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ABSTRACT

Complexation and thermodynamic studies of insoluble porous solid
polysiloxaneimmobilized ligand system bearing chel ating ligand group of
the general formulaP-(CH,),-N[CH,CONH(CH,) ,NH(CH,),NH,],, (Where
Prepresents[Si-O] polysiloxane network) were studied. The Batch equiili-
bration method has been performed to calculate the distribution coeffi-
cient (K,) and the thermodynamic parameters (AG° , AH° , and TAS’) for
the stoichiometric 1:1 complexation of Co*, Ni?*, and Cu?* ions with
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imi nobi s(diethylenediamineacetamide) polysiloxane. The complexation
behavior at pH 5 in aqueous mediais discussed from the thermodynamic

point of view.

INTRODUCTION

Many research concerning the synthesis of in-
soluble polysiloxaneimmobilized ligand systems, have
been reported*?l., These functionalized
polysiloxanes have been prepared by two methods.
Thefirst method; using the sol-gel process by hy-
drolytic polycondensation of tetraethylorthosilicate
(TEOS) and the appropriate silane coupling agent
(RO),SiX, where X=ligand group)*3. The second
method is by modification of a pre-prepared
polysiloxanewith asilane coupling agent containing
the appropriate functional group**24. These hybrid
materia sshow highthermd, hydrolytic and mechanica
stability over the organic polymers®®. These
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polysiloxaneimmobilized ligand systems have sev-
eral applications such as extraction, recovery and
separation of metal iond**2, They also used as sup-
portsfor heterogeneous catal ysis and chromatogra-
phy21+22 These material s have been characterized
recently by many techniquesincluding high-resolu-
tion solid state NMRIZ26 X PS analysis and ther-
mal analysist?”-*, In this work iminobis(N-
diethylenediamineacetamide) polysiloxane-immobi-
lized ligand system was prepared as previously re-
ported® and complexed with Co?, Ni?* and Cu?
metal ionsfrom agueous solutions. Thisstudy may
be useful because the sel ection and separation of the
chelating functionalized ligand system closely related
to the stability of the complexesformed.
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EXPERIMENTAL

Reagentsand materials

Tetraethylorthosilicate, 3-chloro propyl
trimethoxysilane, iminodiacetic acid and
diethyl enetriaminewere purchased from (MERCK) and
used asreceived. Acetone, diethyl ether and methanol
(spectroscopic grade) wereused asreceived. Metal (1)
solutions of the appropriate concentrationswere pre-
pared by dissolvingthemetd(l1) chloride (andar grade)
indeionized water. pH vaueswerecontrolled by using
aceti c acid/sodium acetate buffer solutions.

General techniques

Analysisfor carbon, hydrogen, and nitrogen were
carried out, using an Elemental Analyzer EA 1110-
CHNS CE Instrument. X P spectrawere obtained us-
ing aKratosAxis Ultra photoel ectron spectrometer
(KratosAnaytical, Manchester, UK). C CP-MAS
Solid StateNM R experimentswere carried out at room
temperature on Bruker M SL-400 MHz spectrometer
at frequency of 100. 6 MHz (**C) using abruker CP/
MAS probe. Thermogravemetric analysis TGA and
DTG wascarried out usng METZSCH Simultaneous
Therma Analyzer STA 409 intherangeof 293-873K
under nitrogen. The concentrationsof meta ionsintheir
aqueous sol utionsweremessured using aPerkin-Elmer
AAnalyst-100, spectrometer. Theinfrared spectrafor
thematerialswererecorded on aPerkin-Elmer FTIR,
spectrometer using KBr disk in the range 4000 to
400cm. All pH measurements were obtained using
HM-40V pH Meter. All ligand sampleswere shakenin
aqueous metal ion solutions using an ELEIA-Multi
Shaker.

Preparations
Prepar ation of 3-iodopr opyltrimethoxysilane(L-I)

The 3-iodopropyltrimethoxysilanewas prepared as
previously described!™, where 3-
chloropropyltrimethoxysilanewasadded dropwisewith
stirring to asol ution of sodiumiodideindry acetone, at
room temperature.

