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Nano-structured catalysts immobilized onto polymer matrices

INTRODUCTION

Among high-end technol ogicd achievements, nano-
science and nano-technol ogy became an emblem and
symbol of thetransition to the X X1 century. Thisisso
sincethesmall group of atomswith thesameor differ-
ent chemica naturegenerates propertiesessentidly dif-
ferent from those of periodic solid state, duetoitsfun-
damentaly new molecular arrangement or different de-
gree of self-arrangement, specific structure, peculiar
nature of the chemical bonds, manifestationsof speci-
ficity intheinteractions between theatomsor groups of
atoms. Nano-sciencewith itsscientific basisand nano-
technol ogy with thetechnical and technological back-
ground made“‘revolutionary” debut and are applied in
electronics, microd ectronicsand communication, avia-
tion and astronauiti cs, power production and metalurgy,
chemica industry and, inthisrespect, cataysst. A new
scientificfiedld wasdevel oped-nano-catal ys sand nano-
cataysts. Mgor part of thelatter arethe deposited cata
lystswhere the active component-an extremely small
group of atoms, clusters, nano-structured particles, are
attached, included, cross-linked or, generally, bonded
to different extent to the substrate-carrier. Thetype of
bonding stipul ated by theinteraction of thegroup with
the carrier causesvarious physi co-chemical phenom-
ena-modification, consolidation, structura changes(on
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electron, crystal, magnetic or morphologicleve ).
Recently, specificinterest from applied scientific
point of view aroused the so called polymer carriers
with grafted and/or immobilized nano-structured groups.
They areregarded as nano-catalysts.
Thesurfacemodification of polymeric materiasby
radiation and plasmagrafting revea ed new perspec-
tivesfor the preparation of polymer carrierswith suit-
ablefunctional groupsby surfaceintroductioninnano-
structures (ultradispersed groups, clusters). Theactive
groupsinthegrafted layer of thepolymer are prerequi-
sitefor the co-ordination bonding of metal ionsof dif-
ferent degreesof oxidation Thus, immobilized catdysts
areobtained and some substantial disadvantagesif ho-
mogeneous and heterogeneouscataysislikethe neces-
sity to isolate and regenerate the catalyst at thefinal
stages of the process, gradual washingthe catayst of f
thesurfaceand low catalytic activity areavoided.
Surface modification of polymer materialsby ra-
diation grafting holds out new perspectivesfor prepar-
ing polymer carrierswith suitablefunctiona groupson
their surface. Theactivegroupsinthegrafted layer are
prerequisitesfor the co-ordination bonding of meta ions
to adifferent degree of oxidation. Thismethod makeit
possibleto prepareimmobilized cataysts so that some
essentid disadvantages of homogeneouscataysiscoud
be avoided such asthe necessity of isolating and regen-
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erating the catalyst at thefinal stagesof the process.

Two main tasks form the basis of the concept of
immobilized catalyst systems

« Thefirsttask isto prepare heterogenized catal ysts
with high concentration of active centers(for in-
stance, metd-oxidegroups, clustersand even nanc-
particles). These centersshould havewel| defined
co-ordination sphere, i.e. different degreeof bonding
to polymer surfaceand potentid to exert modifying
and consolidating effects.

» Thesecond task isrelated to the preparation of
stable cata ystswith good reproducibility, cataytic
activity and selectivity, possibility for regeneration,
utilization and easily removablefrom thereaction
mixture.

Thus, in practica aspect, theimmobilized catalysts
should combinethe advantages of thetwo main types
of catalysts. These requirements, which the catalysts
should conform to, would facilitate the solving of a
fundamentd problem-trangtion fromempiricto scien-
tifically based sd ection of immobilized catalyst and pre-
diction of itscata ytic propertiesunder certain reaction
conditions.

Review of theliteratureon theproblem

Thestudiesonradiaioninitiated grafting areinter-
esting for the polymer chemistry dueto the numerous
possibilitiesit providesfor solving varioussaentific prob-
lemsandfor theindustria implementation of the mate-
riad sobtained.

