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3.1 Introduction

Catalyst characterization is an integral part of catalytic research
and development programme. Most practical catalysts are highly complex
materials, and a basic problem is how to correlate catalyst behaviour with

their physical and chemical characteristics/properties.

The characterization of a catalyst provides information on three distinct
but related sorts. These are : Chemical composition and Qhemlcai structure,

texture and mechanical properties and catalytic activity.

Cnhemical composition and Chemical structure refer to the elemental
composition, proportions of individual phases present, surface composition
nature and properties of surface functional groups. The structure of a catalyst
refers to 1its geometric structure and morphology. The characterization
of a catalyst in terms of its activity 1s a quantitative measure of the ability
of the catalyst to carry out a particular chemical transformation under

specified condition.

The complete characterization of supported catalysts 1s extremely
difficult due to the mhomogeneous nature of the catalysts themselves.
Accordingly a wide range of analytical and spectroscopic techniques have

been applied to the problem.

A typical characterization of a supported metal complex would involve
the study of physico-chemical nature of the support, followed by a careful

record of the conditions under which the supported catalyst had been prepared.
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Micro analysis for many of the elements present and application of spectro-
scopic techniques to study the response of the supported catalysts to probe
molecules such as CO, H2 and NO, d.ll\ the approaches put together help

to arrive at the possible structure of the metal complex on the polymer.

Present chapter deals with the physico-chemical characterization of
poylmer bound and unbound complexes such as, chemical composition, moisture
content, apparent bulk density, surface area, swelling and crushing strength.
Spectroscopic studies have been utilized to investigate the coordination
structure of polymer-metal complexes, oxidation state of central metal
atom and crystallinity of the supported complexes using techniques such
as UV\—VIS, IR, EPR, X-Ray, SEM and ESCA. Thermal stability of the support
and supported complex has been studied using the DTA and TG analysis.
Based on the spectroscopic and physico-chemical characteristics the schemes
have been proposed for the probable structure of the metal complexes on

polymer matrices.
3.2 Apparent bulk density, moisture content and crushing strength

Apparent bulk density (Abd), per cent moisture and crushing strength

of all polymer bound catalysts are given in Table-3.1.

Moisture content of the catalysts decreases with an increase in per
cent crosslinking of polymer supports. Since, the polymer (i.e. polystyrene-
DVB) support 1s hydrophobic in nature (1), the hyélrophxhc nature of the
supported catalysts may be due to hydrogen bonding between water and
amino groups of the ligands and coordination of water molecules with metal

atom.
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Table-3.1

Moisture content, Bulk density and Crushing strength of polymer bound catalysts.

Catalyst Moisture Bulk density Crushing
content strength
(wt%) (gm/mb (kg)
3PRu(IIDT MDA 2.51 0.41 0.15
1O0PRu(IIDT MDA 1.68 0.48 0.20
30PRU(IINTMDA 0.97 0.62 0.32
2.5ZKRu(IIDTMDA 2.67 0.59 0.10

20ZKRU(IDTM DA 1.09 0.75 0.24
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Apparent bulk density was observed to be increased with an increase
in the crosslinking of polymer. It is an important practical parameter because,
it 1s indicative of the mass of catalyst packed into a reactor of specified
volume. If the polymer supported catalyst 1s employed in a liqud phase
slurry reactor, the Abd wmay not play any significant role, as the volume
occupied by swollen polymer is more than the dry polymer and the swelling
capacity differs with the solvents. In addition, it has a poor mechanical
strength i1n the swollen state. However, it may be an useful parameter

if the catalyst 1s introduced in the vapour phase reactor.

Crushing strength increases with an increase in per cent crosshlinking.
This i1s obvious and can be explained on the basis that increase in crosslinking

the rigidity also increases.

3.3 Chemical composition

Elemental analysis of carbon, hydrogen, mitrogen, chloride and ruthenium
for polymer bound ruthenium complexes of trimethylenediamine at various
stages of reaction is given in Tables 3.2 - 3.3, The number of ligand molecu-
les attached with ti’me polymer were calculated by the difference of the
two chloride 1ons (estimated gravimetrically) before and after introduction
of the ligand. The calculated and experimental values were found to be
in close agreement. Low loading of the metal and hence the chelation on
the polymer matrix was achieved by carrymmg out the complexation reaction

under mild conditions in presence of a good swelling agent.

