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Abstract

Intercalated [Ni{di(2-aminoethyl)amine}2]-Montmorillonite (I) and [Ni(2,20:60,200-terpyridine)2]-Montmorillonite (II)

composites have been synthesized and their thermal behavior studied by TG, DTG and DTA substantiated by XRD and IR

spectroscopy. Thermal stabilities of the composites I and II were about 50 and 1508C higher, respectively, compared to their

respective free metal complex salts. These results indicate that the metal complex with aromatic backboned ligands had higher

thermal stability than that of the aliphatic one upon intercalation into layered clay. XRD data showed that on heating, the basal

spacing (d001) of the I composite decreased gradually from 14.5 AÊ at 508C to about 13.5 AÊ at 2508C which may correspond

with the transformation to a distorted octahedral metal complex in the interlamellar spacing of the clay. On the other hand, the

II composite showed a basal spacing (d001) of about 19.4 AÊ at 508C, which decreased slightly to 19.0 AÊ at about 3508C
indicating the presence of intercalated octahedral metal complex and thus corroborates the thermal analyses. IR spectra show

characteristic bands of I and II composites up to about 250 and 3508C, respectively, which also support the data of thermal as

well as XRD analyses. Such metal±complex±clay composites may be utilized for developing microporous layered materials

exhibiting comparatively higher thermal stability. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Incorporation of organic or inorganic cationic com-

pounds into layered structures like Montmorillonite

(Mnt) clay can result in microporous materials having

de®nite gallery height depending upon the size and

shape of the cations [1±8]. Organic cations like tetra-

alkylammonium ions are intercalated into smectites

during the preparation of chromatographic materials

for separation of mixtures of gases [9±13]. But the

organo-Mnt clay composites, in general, exhibit lim-

ited thermal stability due to decomposition of the

organic moiety at comparatively low temperature

(<2008C) [14] and hence these composites may not

be useful in systems where a comparatively higher

temperature (>2008C) is involved. On the other hand,

metal complexes containing suitable organic ligands

exhibit comparatively higher thermal stability which
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is further enhanced upon intercalation into Mnt [15±

17]. Therefore, suitable metal complexes may be

superior to cationic organic molecules as intercalating

species in developing microporous Mnt clay compo-

sites with higher thermal stability. The aim of the

present work is to investigate the intercalation of two

bulky three-dimensional cationic metal-complexes,

i.e., [Ni(den)2]Cl2 and [Ni(tpy)2](ClO4)2 (where

den�di(2-aminoethyl) amine and tpy�2,20:60,200-ter-

pyridine) with Na-Mnt and to evaluate the thermal

stability of the intercalated products by thermogravi-

metry (TG), differential thermogravimetry (DTG) and

differential thermal analysis (DTA) supplemented by

X-ray diffraction (XRD) and infrared (IR) spectro-

scopy.

2. Experimental

2.1. Materials and methods

Montmorillonite clay, collected from M/S Neelk-

anth Sodaclays and Pulverisers, Jodhpur, India, con-

tained silica sand, iron oxide etc. as impurities, and

was puri®ed by the sedimentation method [18]. The

<2 mm fraction was collected. The oxide composition

of the clay was SiO2: 49.42; Al2O3: 20.02; Fe2O3:

7.43; TiO2: 1.55; CaO: 0.69; MgO: 2.82; Na2O: 0.09;

LOI: 17.91 and others 0.07%. The clay was converted

to the Na-exchanged form by stirring in 2 M NaCl

solution for about 78 h and then washed and ®nally

dialyzed against distilled water until the conductivity

of the dialyzate approached that of distilled water. Ni-

Mnt was prepared by treating Na-Mnt with 2 M NiCl2
solution by following the same procedure as above.

The cation exchange capacity (CEC) of the clay was

found [19] to be 114 milli equivalent/100 g of clay.

The complex Ni(den)2]Cl2 was prepared by the stan-

dard method reported in [20] and the complex [Ni(t-

py)2](ClO4)2 was a gift [21]. About 25 mg of Na-Mnt

was suspended in about 10 ml of water by ultrasonica-

tion for 10 min and to it 10 ml solution containing

4.6 mg (55.6 mmol per 100 g clay) of [Ni(den)2]Cl2
complex was added. The whole mixture was stirred for

30 min. Similarly, 25 mg of Na-Mnt was intercalated

with a solution of [Ni(tpy)2](ClO4)2 containing 10.5 mg

(56.6 mmol per 100 g clay) of the complex. The

intercalation reaction between the metal complexes

and Na-Mnt may be presented as:

Na-Mnt��Ni�L�2�2�!�Ni�L�2�-Mnt�Na�
�Where L�den; tpy�

(1)

The adsorption of the metal complex by the clay

was monitored by a UV±VIS spectrophotometer

(Shimadzu, UV-160A, Japan). After completion of

the intercalation reaction, the products were puri®ed

by washing 3 to 4 times with about 30 ml of distilled

water and then dried at 50�58C in an air oven.