Recently, polymer gtafting onto hydrophobicfilms
has been achieved by plasma-induced polymerization.
Thetreatment with ‘cold’ (low temperature) plasma is
used to activate the surfacefor the consequent grafting
of selected monomers?9. The method allows obtain-
ing material combining the propertiesof the polymer
carrier and the monomer hosting thefunctiona group.
Furthermore, the method ensurestailoring of proper-
tiesand contents of the grafted polymerg®12,

A lot of publicationsreport for plasmagrafting of
monomerson polymer filmsto obtain materia swith
modified surfaces and versatile gpplication: ionomers
for adsorption of meta ionsfrom solutiong®3, materids
with biocontact propertiesand improved interactionwith
livecdls?, carriersforimmobilization of biomolecules

and other biomedical applications™.

Acrylicacid (AA) isarapidly polymerizing mono-
mer under radiation initiation and the polymers based
onpolyacrylicacid (PAA) arewel | knownfor their abil-
ity to from stale complexeswith metd ionsof different
vaence Thesematerid sarequitewiddy used-as sepa
ratorsin batteries, membranesfor water desalination,
catalytic systems, biomaterial sand materialswith po-
tentid biologic activity, etc™.

Recently, the polymer-metal complexesattracted
much attention dueto their valuabled ectric, mechani-
cal and thermal propertiesand are usd on industrial
scalee,

Hegazy et a.* have studied the preparation of
meta complexesof polymerson thebasisof radiation
grafted AA onto terafluoroethene-ethene copolymers.
Copolymerswith degreesof graftingfrom 8.4t080.5%
were used. Thetransformation of the grafted copoly-
mersinto acrylate complexeswas performed by tregt-
ingwithvariousmetd sdts-FeCl,,, CoCl,, NiCl,, CuCl,.
The authors proved that the chelate structure of the
complexesof each metd ionformed by intermolecular
of intramol ecular bonding.

Different methodswere used to clarify theforma
tion of these complexesand their co-ordination struc-
ture: ultra-violet (UV) andinfrared (IR) spectroscopy;,
colorimetry, aswell asthe method of X-ray fluorescent
anayss. Somebasi ¢ propertiesof thecopolymer com-
plexeswith metal ionswere determined-el ectric con-
ductivity, moisture content and phys co-chemicd prop-
erties.

Therearepublicationsonradigiongraftingof acrylic
acid onother fluor containing copolymersinduding sub-
strates of tetrafluoroethene-perfluorovinyl ether (TFE-
PFVE) and meta complexesontheir basis. Ghaffar et
a "8 obtained Cu?*, Ni?*, Co?*, Fe** acrylate complexes
of grafted copolymerswith degree of grafting from 18-
7610 54-19%. Theauthors havefound that theforma
tion of themetal complexesdid not affect thecrystdline
dructureof the copolymers. Thepolyacrylicacid grafted
onto film of the copolymer mentioned above acts as
chelate-forming center for certainionsof trangtion met-
as. Thecol orimetric studies confirmed theformation of
grafted metdl complexeswithuniform distribution of the
metal ionsthrough thedonor ~-COOH groupsinthe
grafted chains.
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El-Sawy et al.[*¥ studied the radiation grafting of
AA onto tetrafl uoroethene-ethene (TFE) copolymer
usingy-irradiation from®Co sourceat doseof D=30
kGy. The spectral, structural and thermogravi metric
characteristics of the materials obtained were deter-
mined. Theformation of complexeswith grafted poly-
mer matriceswas proved a so by themethod of elec-
tron paramagneti c resonance.

Theeffect of themetal complexes of Cu?* onthe
thermal and e ectrochemica propertiesof the copoly-
merswas studied?¥. The authorssustain the opinion
that such materialsare quiteinteresting for semicon-
ductor production duetotheir increased resistanceto
decomposition a high temperature (above 573K).

In other publications, El-Sawy et a.1> continued
their investigationson themeta complexesof radiation
grafted copolymers. Using y-rays from Co at dose
rate[P(D)] from 0.06 to 1.74 Gyl/s, they grafted AA
onto TFE-PFV E copolymer. Based on the copolymers
with P 25, 36 and 47%, metal complexes were pre-
pared by trestment with 1.0 mass % aqueous sol utions
of CuSO, and Cr,(SO,),.. Theformation of the poly-
mer-metal complexeswas proved by spectrophoto-
metric and col orimetric methods.

