723 cm™'. The absorption band at 1670 cm™ can be assigned to the vibration

modes of C=0 bond. A signal at 1640 cm™ is characieristic of the vibration modes of N-H
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Figure 41 PXRD spectrum of the product obtained from the reaction of VOCI with

acetamide
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Powder pattern of the product obtained from the reaction of VOCI with acetamide

d-space (A) | rel. intensity % hkl 20 degrees comments
11.77 100 001 7.50 VOCI(AC),*
8.57 21.50 001 10.31 VOCIX(AC)Y"
3.94 6.6 003 26.19 *
2,95 4.3 004 35.44 *

* - peaks related to the intercalated compound VOCI(CH,C(O)NH,),

** - peak of a possibly substituted product VOCI,(CH,C(O)NH,),




Table XLV

EA results for VOCL / (CH,C(O)NH,)g 25
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% Calculated values Experimental values
c 5.1 4.91

H 1.07 1.20

N 2.9
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bond, and the signal at 723 cm™ corresponds to the vibration modes of V-Cl bond.

Summary of reactions of VOCI with amides is listed in Table XLVI.

Summary of reactions of VOCI with amides

Table XLVI

reaction layered | calculated

Amides | conditions | d-space (A) | exp. (A) layersd product

exp (A)

DMA Schl.flask 7.89 - 4.73 VOCI
80°C, 10d

DMF® | Reflux for 13.22 5.33 4,73 VOCI{DMF);.16
7d

NMF | sealedtube | 13.24 5.35 4.13 VOCI(NMF), ,
110°C, 8d

AC sealed tube 11.77 3.88 4,13 VOCI(AC),
110°C, 9d VOCI(AC),
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A proposed mechanism for intercalation reactions of TIOC! and VOCI with amlides.

The results obtained for the reactions between TiOCl and VOCI, and guest amides
clearly demonstrated that the intercalation of amide molecules into layered materials do
not proceed via a redox mechanism. Among the amides that were used in this study, the
gasiest molecule to oxidise is DMA, yet DMA did not react with either TIOCl or VOCI. The
molecules that have higher redox potentials than that of DMA were intercalated in both
TiOCl and VOCI host materials.

From this study it appears that the necessary condition for amides intercalation is
the presence of protons adjacent to carbon or nitrogen atoms in amide molecule. Perhaps
these protons form hydrogen bonds with chloride ions of the host which, hold the guest
molecules inside layers.

It is very interesting to compare the intercalation results using NMF with those of
acetamide . Both NMF and acetamide molecules contain two protons. In the case of
NMF, these protons belong to different atoms - carbon and nitrogen, while in acetamide
the two protons are both bound to nitrogen. It may be that NMF moiscules have a
stronger interraction with the TiOCIl and VOCI layers due to fonaation of hydrogen bonds
with Cl ions of two opposite MO double layers. This interlayer bridging model is presented
in Figure 42a,b. In contrast, the protons of the acetamide molecule may be bonded to the
same Cl ions with only one end of the molecule becoming fixed as schematically shown
in Figure 42¢,d. In the case of the TiOCI host material, only a small amount of acetamide

is intercalated into the interlamaellar space, while VOCI contains almost 10 times this amount.
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Figure 42a,b Interlayer bridging model for NMF intercalation into TiOCI and VOCI

\01/\0|/\,1 N N N
o) \H—" / Pk N
N—H N<C_
cl HaCCI il
NN I C|vc:| ci
> NN
©) L Mo _~ M0~ @

Figure 42c,d Structural model for acetamide intercalation into TiOCl and VOCI
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We propose that this difference arises from the level of interraction between layers in two
host layered materials VOCI and TiOCI. It appears that the interraction between VOCI
layers is less strong than those between TiOCI layers. Therefore, amide molecules enter
this host more easily and interact with the VOC! layers by means of hydrogen bonding
with Cl ions of the host. The interlayer forces between TiOCI layers may be stronger
which present a kinetic barrier to the inclusion of guest molecules.

The obtained layer expansion values for NMF and acetamide intercalation into
VOCI and TiOCI host materials are consistent with the proposed models. This mode! can
accomodate two possible orientations of the amide molecules inside the MOX layers. One
with the C=0 axis of the amide perpendicular (Figure 42a,b) and the other having this
axis parallel (Figure 42¢,d) to the layers. Both orientations of amide molecules give

approximately the same layer expansion values (with the difference within 1A).
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CONCLUSIONS

Intercalation of both amines and amides into TiOC! and VOCI lattices does not

appear to be a redox process.

A key step for intercalation of amines into TIOCI host material is coordination via

nitrogen lone electron pair to Ti** metal centres.

Intercalation of amines is followed by substitution reaction immediately during

heating either in the presence or absence of the amine solution.

The mechanism proposed for intercalation and substitution reactions is a
combination of three processes: coordination, e-transfer, and chemical

reaction.

A driving foice for the substitution reactions is ammonium hydrochloride salt

formation.

The driving force for intercalation of amides inte TiOC! and VOCI is the formation

of hydrogen bonding between amides protons and Cl ions of the host lattice.

Intercalation of amides takes place much easier into VOCi host lattice than into

TiOCI due to a less strong interaction between host layers.
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