Elemental (C, H and N) analyses of the dried samples

were also carried out (Perkin±Elmer, Model 2400).

The results indicated that metal complexes were

adsorbed by Mnt clay up to about 57 mmol per

100 g clay. TG, DTG and DTA were carried out with

the Thermal analysers (Shimadzu Model 30-H, Kyota,

Japan and TA-instruments, Model SDT 2960 Simul-

taneous DTA-DTG) at a heating rate at 208C minÿ1 in

an air atmosphere. Oriented samples were prepared on

glass slides by standard techniques [22] and dried at

room temperature, 100, 150, 200, 250, 300, 350 and

4008C for about 1 h for XRD study. XRD patterns

were taken in the range 2y�2±608 at a rate of 68/min

(X-ray Diffractometer Jeol, JDX-11p3A, Japan) using

Cu Ka radiation. FT-IR spectra were obtained from

KBr (Analytical grade and dried at 1108C) pressed

discs of about 12 mm diameter and 1 mm thickness

prepared by applying about 8�103 bar pressure for

10 min on ®nely ground particles containing about

3 mg material and 97 mg KBr in the range 400±

4000 cmÿ1 using a Perkin±Elmer Infrared Spectro-

photometer, Model 580 B.

3. Results and discussion

3.1. DTA, TG and DTG studies

The DTA±TG±DTG curves of Na- and Ni-Mnt are

shown in Fig. 1. Na- and Ni-Mnt each shows the ®rst

and second endothermic peaks in the DTA curve in the

temperature ranges 50±1508C and 480±5208C. These

correspond to dehydration from the interlayer water

and dehydroxylation of the clay, respectively. The TG

and DTG curves show two mass loss stages. In the ®rst

stage up to about 1508C, Na- and Ni-Mnt show mass

loss of about 14 and 17%, respectively, and correspond

to loss of water from the interlayer spacing [23,24]. In

the second stage, Na- and Ni-Mnt exhibit mass loss of
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about 3.8 and 4.5%, respectively, in the temperature

range 480±5208C, and is attributed to loss of OH

lattice water of the clay [23]. The DTA±TG±DTG

curves of [Ni(den)2]-Mnt composite are shown in

Fig. 2. The DTA curve shows ®ve peaks and the

TG curve exhibits three mass loss stages. The ®rst

DTA curve shows a very broad endotherm from 75 to

1408C with a peak at about 1118C. TG curve remains

unchanged up to about 758C and then exhibits a mass

loss of about 6.0% up to 1408C and has been attributed

to loss of interlayer water. At 2738C, the DTA curve

shows the ®rst exothermic peak and the TG curve

exhibits a mass loss of about 5.5% in the temperature

range 210±3308C, which may be due to the oxidation

of the organic hydrogen and partial decomposition of

the metal complex. Thus, conversion of the octahedral

[Ni(den)2]-Mnt [20,25,26] to lower [Ni(den)]-Mnt

species takes place. Similar observation was also

reported earlier [26]. Comparing the decomposition

temperature of the free salt of the metal complex, it

reveals that such metal complex, when intercalated

into layered Mnt clay, gets an extra thermal stability of

about 508C. This enhanced thermal stability of the

metal complex may be due to shielding effect by the

alumino-silicate layers structure of the clay. The DTA

curve shows the second and third exothermic peaks at

354 and 4568C, respectively. The TG curve does not

show any sharp mass loss but exhibits a very small

mass loss in the temperature range 350±4708C and

may be due to oxidation of the residual carbon left

over the clay as charcoal during the oxidation of the

den molecule at lower temperature (around 2738C) as

well as partial oxidative decomposition of [Ni(den)]-

Mnt. The exothermic peak of the DTA curve observed

for the composite prepared by the interaction between

Ni-Mnt and den reported earlier [26] differs from the

above and is perhaps due to difference in packing of

the metal complex in the interlamellar spacing and

rate of heating the composite. The DTA curve shows

the fourth exothermic peak at 5578C, which may be

due to oxidation of carbon remained as charcoal on the

clay and also oxidative decomposition of the metal

complex converting to NiO. The endothermic dehy-

droxylation peak of Mnt (Fig. 1) expected near 5008C
is not observed because it overlaps with the exother-