In all the polymer anchored ruthenium complexes the ligand to metal
ratio is high. This may be due to non accessibility of internal ligand molecu-

les for the complex fomation (2).
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In general, polymer complex formation represents a complicated process.

The polymer matrix swells after absorbing the solvents which changes

the polymer structure. The swollen polymer then interacts with the metal
.ions and the complex formation takes place. It may be taken into account
that each functional group (ligand) comes in contact with metal ions and
coordinates with this to form "inner coordination complex". Then the special
arrangement of the complexing groups over the polymer ligand chain takes
various orientations with respect to the maw. chamn. As a result, the tota{
polymer complex as a whole 1s formed. The polymer complex formation

also represents a relaxation process, which' 1s related to the probability

of transition of the system from one state of equilibrium to another.
3.4 Surface area measurement

Non-specific physical adsorption method (3,4) was used for the measure-
ment of total surface area. Adsorption-desorption isotherms of nitrogen
were recorded on a Carlo Erba Sorptomatic Series-1900 at -196°C (liquid
nitrogen temperature) after degassing the sample at 75°C for 4 hours. From
the adsorption-desorption isotherms, specific surface area and pore volume

were calculated using BET equation,

The surface area and pore volume of the supports are given in Table-3.4.
Surface area of all the supports were reduced to~ 1| ng"I after anchoring
of the complexes. This could be due to blocking of pores of the support
by the successive introduct:én of chloromethy! group, lhigand and formation

of metal complex.
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Table-3.%

The surface area and pore volume of supports

Support Surface area Pore volume
(Mg h 10%x(mig"YNTP

3P 7.78 1.64

10P 22.10 2.69

30P 55.14 3.11

2.5ZK 43.79 2.52

20ZK 65.44 4.74




46
3.5 Swelling studies
‘

In order to achieve the higher activity and selectivity with polymer
bound catalysts, it 1s necessary that the reactant molecules have accessiblity
" to all catalytic sites both on the surface and the interior of the beads.
This requires the use of a solvent in which the polymer has a maximum
swelling so that the matrix expands sufficiently to allow the reactant molecu-

les to diffuse within the sojvent channel and encounter the catalytic centers.

Extent of swelling depends on the polymer-solvent interaction which
is determined not only by the nature of the solvent and the polymer matrix

but also by the active groups attached to the polymer matrix.

In the present investigation an attempt has been made to ensure that
the metal complexes are anchored uniformly during the synthesis and all
catalytic centers are accessible during the reaction by studying the swelling
of the support as well as the catalysts using ten different solvents of various
nature (i.e. aliphatic, aromatic, polar and non-polar). The results are given

in Tables 3.5-3.6 and shown in Figure-3.1.

It 15 found that the affinity of the polymer matrix for different solvents
changes when functional groups and metal atoms are incorporated into 1f.
Thus aliphatic non-polar n-heptane was found to be poor swelling agent,
whereas dimethyl formamide, benzene, tetrahydrofuran, acetone and dioxane .
were noted to be good swelling agents. However, maximum swelling observed
in water was probably due to the hydrogen bonding of water molecules
with amino groups. In order to compare the catalytic activity of all the

catalysts methano! (common solvent) was chosen as the medwum.
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Table-3.5

Swelling studies of Poly(Sty-DVB) bound ruthenium catalyst in different

solvents.

Swelling in mole %
Solvent IPRU(IDTMDA 10PRU(I)TMDA  30PRu(II) TMDA
Water 0.939 0.917 0.457
Methanol 0.639 0.619 0.198
Ethanol 0.289 0.272 0.099
Dioxane 0.162 0.139 0.081
N,N'dimethyl- 0.152 0.125 0.080
formamide
Agetone 0.113 0.101 0.077
Tetrahydrofuran 0.111 0.090 0.076
Benzene 0.102 0.082 0.075
Cyclohexane 0.063 0.049 0.045

n-heptane 0.051 0.034 0.021
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Figure-3.1 Swelling studies of poly(Sty-DVB) supported ruthenium catalysts
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Table-3.6

Swelling studies of Zeo-Karb bound ruthenijum catalyst in different solvents.