Inother publications?, theformation of complexes
of rhodiumwith AA radiation grafted onto TFE-PFVE
copolymer was studied. The copolymei zation was car-
ried out by thedirect method of irradiation withy-rays
from ®°Co source at P(P) 0.84 Gy/sand D=25 kGy
with agueous sol utions of rhodium chloridein concen-
trations from 0.05 to 0.8 mass% for 2h at 373K in
nitrogen medium. The processesof complex formation
were studied by measuring the change of pH of RhCl,
agueous solutionsat different concentrations asfunc-
tion of time. The spectroscopic, optic, eectricand ther-
mal characteristicsof themetal complexessynthesized
weredetermined. Theresultsobtained showed high sta
bility of themetal complex formed. Theradiation graft-
ing of methacrylic acid onto polytetrafluoroethylene
(PTFE) wasa so investigated?d. The grafted copoly-
mersweretreated with solutionsof iron, cobalt, nickel
and copper nitratesto prepared the corresponding com-
plexes. The catalytic activity of thematerials synthe-
sized was studied for thereaction of oxidation of CO
to CO,. It wasfound to changein the order Co>Ni>
Cu>Fe and depended mainly on the amount of free
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dioxide obtained and the degree of separation of the
reaction products.

Okamoto et al.[> prepared various metal com-
plexes(Hg, Cu?, Ni?*, Co?", Cd?*) by radiation graft-
ing of acrylonitrile based copolymers onto
tetrafl uoroethene-ethene copolymer fibers. Thegrafted
materialsobtained (sel ective adsorbents) had high sta-
bility under aggressvetreatment conditions (alkali treat-
ment at 353K, contact with seawater for 24h at 303K)
andwerepracticdly used for extraction of uraniumfrom
seawater. Some authors?! reported for studiesonthe
kineticsof graft copolymerization of meta acrylatesonto
powdery polyethene. Co?, Ni?*, Cu?* acrylateswere
used to prepare copolymer with 1.4 mass% meta con-
tent. Thereactionratewasfound to be 10 times|ower
than that of AA grafting and it did not depend on the
concentration of metal-containingmonomer inthein-
terval 1-10 mass%?4.

Anocther publication® summarizestheliterary data
onthebiologicaly active derivativesof PAA andthe
poss bilitiesfor their gpplication. Thesdtsof polyacrylic
acidwithmetdss, organic and meta -organic compounds,
interpolymer complexes, copolymersof acrylicacidand
itsderivativeswerestudied for their pharmaco-medica
activity and interacton with biologica substrates. The
choiceof suitablenitrogen containing monomersfor the
grafting reactionsisassociated with the opportunity to
introduce different ligandsin the polymer carrier. By
grafting 4-vinyl pyridine (4VP) onto polymer matrices,
including polyethene(PE) and pol ytetrafl uoroethene, co-
polymerscan be obtained combining theva uablechar-
acteristicsof theinitia polymersand hydrophilic prop-
erties. Thepreparaion of meta complexesontheir basis
providesagrester possbility for synthesisof heteroge-
neous catalysts. Cheng and Chan 2% obtained rhenium
complexesof poly-4-vinylpyridine (P4V P) and stud-
ied their morphology by X-ray andysis. Xi et d.?1ob-
tained palladium complexes of copolymersof 4V Pwith
acrylicacid and estimated their catalytic activity inthe
hydrogenation of aromatic nitro-compounds. Theopti-
mum catal ytic activity for nitrobenzenehydrogenation
was determined when using a copolymer containing
57.4% P4V P. Theimmobilized cata ysts showed apar-
ticularly high catalytic activity in the hydrogenation
of nitrophenol and nitroanisol. The catalystsbased on
rhodium complexesimmobilized onto P4VPhavea so
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been proved to present aspecial interest. Such poly-
mer-supported cata ystswere studied in thereaction of
hydroesterification of 1-hexene in the presence of
methanol and carbon oxide?. In another publication,
Kabanov et a. reported on studying the structure of
polyacrylic acid-Cu(l1)-P4V P metal complex. Spec-
trophotometric and EPR analyses showed that
compl exing dependson both the conformation state of
the cuprousionintheco-ordination sphereand thenum-
ber of functional groupswhich could takepart inthe
process?.

