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Abstract 

Solid porous ligands containing bound diaminoethane groups have been prepared by hydrolytic condensation of Si(OEt), with 
(MeO),Si(CH,),NH(CH,),NH,. In aqueous solution, essentially all the ligand groups react with HsO+ ions, and a large 
proportion reacts with divalent metal ions (Co ‘+ Ni’+, Cu*+). EPR and visible spectra suggest that 1: 1 and 2: 1 complexes are , 
formed. Preliminary data suggest that such materials have potential for ion-exchange. 
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. 
1. IiitiEhiCtiiXi 

Ligands that are insoluble have many applications, 
as witnessed by the widespread use of materials based 
on functionalised polystyrene. However, polystyrene 
and other organic polymers suffer from defects such as 
variable degrees of swelling in solvents and limited 
thermal stability. Materials with an inorganic base are 
considerably better in both respects, and much work 
has been carried out with ligand groups grafted on to 
the surface of silica or other metal oxides [l-3]. We 
have preferred to use systems in which the ligand 
groups are bound to an inorganic polymer, such as a 
polysiloxane [4,5]. Such materials can, in principle at 
least, contain a much higher density of ligand groups 
than can be achieved by surface silylation, and the 
anchorage of the ligand groups is generally more se- 
cure. We describe now further investigation of systems 
in which (CH,),NH(CH,),NH, groups are incorpo- 
rated in such polymers, and the characterisation of 
some metal complexes derived from them. 
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2.1. Preparation of 1igand.s 
The ligands were prepared by mixing tetraethoxy- 

silane and vinyltrimethoxysilane in various ratios (see 
Table 1) with the calculated amount of water. The 
mixture was stirred for a few minutes and the required 
quantity of (MeO),(CH,),NH(CH,),NH, was added. 
Gelation occurred usually within a few minutes, and 
the product was then allowed to stand for several 
hours, dried overnight at 75°C in vacua, crushed, sieved 
and washed with water, methanol and ether, and dried. 
The compositions of the mixtures used and the micro- 
analytical data of the products are shown in Table 1. 

2.2. Proton uptake 
The solid ligand (250 mg) was shaken with hydro- 

A.l,-.r;l. n&A In 3 mr\l Am-3 ln m..3\ f-r +hrnn .-l.m.e T’ha b1‘1”llr CZCIIU \“.A l,‘“. “IU ) J” L.111 , I”1 Clllk.~ UCXJJ. 1,1&s 

solid was filtered off and washed with water, the wash- 
ings were added to the filtrate and the whole was 
titrated with sodium hydroxide. The results are pre- 
sented in Table 2. 

2.3. Metal uptake 
(a) Uptake VS. time: the solid ligand (500 mg) was 

shaken with an aqueous solution of copper(I1) ion (0.1 
moi dm-s, 30 cm? and samples of the solution were 
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TABLE 1. Composition of polysiloxane ligands 

Ligand Molar %C %H %N C/N 
ratios 
(I:II:III) 

A 2:O:l 20.1 (22.0) 5.0 (4.8) 8.7 (10.3) 2.7 (2.5) 

B 1:O:l 23.2 (28.2) 6.6 (6.1) 10.9 (13.1) 2.5 (2.5) 

C 1:l:l 26.6 (28.8) 5.9 (5.6) 8.1 (9.6) 3.8 (3.5) 

D 4:l:l 15.6 (17.8) 3.3 (3.6) 5.0 (5.9) 3.1(3.5) 

Calculated elemental percentages (in parentheses) are based directly 
on the ratios of starting materials; I = Si(OEt),, II = 

(MeO),SiCH=CH,, III = (MeO),Si(CH,),NH(CH,)2NH,. 

TABLE 2. Proton uptake 3. Results and discussion 
Ligand H+ uptake 

(mm01 g - ‘) 

N content 

(mm01 g-‘) Polymeric ligands were prepared by the hydrolytic 
condensation of mixtures of Si(OEt),, (MeO),SiCH= 
F7TT > /.‘_A\ CIZIflTT \ x.rrr//rrr \ NTTT Lrlz ana \1Vleu1331\Ln2)31Yn~~n~~*l~n*. The ZiiiiiiE 

functionalities act as excellent basic catalysts, and gela- 
tion occurs rapidly. The vinyl silane was included sim- 
ply as a non-ligand diluent. 