Swelling (mole %)

Solvent 2.5ZKRu(IID TMDA 20ZKRu(lID TMDA
Water 4.43 1.09
Methano! 0.45 0.11
Ethanol 0.38 0.10
Acetone 0.27 0.09
N,N'dimethyl- 025 0.08
formamide

Dioxane 0.24 0.07
Tetrahydrofuran 0.23 0.06
Benzene 0.21 0.05
Cyclohexane 0.14 0,04
n-heptane 0.09 0.03
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3.6 Spectral characterization
3.6.1 UV-Visible spectroscopy (5-38)

The transitions involved in the UV-visible region (5000-50,000 cm_l)
are electronic. Thus d-d transitions are observable when degenerate d-orbitals
are sphit by placing a transition metal on 1n a crystal field. The splitting
of the energy levels is affected by the number of d-electrons, the effective
charge on the ion, the distribution and charge of the surrounding anions.
Thus, information concerning the oxidation state and environmental symmetry
of transition metal ions in catalysts are available. These transitions usually
occur in the visible part of the spectrum. Charge transfer transitions involve
more than one atom and mnclude transitions from inetal to ligand or vice
versa, or between two newghbouring metal atoms of different oxidation
state. Usually such ftrasitions occur in the UV region and do not mask the
d-d transitions in the visible region. The technique employed in UV-visible
spectroscopy for powdered samples involves the measurement of diffusely
reflected Light(6). However, a major difficulty exists n relating the measured
diffused reflected light to the sample absorption in the presence of substan-

tial scattering by sample.

Figures 3.2 and 3.3 show the UV-visible diffuse reflectance spectra

recorded for polymer bound ruthenum catalysts, using BaSOQ as standard.

In the case of polymer bound ruthenwm complexes the broad absorption
band including three peaks between 210 and 340 nm was assigned to d-d

transitions of Ru(lll), which was further confirmed by ESCA measurement.
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Figure-3.4 shows the UV-visible spectrum of unbound [RuTMDAClZ]Cl

in methanol! (13).
3.6.2 Infrared spectroscopy

Infrared spectroscopy has been widely used for the characterization
of organometallic compounds. It provides a reliable information about the
organic compounds in the IR (i.e. 600-4000 cm™)) and that of metal-ligand
vibrations 1in Far-IR {50-600 Cm-l) region. The formation of metal complex,
the bond formed between the metal and coordinating atom of the ligand
molecule can be understood by the nature and the position of the absorption

bands.

Absorption spectra of polymer bound ligands or metal 1ons are changed
some times drastically by complex formation. Since in a polymer bound
metal complex, a huge macromolecular chain is adjacent to the coordinating
groups, not only the kind of coordinating groups but also the environment
around the metal complex are strongly wnfluenced by the polymer chain.
. The IR absorption characteristics of a polymer bound metal complex in
a solution as well as in a solid-state are dependent on such a micro-environ-

ment given by the polymer chain.

Since the absorption spectra of polymer bound complexes are highly
complicated, interpretation of just a polymer bound catalyst will always
be misleading. However, a detailed and comparatuive study of the absorption
spectra of polymer support, functionalized support, after metal attachment

and that of unbound complex will provide a fairly conclusive mformation.
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In the present investigation a detailed infrared study l{ag beenmtadq, -
Loow e 3?3 X

to understand the mode of attachment of the ligands and the{ type of co ;jr— ?g
. ,,a [

~"% < -"‘~.“- " ot

nation with the metal ons by comparing them separately katll{t 'Ehe f'R spectra“‘ ;1 ’ /
of crosslinked polystyrene, chloromethylated polymer, lxgéndedw,gojym%rg C /j/<

,—-"/-"
and also corresponding unbound complex in the IR as well as In Far IR regxﬁ/
are shown in Figures 3.5 to 3.12 respectively. From the Figure-3.5b) an

IR-band was found at 1235 cm™)

for —CHZCI group. The IR absorption fre-
quency of a ligand is usually shifted by complex formation with metal atom
(9-10). A summary of the IR frequency assignment for polymer bound and

unbound complexes (11-14) are given in Table-3.7.