In hisreview, Mastrorilli®? summarized the stud-
ies, conducted in thelast decade and associated with
the synthesis of heterogenized polymer catalysts pre-
pared by copolymerization of suitable meta-containing
monomers. These meta -contai ning complexes can be
used as cata ystsfor the hydrogenation and oxidation
of smpleand functional alkenes, sulfates, alcoholsand
aldehydes. Recently, specid attention hasbeenpaidto
theuseof metal-containingmonomersas sarting mate-
rialsfor the preparation of catalystsfor the stereo-se-
lective epoxidation of low reactivity dkenes. Chemica
processessuch aspolymerization of dkenesand alkynes
aswdll asalylic akylation have been under extensive
discussion asmodd reactionsresultingintheformation
of C-Cbonds. The main commentsin these publica-
tionswere associ ated with the possible use of metal -
containing monomersasprecursorsfor the preparation
of catalystsand catalyst supports.

Thestudieson cata ytic epoxidation of akenesus-
ing organic hydroperoxidesin presence of immobilized
catalysts areattracting the attention of researchersfor
sometime. Thesearch for highly active catalytic sys-
temswould allow to develop methodsfor synthesis of
va uable oxygen containing compounds.

Vaodkar et a. reported for the synthesi's, charac-
terization and observed catdytic activity of Mn(Il) com-
plexes based on chloromethyl ated copolymer of sty-
rene and divinylbenzene®J, as well as the catalytic
epoxidation of variousolefins (styrene, cis-cyclooctene,
nonbornenecyc ohexene) usng metd complexesinpres-
enceof tretbutylhydroperoxide. Theeffectsof different
reaction parameterslike catal yst concentration, sub-
strate nature, temperature and sol vent on the conver-
sion and selectivity were studied. The kinetic data
showed that the catal ysts can berecycled without sig-

nificant destructon of the polymer matrix4,

A generd eva uation of the devel opment of metal
complexesimmobilized onto polymer matriceswhich
wereemployed ascatalystsfor epoxidation of alkenes
has been presented in Sherringtonsexce lent reviewt®,

Highly selective immobilized catalysts for
epoxidation were obtained based on copolymers of
cross-linked polyoxyethenewith 4-vinyl pyridine, meth-
acrylic acid, etc.®*, |t wasfound that the sel ectivity
towardsthe decomposed hydroperoxide depends on
theligandtypeinthemetal:ligand stoichiometry. The
comparative study between homogeneousand hetero-
geneous catalysts showed that the heterogeneous cata
lystsexcel the homogeneous ones.

In anumber of publicationg*>*Y, a group of re-
searcheshas carried out studieson the synthesisof new
multi-component polymer systemsusing modern meth-
odsfor introduction of functiona groupswith hydro-
philic-liophilic properties, which areexpected tofacili-
tatetheimplementation of new idessinthisfield. Based
on these copolymer materials, new typesof catalysts
weresynthes zed by complexingwith variousmetd ions
andther cataytic activitieswerestudied. Theauthors
analyzed the practical use of these nano-materialsas
catdystsinorganicreactionsimportant from ecologica
or industrial point of view. Thetest reaction employed
was the oxidation of cyclohexene in presence of
tertbutylperoxide(t-BHP). On the basis of gas-chro-
matographic separation of the epoxy products of the
oxidation reaction, theindicesof retention weredeter-
mined with sufficient reproducibility, aswell asthede-
pendence between the phys co-chemical propertiesof
the epoxy products obtained and their parameters of
gas-chromatographi c retention using mathematical re-
lationship, which dlowedidentifying epoxy compounds
without reference compounds“d. Asaresult of kinetic
studiesinvolving computer and mathematical methods,
akinetic modd was devel oped describing thereaction
proceeding within thetemperature and concentration
intervalsstudied. Novel information on the nature of
activecentersintheimmobilized catd ystswas obtained,
aswell asonthevaent state of themeta ionsand their
ligand surrounding, the structure of the grafted groups,
their stability and specific chemical behavior.