mic peak. The TG curve exhibits a mass loss of about

6.0% in the temperature range 500±7008C and may be

attributed to the mass loss by oxidation of residual

carbon and dehydroxylation of the layered structure of

Mnt. The major thermal changes that occur with mass

loss of intercalated composite may be presented as:

�Ni�den�2�-Mnt:xH2O

!111�C

Endothermic
�Ni�den�2�-Mnt� xH2O (2)

Fig. 1. TG±DTG±DTA curves of (a) Solid lines Ð Na-Mnt and (b)

Dashed lines Ð Ni-Mnt.

Fig. 2. TG±DTG±DTA curves of [Ni(den)2]-Mnt composite.
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�Ni�den�2�-Mnt

!273�C

Exothermic
�Ni�den�2ÿx�-Mnt� �den�x (3)

�Ni�den�2ÿx�-Mnt

!557�C

Exothermic
�NiO�-Mnt� other products (4)

The DTA, TG and DTG curves of [Ni(tpy)2]-Mnt

composite are shown in Fig. 3. The DTA and TG

curves show 5 and 4 peaks, respectively. The DTA

curve shows an endothermic peak in the temperature

range 50±1408C. The TG curve shows a mass loss of

about 6% in the same temperature range and is

attributed to loss of water from the inter-layer of

the clay matrix. The DTA curve shows the ®rst

exothermic peak at about 3408C and the TG curve

shows a very little loss of mass in this temperature

range indicating some oxidative decomposition of the

organic moiety from the metal complex. At about

4008C, the DTA curve shows the second exothermic

peak. The TG curve shows a mass loss of about 3.5%

in the temperature range 390±4108C, which may be

due to the oxidation of the organic hydrogen and

partial decomposition of the metal complex. The free

salt of the metal complex, i.e., [Ni(tpy)2]X2 (where

X�halide or other anions) [27] are only stable up to

about 2008C and above this converts to [Ni(tpy)]X2 by

losing one tpy molecule. This clearly indicates that the

metal complex gets extra thermal stability by about

150±2008C upon intercalation into interlamellar spa-

cing of the layered Mnt clay. This enhancement of

thermal stability is probably due to combined effects

of p interaction between the aromatic rings of tpy and

the oxygen plane of the alumino-silicate of Mnt [28] as

well as the shielding effects of the layered Mnt clay.

But in case of [Ni(den)2]-Mnt, the enhancement of the

thermal stability is only about 508C since there is no p
interaction between den and the oxygen plane of Mnt.

The DTA curve shows the third exothermic peak at

5058C and therefore, the endothermic dehydroxyla-

tion peak of Mnt at around 5008C (Fig. 1) is perhaps

overlapped with the exothermic peak. The TG curve

shows a mass loss of about 8.5% in the temperature

range 500±5608C which may be attributed to the

conversion of the monoligated metal complex into

metal oxide, i.e., NiO with simultaneous oxidative

decomposition of the tpy molecule and partial dehy-

droxylation of the layered clay structure. The fourth

and ®fth exothermic peaks of the DTA curve occur at

about 575 and 6458C, respectively, and the TG curve

shows very little mass loss in those temperature range,

which may indicate the gradual oxidation of the

carbon deposited during oxidative decomposition of

the organic moiety on the clay as charcoal. The major

thermal changes that occur with mass loss of the

intercalated composite may be presented as:

�Ni�tpy�2�-Mnt:xH2O

!110�C

Endothermic
�Ni�typ�2�-Mnt � xH2O (5)

�Ni�tpy�2�-Mnt

!397�C

Exothermic
�Ni�tpy�2ÿx�-Mnt� �tpy�x (6)

�Ni�tpy�2ÿx�-Mnt

!505�C

Exothermic
�NiO�-Mnt� other products (7)

�NiO�-Mnt !574 and 643�C

Exothermic
Unknown products (8)

3.2. X-ray diffraction studies

The XRD patterns alongwith basal spacing (d001)

data of the intercalated metal-complex-Mnt compo-

sites are shown in Fig. 4. It reveals from Fig. 4a that

Fig. 3. TG±DTG±DTA curves of [Ni(tpy)2]-Mnt composite.
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the cationic [Ni(den)2]2� is intercalated into the Mnt

clay, because the observed basal spacing, i.e., 14.5 AÊ

of the intercalated composite is slightly more than the

summation of the thickness (9.6 AÊ ) of the clay layer

and the diameter (about 4.5 AÊ ) of the metal-complex

cation [25]. The basal spacing (d001) value gradually

decreases as the temperature of drying increases (Fig.