A 5.8 6.2 
B 7.0 7P 

C 5.7 ;:;; 
D 3.6 3.5 

TABLE 3. Copper(H) uptake vs. time (mm01 (Cu) g-l) 

Tie (min) 

10 

A B 

0.074 0.93 
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withdrawn periodically for AA analysis. Results are 
presented in Table 3. 

(b) Saturation capacity: the ligand was shaken with 
a metal ion solution for three days, filtered off, washed 
with water, methanol and ether, dried and analysed 
directly. Results are presented in Table 4. 

2.4. Electron paramagnetic resonance 
In order to avoid relaxation effects due to over-high 

concentrations of metal ion, the ligands were first 
saturated with zinc(R) (as chloride) and then treated 
briefly with a solution of copper(H) chloride. 

In a previous study [6], we attempted to prepare 
ligands of this type by condensing Si(OEt), with 
(EtO)$i(CH,),Cl and subsequently reacting the 
chloropropyl group with 1,2-diaminoethane. Reaction 
occurred readily, but it was evident that there was 
considerabie, non-reproducibie cyciisation, by reaction 
of the two amine groups with adjacent chloropropyl 
groups. 

The analytical data (C: N mole ratios, Table 1) 
indicate that hydrolysis was essentially complete; there 
is little residual alkoxy group present. The overall 
compositions indicate that the polymers correspond 

TABLE 4. Analytical data for complexes of solid ligands 

Ligand Metal %C %H %N %M N/M 

A cu” 17.5 4.4 8.6 4.4 8.9 
Ni” 11.2 3.8 5.7 5.5 4.3 
Co” 14.8 4.3 6.9 2.8 10.4 
Mn” 17.3 4.8 7.3 2.1 13.7 

B cll” 20.4 4.6 10.2 7.6 6.1 
Ni” 14.5 4.8 8.2 7.3 4.7 
Co” 15.9 5.0 8.3 6.5 5.4 
Mn” 17.4 3.6 6.6 5.6 4.6 

C cu” 17.7 4.5 6.8 5.1 6.1 
Ni” 15.3 5.0 5.2 6.5 3.4 
Co” 15.1 4.5 5.1 3.3 6.1 
Mn” 20.8 5.2 5.8 5.4 4.2 

D cu” 14.2 3.5 5.9 3.2 8.4 
Ni” 12.2 3.6 4.4 2.6 7.1 
Co” 13.4 3.9 4.3 2.4 7.6 
Mn” 12.9 3.3 4.n 1.5 IO.5 
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reasonably closely to the formulae expected on the 
basis of the stoichiometry of the reaction mixtures, i.e. 
to ladder polymers of the type 

‘1 ‘1 _r _. A A-_31-_v- si_& 
II II, 

si_X 

However, as observed previously [4],, the absolute 
carbon contents are a little low suggesting that conden- 
sation is not uniform and that the trialkoxysilane com- 
ponents form small amounts of non-cross-linked 
oligomers which are lost during the washing process. It 
is well known that hydrolytic condensation of (RO),- 
C;D’ las,Ac +r. ~mnll m4..hL +.nl.m,wmw 171 On.,.allrr hexa O,l, ,&,,(1”J L” 0111a11, JVI&a”IU pvly’uc’n L,,. LlquLL”J, “4Ubd 

catalysis tends to give polymers which are less inter- 
penetrating or entangled [9]. The actual structure of 
the solids is not known but they are undoubtedly 
porous [S], three-dimensional, cross-linked polymers. 

Reaction of the solid ligands with acid shows that 
effectively all the amine groups are accessible, at least 
to H30+. 

For two of the ligands the rate of uptake of 
I__\ 

copper(M) was determined, in order to define the time 
needed for complete saturation. The results are given 
in Table 3. Ligand B saturates rapidly, whereas A is 
still increasing after 24 h. To determine the saturation 
capacities, ligands were therefore left in contact with 
the metal-ion solutions for 72 h. 

On reaction with solutions of transition metals, the 
ligands appear to undergo some further loss of carbon 
and nitrogen, presumably by leaching of oligomeric 
material. There is some consistency, in that losses are 
higher in solutions of nickel(D) and cobalt(R) than for 
copper(E) or manganese(R), which may reflect either 
greater solubility of the oligomer complexes with these 
metals or the effect of the slightly higher pH in these 
solutions. The effect is particularly marked for ligand 
D, and substantial for C, which were made with the 
lowest proportions of SXOEt),, and are likely to be 
least cross-linked. It has also subsequently been found 
[8] that some degradation of the polymers occurs dur- 
ing storage, presumably due to hydrolysis of the Si-O- 
Si links catalysed by the amine groups. This can be 
avoided by prior treatment with an acid. 