Prepar ation of 3-iodopr opylpolysiloxane (P-1)

3-lodopropyl polysiloxane was prepared as previ-
ously reported” by adding 3-iodopropyl
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trimethoxysilane to stirred solution of
tetraethylorthosilicatein the presence of HCl asacata-

lyst.
Preparation of polysiloxane-immobilized
diethyliminodiacetateligand system (P-DIDA)

Diethyliminodiacetate polysiloxanewas prepared
asreported beford™ by adding diethyliminodiacetate
totheiodopolysiloxaneintoluene Thedementd andyss
for thediethyliminodiacetate polysiloxaneisgivenin
TABLE 1.

Preparationof iminobis(diethylenediamineacetamide)
Polysloxane(P-IDEA)

Diethyliminodiacetate polysiloxane (10.0g) was
added to an excess of 10.0g diethylenetriamine, in
50cm?toluene. Themixturewasrefluxed at 383K for
48 h under nitrogen. Themixturewascooled, and the
solid product wasfiltered, washed with successive por-
tionsof 50 cm?® water, methanol and diethyl ether. The
final product wasdried at 363K invacuum oven (0. 1
torr) for 10 hi®8, (Scheme 1).

Deter mination of distribution coefficients

Thedistribution coefficient values of the studied
metd ionsby P-IDEA polysiloxaneligand were deter-
mined by the batch equilibration method where0.15g
of theligand wereimmersed in 50cm? of asolution con-
taining 400 ppm each of Cu?*, Ni#", and Co*" at differ-
ent temperatures. Themetal ionretainedin solution af-
ter compl exation was determined by atomic absorp-
tion spectrometry. Thedistribution coefficient K val-
uesisrelated to theamount of metal ion taken up, the
volumeof solution and theamount of polysiloxanema:
trix and is defined according to the equati on=":

(Ci=Cp), V(em?)
Cy m(g)
Where, C and C aretheinitia andfina metal ion con-

centrationsin ppm, misthemassof polysiloxaneused
andV isthe volume of aqueous phase.

Kp(em®/g)=

Effect of temperature

Theeffect of temperature on theamount of metal
ion uptake by polysiloxane-immobilized P-IDEA in
aqueous medium was studied. In each experiment,
0.10g of polysiloxaneresin was suspended in 100cm?
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of agueous sol ution containing 400 ppm of each metal
ion solution studied. The solution was shaken in
ELEIA-Multi-Shaker for 48 h thermostated at thein-
tended temperaturein the range of 298-333 K. The
pH was controlled at pH 5 using acetate buffer solu-
tion. After theequilibrium was attained at 72 h shak-
ing timeasreported for such systemg>21, theamount
of metal ionremained inthe sol ution was estimated by
atomic absorption spectrometry.

RESULTSAND DISCUSSIONS

Prepar ation of theimmaobilized ligand system (P-
IDEA)

The iminobis(diethyl enediamineacetamide)
polysiloxaneimmobilized ligand system was prepared
as previously reported®” via three-steps sequence
of reactionswhich summarizedin Scheme 1. Theel-
emental analysisresultsof both P-DIDA and P-IDEA
aregiveninTABLE 1.

It isobviousfrom TA 1that thereisan increase
in nitrogen percentage from 1.73 to 11.0 by treat-
ment of theimmobilized diethyliminodiacetateligand
systemwith diethylenetriamine. A dightly higher val-

ues of carbon, hydrogen and nitrogen percentages
for P-IDEA, compared with the expected values are
observed. Thisis probably dueto the reaction be-
tween the diethylenetriamine molecules with the
unreacted iodide atoms.

The immobilized iminobis (diethylene
diamineacetamide) ligand system (P-IDEA) waswell
characterized in our previouswork!®*" using**C CP-
MAS NMR, FTIR, photo electron spectroscopy
(XPS) and thermogravimetric analysis (TGA) meth-
ods. Thischaracterizationisdiscussed briefly below.