The processesinvolving homogeneous, heteroge-
neous and immobilized catal ytic systemsplay anim-
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TABLE 1: Oxidation of cyclohexenewith tert-butylhydroper oxidein presenceof immobilized catalysts

N Yield*,%

No Catalyst Conversion, % Cyclohexene oxide 2-cyclohexene-1-ol 2-cyclohexene-1-on
1 PE-graft-P4VP- VO™ 434 28.0 7.8 9.8
2 PE-graft-P4VP- MoO,** 45.3 345 3.8 2.8
3 PE-graft-P4VP- WO,* 6.8 <1 <1 4.8
4 PE-graft-P4VP- Co ** 11.8 35 1.9 12.1
5 PE-graft-P4VP- Fe** 10.1 4.2 15 7.8
6 PTFE-graft-PAVP- VO** 384 26.0 5.8 12.4
7 PTFE-graft-P4AV P- MoO,*" 54.1 311 4.2 4.3
8 PTFE-graft-PAVP- WO, 10.1 <1 <1 4.8
9 PTFE-graft-PAVP- Co 9.8 15 2.6 6.7
10 PTFE-graft-PAVP- Fe ** 115 25 4.8 4.1

*T= 358K, t=90min, solvent- toluene, cyclohexene (1.0ml, 0.8g),
10° mmol metal/Il

portant rolein chemicd industry. Theoxidation of ak-
enesisamethodfor direct introduction of oxygen. These
processesreguirethe presence of acomplex of trans-
tion metal and source of oxygen. Themost often used
oxidantswith active oxygen : oxygen (100%), hydro-
gen peroxide(47%), ozone(33%), sodium hypochloride
(21.6%), tert-butylhydroperoxide(17.8%), potassium
persul phate (10.5%) and iodosylbenzene (7.3%), ac-
cording tol. Theimmobilized complexes obtained
were studied in the reaction of oxidation of
cycdohexeng(a). Thedatafrom thegas-chromatographic
analysis showed that three products were obtai ned:
cyclohexeneoxide(b), 2-cyclohexene-1-ol (¢) and 2-
cyclohexene-1-one (d).

Theyieldsof thegoal productsobtained by using
immobilized catal ystsbased of PE-graft-PAVParepre-

OH O
Q=000
c) (d)

(@) (b) (
SCHEME1

sentedin TABLE 1. Highyieldsof cyclohexeneoxide
were obtained in presence of molybdenum and vana-
dium complexes-45.3 and 43.4%, respectively. The
results showed that these metd ionseffectively decom-
posethe hydroperoxidein thereaction of epoxidation.
Significantly lower yieldswere observed withthesame
meta ionsintheayl oxidation of cyclohexenegiving 2-
cyclohexene-1-0l-3.8 and 7.8 %, respectively. The
authorshoped to obtain higher yiel dswith tungsten com-
plexes but, as can be seen from TABLE 1, the only
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tert-butylhydroperoxide (0.1ml, 0.0081g), polymer complex 5x

product of the reaction was 2-cyclohexene-1-one-
4.8%. Lower yields were observed with Co and Fe
complexes, 3.5 and 4.8 %, respectively. It is well
known* that these metal ionsdecomposetheorganic
hydroperoxides homolytically and they are not effec-
tive catalystsfor epoxidation of akenes. Theyieldsof
2-cyclohexene-1-one of 12.1 and 7.8 % were quite
higher compared to the other productsof thereaction.

Similar resultswereobtained withimmobilized cata
lysts based on PTFE-graft-P4VP (TABLE 1, No 6-
10). Inthiscase, the highest yield of epoxy compound
was observed also with molybdenum and vanadium
complexes-31.1 and 26.0 %, respectively. It can be
seenfromtheexperimentd resultsshownin TABLE 1
that the carriers PE and PTFE did not have specific
effect onthecataytic activitiesof theimmobilized com-
plexesof thesame complex-forming agent-P4VP. The
yields of thegoa productswere probably connected
with the decreased swelling of poly-4-vinylpyridinein
toluene.