4b±h). The decrease of the basal spacing (d001) from

14.5 to 14.1 AÊ during heating at 1508C (Fig. 4c) is

attributed to loss of water molecules from the inter-

layer spacing. At about 2508C (Fig. 4e), the basal

spacing (d001) is decreased to 13.5 AÊ which is not

adequate to accommodate the octahedral structure of

the metal complex in the interlayer spacing and thus

may indicate the presence of a slightly distorted

octahedral structure. In the temperature range of

300±3508C (Fig. 4f and g), the interlayer spacing

was further reduced to about 3.5 AÊ revealing trans-

formation of the octahedral metal complex into other

lower species, possibly to pseudo-octahedral

[Ni(den)]2� species [20]. And at about 4008C (Fig.

4h), the interlayer spacing is almost collapsed and

shows a basal spacing (d001) of about 10 AÊ exhibiting

multiple XRD peaks which may indicate mixture of

different products containing intercalated NiO.

The product obtained from the interaction of bulky

octahedral cationic species [Ni(tpy)2]2� and Mnt

shows basal spacing (d001) (Fig. 4i) of about 19.4 AÊ

at 508C indicating that the cationic species is inter-

calated into the clay platelets because the summation

of the layer thickness (9.6 AÊ ) and dimension (about

9.5 AÊ ) of the metal complex matches well with the

observed basal spacing (d001) value, i.e., 19.4 AÊ . On

drying the composite with raising temperature, the

basal spacing (d001) decreases slightly to 19.3 AÊ up to

1508C, which is attributed to loss of water from the

interlayer structure. On further raising the temperature

up to 3508C, the basal spacing (d001) of the composite

gradually reduces to 19.0 AÊ (Fig. 4o), which may still

indicate the presence of the octahedral structure of the

[Ni(tpy)2]2� species in the interlamellar spacing of the

layered Mnt clay matching its shape with the hexa-

gonal hollows of the clay surface [29]. But, at about

4008C (Fig. 4p) the basal spacing (d001) value

decreases to about 12 AÊ and exhibiting multiple

XRD peaks indicating that the metal complex is

decomposed oxidatively to Ni2�/NiO and/or con-

verted into other lower monoligated [27] species like

[Ni(tpy)]2� within the interlayer space. It is known

that the salt of [Ni(tpy)2]2� is stable up to 2008C in

free state and above it, the metal complex converts to

monoterpyridine Ni(tpy)]2� species [27]. Therefore,

XRD data reveal that the enhancement of the thermal

stability of about 150±2008C is probably due to p
interaction [28] between the oxygen plane of Mnt and

the aromatic rings of tpy as well as thermal shielding

by the clay platelets.

3.3. Infrared spectroscopic studies

FT-IR spectra of Na-Mnt and intercalated compo-

sites are shown in Fig. 5. Four major bands are

observed at about 3626, 1635, 1040 and 917 cmÿ1

(Fig. 5a) which are due to n(OH), d(OH), n(SiO) and

Al-OH-Al deformation bands, respectively, of the

alumino-silicate layers of Mnt. The other OH defor-

mations occur near 800 cmÿ1 as very weak bands. The

n(CH2) bands at 2920 and 2872 cmÿ1 of the metal

complex in [Ni(den)2]-Mnt are observed (Fig. 5b) as

weak bands. The d(CH2), o(CH2) and o(NH2) bands

at 1447, 1380 and 1336 cmÿ1, respectively, of the

Fig. 4. X-ray diffraction patterns and basal spacing (d001) of

oriented samples of intercalated [Ni(den)2]-Mnt (a±h) and

[Ni(tpy)2]-Mnt (i±p) composites heated at different temperature

(50±4008C) for 1 h in air atmosphere.
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metal-complex are observed in the intercalated com-

posites (Fig. 5b). The multiple bands in the region

600±800 cmÿ1 due to r(NH2), skeletal vibration etc.