FTIR spectra

TheFTIR spectraof the diethyliminodiacetate;
P-DIDA andiminobis(diethylenediamineacetamide);
P-IDEA, ligand systems show three regions of ab-
sorptions at 3500-3000cm?, 1750-1650cm™ and
1200-900cm* due to v(OH), v(C=0) and v(Si-O)
respectivelys233,

The FTIR spectrum of P-IDEA showsastrong
absorption band at 1658cm™ and no bands at
1740cm* which provide astrong evidencefor acom-
plete reaction between P-DIDA and
diethylenetriaming®.
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BC CP-MASNMR spectra

The ¥C CP-MAS NMR spectrum for P-IDEA
(Scheme?2) isshowssigndsat 11.1, 21.2 and 40.6ppm,
corresponding to three methylene carbon atoms C1,
C2 and C3. The spectrum showsthe carbonyl carbon,
C5 at 173.7ppm and the methylene carbon C4 at 59
ppm.Anintensesigna at 49.5ppm wasobserved which
involvethe four methylene carbons C6, C7, C8 and
C9, These assignmentswere based on spectral data
of similar systemg24,

0 6 7 8 9
—Q a Ns /~ N/ \
H,C—C—NH N NH,

1 2 3

—O0=Si—CH,=CHp-CH,~N

H
HC=C—NH N NH,
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Scheme 2
Thermal analysis

Thermogravimetric analysissuggested that thisim-
mobilized ligand systemisthermally stable at ambient
temperature and only about 17% weight lost at tem-
perature range 323-475K which attributed to evapo-
ration of volatile physisorbed speciessuch aswater and
a coholsand solvent from the polysiloxane poreswith-
out changing the polysiloxane matrix. Whileabout 34
% of theinitiad weight lost upto 716K with somemodi-
ficationinthesurfaceand bulk of theimmobilizedligand
system. Further lost in weight (about 5 %) occurredin
therangeof 673-873K leadingto formation of silica
like network®,

XPSresaults

The XPSsurvey spectrafor P-IDEA displayed the
main peaks for Sizp, C1ls, N1s and O1s centred at
103, 285, 400 and 532eV, respectively. It isinteresting
to notetheintense N 1s peak dueto the seven nitrogen
atoms per ligand®.

Thermodynamic parameters

Toducidatethethermodynamic originsof immobi-
lized ligand complexation with theexamined meta ions,
thethermodynamic quantitiesupon complexationwere
determined. TABLE 2 summarizesthetemperature de-
pendenceof thethermodynamic parametersfor thecom-
plexation of P-IDEA immohbilized ligandwith Cu?*, Co?,
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and Ni?* metal ions. Ascan berecognized readily from
TABLE 2, thevalues of enthal pic and entropic contri-
butions are positivewhich indicatesthat the compl ex-
ation isdriven predominantly by favorable entropic
change, showing larger entropic contribution (TAS®
ranging from 18. 5 to 31. 7kJ/mol) and somewhat
smaller positive enthal pic contribution (AH® ranged
from 2. 0to 12. 5kJ/mol). This behavior can be ex-
plained by the extensive desol vation of both ligand and
the examined divaent meta ionsduring the complex-
ation, affording the highly positiveentropy change upon
complexation.

Thethermodynamic study of complexation reac-
tionsof P-IDEA ligand with Co?, Ni?* and Cu?* metal
ions can be achieved by considering the entha pic and
entropi c contributionsto thesereactions. TheVant Hoff
enthal pic contributi onsduring the compl exation process
were determined on the basisof distribution constants
(K,) of eechmetal ion asafunction of temperaturein
therange of 298-333K in aqueous medium.