An nteresting observation about the mode of coordination of TMDA
may be inferred from the IR spectral data. For these bidentate metal comple-
xes, it 1s possible to identify the coordinated amino stretching frequencies.
In the bidentate complex, containing TMDA, the free ammo stretching fre-
quency 1n the region 3500-3400 cm"l could not be detected. This indicates
that the amimno group of TMDA is mnvolved in the complex formation. Similar
pattern of IR absorption is observed in the present study in the case of

all polymer bound ruthenium catalysts for the amino groups (Figure-3.7-3.11).

However, 1t is clear from the micro analysis and metal loadmg)that,....
all the attached ligand molecules are not involved in the complex formation.
Even the;\, the formation. of metal chelates could be concluded from the
decrease in the intensities of amino absorption bands in the region 3400-
3500 cm'i also from the appearance of new bands (due to chelation) Figures
(3.7-3.11). Spectra of polymer bound catalysts were consistent with the

IR spectrum of well characterized isolated similar unbound complex (Figure

-3.12).
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3.6.3 X-Ray diffraction

Since polymer-bound metal complexes are very often amorphous,
few reports %ﬁoncermqg x-ray analysis. The chelate complex
of polylo-1sophthaloyl-isophthalamide oxime) with Cu(ll) was studied by
x-ray diffraction (15). Similar structure of polymer ligand as well as the
chelated polymer has been suggested, and the interplanar distances of
the polymer chamn increased somewhat upon the reaction with Cu(ll) ions.
It i1s sometimes difficuit to study the coordination structure of polymer-
metal complex because of noncrystallinity. However, the extended x-ray
absorption fine structure (EXAFS) has been used recently to determine

the nter atomic distances and coordination of polymer-bound catalyst

(16).

In the present investigation, the diffractograms of polymer-bound
complexes (Figure 3.13, 3.14) indicate that poly(Sty-DVB) bound ruthenium
complexes are more crystalline than Zeo-Karb bound ruthenium complexes.
The percent crystallinity increases with increase in degree of crosshinking
of polymer support. This i1s probably due to, more number of metal complex
present on the surface than in the bulk in case of high crosslinked polymer
support. In the case of the low crosslinked polymer the distribution of
metal complex may be more in the bulk of the polymer matrix which

are seen only in the swollen state.
3.6.4 Electron spectroscopy for chemical analysis (ESCA)

During the last two decades) electron spectroscopy has found several

applications 1n chemistry. The pioneering work of Siegbhan and his co-
€
workers n high resolution electron spectroscopy resulted mn a technique



ol -

4

= ALISN3INI

VAW .LInador (4
doT (¢ YAW.LNIJE (2 de (1 Jo endads Aerx

€1°¢-2andry




T ALISNIINI

YAWLNENZ6'Z (¢ YA LMIdoE (9 VAWLNANZ0Z (S

@N.lll:l.l!.i'\

£l Ll 34 8¢ 67

j0 EnDads Aes-x

m
b= TR A

H1*¢-2JnEid

LE

L7

5%

=

T | I

T

1




which they nam

In ESCA, a spec

electrons are dis

field. Due to the

kinetic energies ¢

accurate data o

Sh
ed electron spectroscopy for chemical analysis (ESCA).
tmen 15 wrradiated by soft x-ray and the resulting photo-
persed through either a magnetic field or an electrostatic
high resolution available with the electron spectrometers,

~an be very accurately obtamed which in turn will provide

n binding energies of the core electrons. Since binding

energy of the core electron 1s a finger print of the atom, ESCA provides

rapid elemental analysis. One can also get information regarding the chemi-

cal state of an

observed in the p

responsible for it

ESCA stug
showed peaks du
(1s) for ruthen:
+3 oxidation sta
to the differen:

complex (18). T

C (1s) peak with

element from ESCA, due to the so-called ‘chemical shift'
hotoelectron spectrum. This aspect of ESCA 1s particularly

5 extensive use In catalysis (17).

y of polymer bound ruthenium catalyst (Figure-3.15 (a,b))
le to Ru(3d 3/2), Ru(3p 3/2), N (ls), Cl 2p 3/2) and C
um-T MDA, indicating that the ruthenmwum s present in
te. The broadening and shift of ESCA lmnes may be due
¢ chemical environment of the polymer bound ruthenium
he intensity reversal 1s due to the sup?erposxtlon (19) of

the Ru(3d 3/2).