of the free metal complex are not clearly observed, but

only two weak bands at 783 and 694 cmÿ1 are found

which are dif®cult to identify. FT-IR spectra (600±

1500 cmÿ1) of the intercalated [Ni(den)2]-Mnt com-

posite heated at different temperatures are shown in

Fig. 6a±e. Up to about 2508C, the intensity of the

characteristic bands of the metal complex remain

almost unchanged. The formation of H-bond between

N±H group of the ligand moiety of the metal complex

and oxygen-plane of Mnt is likely and may be one of

the reasons for the enhancement of thermal stability of

the composite. The intensities of the characteristic

bands(Fig. 6d) of the metal complex at about 3508C
are considerably reduced indicating oxidative decom-

position of the metal complex into other lower species.

Similarly, the n(CH2) bands at 2920 and 2872 cmÿ1

(Fig. 5b) of the composite are stable up to 2508C, but

at about 3508C, the intensity of the bands are reduced

to minimum. At about 4008C, the characteristic bands

of the metal complex are almost vanished and thus indi-

cating complete decomposition of the metal complex.

The ring stretching (C±H in-plane ring stretching

vibration) occurring below 1500 cmÿ1 are observed in

the [Ni(tpy)2]-Mnt composite (Fig. 5c) as distinct

bands. The C±H out-of-plane deformation vibrations

of the heterocyclic tpy rings in the region 650±

800 cmÿ1 are also observed as distinct bands in the

intercalated composite (Fig. 5c). As the intercalated

composite is heated, the band near 1635 cmÿ1 at room

temperature due to d(OH) gradually shifts to lower

wave number up to 1604 cmÿ1 at about 4008C. This

shift may be an indication that some p interaction

between the aromatic tpy and oxygen plane of Mnt

occurs. The FT-IR (600±1500 cmÿ1) spectra of

[Ni(tpy)2]-Mnt composite heated at different tempera-

tures are shown in Fig. 6. The peak positions and

intensities of the characteristic bands of the metal

complex in the intercalated composite remain

unchanged up to about 3508C (Fig. 6i) indicating

stable state of the metal complex in the interlamellar

spacing. At about 4008C, the intensities of the char-

acteristic bands of the metal complex in the interca-

lated composite are considerably reduced indicating

oxidative decomposition and transformation of the

octahedral metal complex into other forms.

4. Conclusions

Thermal stability of the intercalated [Ni{Di(2-ami-

noethyl)amine}2]-Montmorillonite (I) and [Ni(2,20:

Fig. 5. FT-IR spectra (600±4000 cmÿ1) of Na-Mnt, [Ni(den)2]-Mnt

and [Ni(tpy)2]-Mnt.

Fig. 6. FT-IR spectra (600±1500 cmÿ1) of the intercalated

[Ni(den)2]-Mnt (a±e) and [Ni(tpy)2]-Mnt (f±j) composites heated

at different temperature (50±4008C) for 1 h in air atmosphere.
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60,200terpyridine)2]-Montmorillonite (II) composites,

studied by thermal(TG, DTA, DTG) analyses substan-

tiated by XRD and IR spectroscopy, are about 50 and

1508C higher compared to melting/decomposition of

their respective free metal complex salts. Metal com-

plex with aromatic backboned ligands gets higher

thermal stability than that containing aliphatic one

upon intercalation into Mnt and this may be due to p
interactions between the oxygen-plane of Mnt and the

aromatic rings of tpy while there is no p interaction

between the oxygen-plane of Mnt and den. XRD data

show that the basal spacing (d001) of the I composite,

i.e., 14.5 AÊ at 508C show a gradual decrease on

increasing the temperature and reached a value of

about 13.5 AÊ at 2508C. This corresponds to a distorted

octahedral intercalated complex in the interlamellar

spacing. On the other hand, the II composite shows a

basal spacing (d001) of 19.4 AÊ at 508C and decreases

slightly to 19.0 AÊ at about 3508C indicating presence

of octahedral metal complex in the interlamellar spa-

cing and thus the XRD data corroborate the observa-

tion made by the thermal analyses. The characteristic

bands of IR spectra of the composites I and II in the

temperature range 50±4008C also show that these are

stable up to about 250 and 3508C, respectively, and

thus corroborate the data of thermal as well as XRD

analyses. Such metal-complex-clay composites may

be utilized for developing microporous layered mate-

rials exhibiting comparatively higher thermal stability.
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