Further, thecatal ytic activities of thepolymer meta
complexes prepared from Mo(V1), V(IV), W(VI),
Co(ll), Cu(ll) and Fe(lll) with poly(2-N,N-
dimethylaminoethyl)methacrylate(PDMAEM) were
studied inthe samereaction“. All theexperimentswere
carried out under the same conditions presented in
TABLE L.

The experimenta datafor the polymer complexes
of (PDMAEM) with divinylbenzene (DVB) 5% and
10 % are shown in TABLE 2. As can be seen, high
yields of cyclohexene oxidewere observed with mo-
lybdenum and vanadium catalysts, 58 and 47%, re-
spectively. Theyields of 2-cyclohexene-1-ol and 2-
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TABLE 2: Oxidation of cyclohexenewith tert-butylhydroperoxidein presenceof immobilized catalysts

Complexes Yiel d** %
. 1 *

No Nl;lo7112 i? % ([()g/\?é) Conver sion®, % Cycl ohexene oxide 2-cyclohexene-1-ol  2-cyclohexene-1-one
1 PDMA EM-VO** 63 47 13 11
2 PDM A EM-M00,%* 67 58 4 2
3 PDMA EM-WO,2* 37 18 11 9
4 PDMA EM-Co %* 64 8 8 3
5 PDMA EM-Fe ** 78 4 6 8
6 PDMA EM- Cu % 45 3 8 6
7 PDMA EM-VO?* 51 42 11 10
8 PDM A EM-M00,%* 66 51 4 1
9 PDMA EM-WO,?" 35 16 10 8
10 PDMA EM-Co %* 50 7 11 9
11 PDMA EM-Fe ** 67 8 7 8
12 PDMA EM-Cu 2* 44 4 6 7

*- according data below TABLE 1

cyclohexene-1-onewere considerably lower with mo-
lybdenum catal yst compared to vanadium one, despite
that the degree of conversion of t-BHP was about the
same-67% and 63%, respectively.

With Fe(l11), Co(I1) and Cu(ll), theyields of cyclo
hexene oxide, 2-cyclohexene-1-ol an 2-cyclohexene-
1-onewere significantly lower-within 3-8%. The con-
version wasmuch higher 45-78%. It meansthat these
metd sarenot selectivein the decomposition of theor-
ganic peroxide. Similar resultswere obtained by the
use of manganese complexes with Schiff basesin
cyclohexene oxidation reactionf®,

Experimentswerecarried out with the same com-
plexes but with divinylbenzene 10%. Theresultsare
presentedin (TABLE 2, rows 7-12). The higher con-
tent of cross-linking agent is supposed to impedethe
reagentsdiffusion to the catalytic centersand, asare-
sult, theyieldswere expected to belower. Theanaly-
sescarried out, however, showed that both theyields
and conversonwerenot quitedifferent. Thiswasprob-
ably duetothe good swelling of the polymer matrix in
toluenewnhichisused assolvent for reactionsof oxida-
tion.

Part of the polymer metal compl exes synthesi zed-
Mo (VI), V(IV) and Fe(111) with degree of cross-link-
ing 5% were used twicein thetest reaction to assess
thechangeof their catalytic activity. Theexperimental
datadid not show significant differencesin both degree
of conversionvst-BHP and product yields. Theyield
of cyclohexene oxide when Mo was used was 54%
whilewith vanadiumit was44%. Thismeansthat the
metal ionswere not washed away from the polymer

carrier after oneoperation cycle. Similar resultswere
obtai ned with molybdenum complexes of cross-linked
copolymer of polyoxyetheneand polyvinyl pyridinet34
by epoxidation of styrenewhereit was established that
themolybdenum catalyst did not loseitsactivity for 50h.

CONCLUSION

Theanalysisof thescientificliteratureavailableso
far showsthat the problems, associated with the prepa-
ration of new polymer-supported catalysts have been
studied indetail. Thechoiceof asuitable matrix-mono-
mer couple and the method for conducting thegrafting
reactionsmakeit possibleto form asurfacelayer, con-
taining activefunctiona groups. Thecombination of the
properties of the polymer support with the ability of
ligand functiona groupsto form metal complexespro-
vides long-term prospects for the development of
heterogenized polymer catalysts.
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