3.65 Electron paramagnetic resonance (EPR)

The elect
powerful spectrc
problem, especis
tic species. Fo
probe, either In

this probe shou

condxtions, the

r conducting EPR

ron paramagnetic resonance has been found to be a very

iscopic tool for investigating a variety of physico-chemical

lly when system under investigation contained a paramagne-

investigations, a suitable paramagnetic

trinsic or extrinsic, should form a part of the system and

ld not preferably perturb the environment. Under these

EPR spectrum of the probe gives information about the
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nature of chemical bonding, electron-nuclear hyperfine mnteractions, site
symmetries and temperature or pressure induced changes therein, reaction
intermediates etc. Therefore, this technique finds wide apphcability n
the study of paramagnetic defects that exist on sohid surfaces such as
adsorbed molecules or redical ions, metal 1ons of d or f-block elements
and mntrinsic surface defects. The identification of the surface species
has to be preceded by mnformation on the well characterized EPR spectrum
of the species of interest in bulk (16).

EPR has been extensively applied in the mvestigation of physico-
chemical properties of 3d and 4d electron system. Among these, d1 (T13+,

V‘H, M05+), dB (”V2+, Cr3+), dj (Mn2+, F83+, C:‘+), d7 (C02+, Pd3+, Rh2+

2+, Pd") electron systems have been most

mn low spin form) and ¢’ (Cu

exhaustively studied and these studies have wide range of applications
el

includsg in surface science and catalysis as the ions with these configura-

tion give EPR spectrum over a wide range of temperatures (20).

EPR s essentially due to fransitions between two energy levels
of an unpaired electron, corresponding to two spin states in the presence
of an external magnetic field. For a free electron}wmch 1S not interacting
with surroundings, the transition energy is given by

Vvh = AE = 8o H B
where h s the Plancks constant, V 1s the microwave frequency, B 1s the
Bohr magneton, H is the strength of the external magnetic field and 8e
is the free electron g-x:alue equal to 2.0023. In the complexes B, varies
from the free electron according to the electronic environment m the

molecule.
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EPR spectrum of homogeneous catalyst, [Ru(IH)TMDAClZ]CI 1s shown
in Figure-3.16. The g; and g, values were found to be 1.9% and 2.424,
and By 1S 2.28. This is 1n accordance with a low spin 4> centre In square
planer environment, 1.e. ruthenium 1s present in low-spin +3 oxidation state.
Since the spectrum does not resemble a triplet state spectrum the possibility
of Ru being in +4 oxidation state can be ruled out (low-spin Ru(lV) will have
two unpaired electrons). The possibility of Ru(ll) may also be eliminated
because 1t 1s diamagnetic and hence EPR inactive. Similar results have been
reported by other workers for Ru(lll) carbonyl complexes (21-23). Taqu: Khan
et al. have studied the EPR spectrum of Ru(lll) carbonylchelates of schiff
bases and average g value was obtamed to be 2.l confirming the presence

of ruthentum in +3 oxidation state (24).

Higher value of g, than the g,, indicates that the lgand field in
xy plane 1s stronger. In the present case this is possible only 1f the complex

has following structure.

— -
H,N Cl
(CH2)23 \Ru / cl ‘
\HZN/ \c1
L |
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3.7 Morphology of polymer supports and polymer bound catalyst

Many practical catalysts have a complex geometric structure and
their catalysing surface consist of a complex chemical mixture of different
phases. The active component is frequently in the form of very small crystals
d;spersed on the large surface area of a spongy supporting comf)onent of
the catalysts. The behaviour of the catalyst depends upon the structure and
composition of the active component as well as the morphology of i1ts support-
ing medium. It can be determined on the basis of its structure at a range
of magnification (from a few hundred to a few millions @# times) which
gives the mnformation about the nature and the distribution. of the active
components, the nature of the porosity etc. The magnification in the simple
electron microscopy s himited, an extension of magnification by several

order of magnitude is obtammed with scanning electron microscope (SEM).