It might be expected that the maximum metal-load- 
ing achievable would correspond to one metal ion per 
diaminoethane group, but it is evident that this stoi- 
chiometry is not achieved. In many cases, the composi- 
tion annroximates to (at least) two molecules of di- rC~_~_~~~~~~~_ 
aminoethane per metal ion; this might indicate that 
2: 1 complexes are formed or that 1: 1 complexes are 
formed and only some of the amine groups are access- 
ible. Provided that it is stereochemically feasible, the 
formation of 2 : 1 complexes would probably be 

TABLE 5. EPR data for copper (63(h) complexes 

Ligand g, gll A (mT) 
A 2.01 2.22 20 
C 2.01 2.23 19.5 
D 2;03 223 2!! 

favoured on thermodynamic grounds. Further informa- 
tion on the mode of binding was obtained from spec- 
troscopic studies. 

EPR spectra were obtained from copper011 com- 
plexes. When the ligands were simply exposed to cop- 
per(D) solutions, even for very short periods, the EPR 
omnn*m _h,,XG”PA ..*nm ~“+r~msl., hrrmrl n-rl . . . . ..+GX....... JYtibLlrr ““LLIIIItiU *ItiIc1 b*rlti,llG,J “I”aXJ 411&I ul,IIII”III,~- 
tive. This was presumably due to proximity relaxation, 
i.e. the paramagnetic ions were too close together and 
rapid spin relaxation occurred. This was overcome by 
first saturating the ligand with zinc(D) and then ex- 
changing a proportion of the zinc ions by a brief 
exposure to a copper(E) solution. These materials gave 
well-resolved EPR spectra showing hyperfine coupling 
to the copper isotopes (see Table 5). Unfortunately, 
superhyperfine coupiing to the nitrogen atoms of the 
ligands was not resolved, but the mode of co-ordina- 
tion of the copper ions can be estimated from the 
known relationship between g and A values [lo]. The 
observed parameters are similar to those found for 
discrete [Cu(en),12+ complexes. Under the conditions 
of preparation, it is likely that the copper ions will 
occupy sites at or very close to the external surface of 
the solid particles, where it is feasible for each metal 
ion to have access to two ligand groups. 

The electronic reflectance spectra of the copper(E) 
complexes all gave d-d absorption peaks beyond the 
range of our spectrometer (> 900 nm). However, spec- 
tra were obtained from the nickel(E) complexes, all of 
which gave one principal absorption at (15.6-16.3) X 

lo3 cm-‘. These are presumably Ye [3A28 + 3T,,(F)] of 
six-co-ordinate complexes. vi [3A2p + 3T28] was out of 
range of the spectrometer available. Except for the 
complex of ligand B, v3 [3A2e + 3T,,(Pll was obscured 
by strong absorption by the ligands at about 30 x lo3 
cm-‘; for ligand B-Ni”, y3 appeared at 27.5 x lo3 
cm-‘. These absorption maxima lie between those for 
DW-120),12+ and [Ni(en),12’ Ill]. The peaks are 
rather broad, which may indicate that a mixture of 
species is present, presumably [Ni(L-enXH20)J2+ and 
[Ni(L-en)2(H20)2]2’ (where L-en represents the 
bound diaminoethane lieand). The shanes of the ab- ~~_~~~~ ~, r-- -- ---- -- 
sorption peaks suggest that the complexes derived from 
A and C contain mostly the 1: 1 complex, while B and 
E may contain roughly equal amounts of both com- 
plexes. This difference from copper reflects the differ- 
ent method of preparation, since here the ligand has 
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been saturated with the metal ion. Under these condi- in column separation of metal ions will be described 
tions, formation of 1: 1 complexes is more likely. more fully later [12]. 

However, all the data suggest that an appreciable 
fraction of ligand groups does not carry metal ions. 
Them= citec II-P nrecalmshlv in the intprinr nf nnre~ lllV.7” U&&Y” WI” y”“Y..“Au”‘, 1.I .a*_ I..._L-v- YL y---u 

which become blocked by the first-bound metal ions. In 
other cases we have found that the capacity of a given 
ligand is greater for copper(D) than for nickel(B) or 
cobalt(D) [4,8,12], and we attribute this behaviour to 
the different stereochemistry and, hence, different ef- 
fective bulk of the metal ions and the complexes 
formed. 
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