The thermodynamic functions of the studied
polysiloxane complexeswereeva uated using the stan-
dard relationship:

AH° —AG®
-
WhereT istheabsolutetemperatureand AG° isevalu-
ated fromthedistribution coefficient, K, as
AG°=-2.303logK

Thedistribution coefficient valuesand thethermo-
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Figurel: Dependenceof thermodynamic par ameters(TAS®
and AG®) for theimmobilized ligand P-IDEA with Cu? (#),
Co* (O) and Ni?* (M) metal ionsin aqueoussolutionsat pH 5.
The lines represent the linear regression analysis of the
experimental datafor thedivalent metal ionsstudied.
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TABLE 1: Elemental analysisdatafor thepolysiloxaneimmo-
bilized; 3-iodopr opylpolysiloxane(P-1), diethyliminodiacetate (P-
DIDA) andiminobis(diethylenediamineacetamide) (P-I DEA)

Polysiloxane Element C% H% 1% (o]
P-1 Found 90 22 323 30
Polysiloxane  Element %C %H %N C/N
%
P.DIDA Expected* 226 34 24 11.0
Found 188 41 173 127
Expected* 195 37 106 22
P-IDEA
Found 235 59 110 25

*The expected valuesin case of P-DIDA is based on the found
results of P-I, Whilein case of P- P-IDEA isbased on the found
results of P-DIDA assuming 100% reactions.

dynamic parameterscomputed arelistedin TABLE 2.
Thestandard Gibbsenergies of reaction, AG°, andthe
standard entropies of complexation, AS°®, werecal cu-
lated directly fromtheca cul ated ditribution coefficient.

Itisobviousthat, inall casesstudied, the complex
formation processisfavored at higher temperatures.
Thedidribution coefficient va uesincreased withincress-
ing temperatureindicating that the complex formation
process of metal ions Cu?* , Ni?* , and Co?* with P-
IDEA ligand system accompanied by an absorption of
heat and enthd picaly unfavorableunder thestudied con-
ditions, so more stable complex isobtained at higher
temperature.

Figure (1) showsthe temperature dependence of
thermodynamic parametersAG® and TAS® for ligand
complexationwith Cu?* Ni?*, and Co?* with tempera-
ture. Thesignsof enthal pic and entropic changes may
provide somecluesto thekind of interaction involved
through the compl exation process. Thenegativevaues
of AG® indicatethehigh ability of thestudied polysiloxane
asimmobilized ligand to form stable complexeswith
the studied metal ions and the process tends to pro-
ceed spontaneously. However the obtained positive
enthalpies reveal that the complexation process is
achieved by absorption of heat andisendothermic, so
the enthal pic contributionsare not thedriving forcefor
the complex formation. As can berecognized readily
fromfigure (1) and TABLE (2), thevauesof enthalpy
changesand entropy changes of complexation areposi-
tiveintherange of temperaturestudied. Theseresults
indicatethat thecomplexation of polysiloxane P-IDEA
ligand with the divalent ionsexamined isdriven pre-
dominantly by thefavorableentropic change, typicaly
showing large positiveentropy change (TAS® ranging

= Pyl Paper

TABLE 2: Thermodynamic par ameter sof metal ionschemi-
sorbed by P-IDEA at pH 5

AG° AS

VH
Miﬁff’" (1) LKOS (kJ{)“"" (‘1]}2“_?)" (k%;orl)
208 3.37 -19.23  79.66
o M8 3% 108 7916
318 3.43 -2088 7984 TV
333 3.45 -21.99  79.60
208 3.21 -1832  90.60
o X8 323 1905 000
318 3.19 -1942 9120 OO
333 3.40 -21.68 9114
208 287 -16.37 15121
g 8 313 846 15310
318 326 -1984 15261 o000
333 347 2212 15260

between 18.66 and 32.70kJmol) and somewhat smdller
positive entha py changes (AH® ranging between 1.96
and 12.45kJmoal). The positive entropic contributions
can beexpla ned by thedehydration of metal ionsupon
complexationwith P-IDEA ligand and thereforeisac-
companied by anentropic gainfromthetransfer of water
moleculesinto the bulk solvent. Theselarger positive
entropi ¢ contributionsand somewhat smaller positive
enthal pic ones can be explained by the enthal py-en-
tropy compensation process.

CONCLUSION

Theimmohilizediminobi(N-aminoethylacetamide)
ligand system was prepared by step-wisemodification
of the prepared 3-iodopropyl polysiloxane. Onthe other
hand, the complexation of theimmobilized ligand with
thestudied divdent metd ionsisentropicaly driven over
thetemperature studied.
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