This can be made in order to study the morphology of the catalysts (25).

Scanning electron micrographs of supports and catalysts are presented

in plates 3.1-3.3 respectively.

Comparison of micrographs of supports (plates 3.1, 3.2) shows that,
mostly polymer beads are spherical, porous and the texture changes with

the change 1n the digree of crosslinking of polymer.

Striking changes are noticed n porous texture of the polymer supports
after loading the metal complexes. A change in the shape of polymer beads
has been found after anchoring the metal complexes. These changes are

also revealed in the surface area measurements.
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3.8 Thermal stability

The change in weight and thermal property of a catalyst with changing
experimental conditions can be used for a variety of studies. In the case
of polymer bound metal complex catalysts/,,weight loss or heat change may
reveal the stability and phase change as a function of environment.

The thermal stability of many ruthenwum and rhodium complex catalysts
(26-29) was found to be enhanced when supported on the solid material (i.e.
inorganic oxides or polymers). Since the thermal properties, along with the
other properties of polymer support varies with the crosshinking of the polymer,

the microenvironment around metal ion changes coordination sphere of
the metal 1on, induced by complex formation on the polymer matrix, which
further leads to special stability of metal complex. Thus comparative study
of the thermal behaviour of polymer support, unbound metal! complex and
polymer bound metal complex will be useful to limit the catalytic reaction

temperature.

3.8.1 Thermal stability of the support

Figure-3.17 shows the TGA of poly(Sty-DVB) support used for the
synthesis of the catalyst. It is clear from the figure that polymer supports
prepared are hydrophobic, thermally stable upto 150°C and polymer degrada-
tion starts above 200°C. Therefore the supports can be used very safely
upto 100°C

In order to investigate the thermal stability of the support, a separate

experiment was carried out. The supports were isothermally heated at 175°C
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Figure-3.17 Thermogravimetric curves of polymer
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for a period of 5 hours (Figure - 3.18). It was noticed that in the case of
3% crosslinking, degradation occurs to a lesser extent (1.e. 6 wt%) and in
‘the case of 10% crosslinking, degradation ovccurs upto 8% weight loss within
5 hours, after which the polymer is stable. This loss may be due to degrada-
tion of polymer upto some extent, or due to the evaporation of organic matter
entrapped inside the fine pores. Whereas in the case of 30% crosshnking,

only 1% degradation occurs.

Similar observation was found from the morphology of support after
heating 1sothermally at 175°C for 5 hours (plate 3.4). Hence it was ensured
that the polymer-anchored catalysts can be used in catalytic studies below

150°C,
3.8.2 Thermal stability of catalysts

Figure-3.19 shows the DTA and TG curves for unbound ruthenium comp-
lex. It may be noted that metal complex is stable upt&fv 200°C. Above
this temperature metal complex changes it phase. That +t reflected from

endothermic DTA peaks. Initial weight loss 1s due to moisture.

TGA curves for poly(Sty-DVB) bound ruthenium complexes are shown
in Figure 3.20. It is observed that thermal stability of polymer-supported

catalyst is comparable with that of the support used.

Figure-3.21 shows the TGA of the Zeo-Karb resin and Zeo-Karb suppor-
ted ruthenium complex. It is clear from the figure that polymer after support-

mng ruthenium complex undergoes some change.
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Fimally it can be concluded that all the polymer anchored catalysts
in the present mvestigation may be employed practically safely below 100°C.
The mitial weight loss upto 100°C in all the cases i1s due to loss of moisture
present in the catalysts as indicated in Table-3.1.
From all the above physicochemical characterization and spectroscopic
evidence, the following .possible structures for the polymer-bound catalyst

have been proposed (Schemes 3.1, 3.2).
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