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A. I~ODUC~ON 

In this review paper an attempt is made to consider problems of formation, 
structural characterisation and ways of utilization of a new class of high-molec- 
ular weight compounds. These comprise coordination compounds of tram& 
tion, alkali and alkali-earth metal ions, with ~cromolec~~ ligands. 

The problem of complex formation with macromolecular ligands overlaps 
areas of various aLl.ied sciences with the prospect of production, investigation 
and utilization of compounds exhibiting unusual behavior (due to their 
macromolecular character). It is this unusual character which generates inter- 
est in the class of compounds’under consideration. Coordination chemistry 
provides examples of complexes incorporating in the same molecule a vari- 
ety of structural types of coordination centers possessing defect, unusual or 
mixed composition. Bio-inorganic chemistry supplies macromolecular complex 
models which can participate in such reactions as redox, transesterification or 
transamination, reversible interactions etc. In macromolecular chemistry we 
find many examples where the reactivity of the complexmg groups is deter- 
mined by the covalent bonding of “separate” hgands in a macromolecular 
unit, 

33. PROPERTIES AND STRUCTURAL CH~ACTERXSTICS OF MACROMOLECULAR 
LIGANDS 

~thou~ macromolecular ligands may be as numerous as low-molecular 
weight complexing compounds, so far few types of synthetic po&rner ligands 
have been exhaustively studied. These are: polyacrylic and polymethacrylic 
acids, polyketoesters and polydiketones, polyaminoacetic acids, linear’or ma- 
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crocyclic polyesters, polyvinylpyridines and other nitrogen-containing poly- 
ligands and sulphur- and phosphorus-containing complexing polymers. Of the 
naturally occurring polyligands, polysaccharides of the cellulose type and 
nucleic acids have been most thoroughly investigated. 

In spite of the very different synthetic routes leading to the macromolecular 
compounds, and of the differences in characteristics of the functional (com- 
plexing) groups on the chain, as well as in the structure and conformation of 
the main polymeric chain carrying these groups, these systems exhibit similar 
features characteristic of macromolecular ligands in general. These derive from 
the polyfunctional nature of macromolecular complexing compounds. The 
reverse is the case with low-molecular weight complexes with all of the ligand 
molecules possessing the same structure and consequently exhibiting the same 
properties provided the substance is properly purified. 

For some time, it has been recognised that nonuniformity of individual com- 
plexing groups within ligating polymers is a characteristic of such polymers. 
Thus, Gregor [ 1 J who was the first to prepare polyacetonylacetone via acety- 
lation of ~;~inylmethy~etone, reports -CO-CH3 groups along with di- 
acetylated soups --C(CH2 XO-CH, )* or cyclic groups, (l), 

-CH~~f-I--CH2--CH--CH2 - 
I I 
CO-CH,-COH(CH,) 

occurring in polyace~nylace~ne chains, (2). 

(1) 

-CH2-CH- CH2-- CH-CH2- 
I I 

co co (2) 
I I 

CH&OCHs CI-& COCHs 

Davydova and co-workers [Z] have carried out the ester condensation of 
dicarboxylic esters to produce poly-&ketoesters, -CHs+ZO+ZH(COOR)- 
CHs-. These authors note the possibility that the polymeric chain comprises 
both ketonic and carboxylic groups. In building up polymeric iminodiacetic 
acid [3,4]., (3), 

-CH2-CH CH-H2- 
I I (3) 

C6H6CH2N(CH2COOH)2 C,HsCH,N(CH&OOH)2 

a variety of functional groups, for example, secondary and tertiary amino- 
carboxylic and aminomethylcarboxylic groups, XH, f N, -NHCH2 COOH, 
ZNCH,COOH, were observed as by-products. These occur on the chain along 
with residual primary amino groups. Wolf and Hering [ 51 have succeeded in 
the fixation of only the iminodiacetic groups on the polymer by use of chloro- 
methylated polysterene and iminodiacetic ester. 

The efficiency of complex formation involving macromolecular ligands is 
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influenced not only by the character of the functional groups, but also by 
their distribution dong the polyligand chain. It is known that in some cases 
polymeric ligands (e.g. polymethacryloylacetone, ~l~y~~e~ny~e~ne 
or polyvinylacetoacetate) whilst participating in binding metal ions (e.g. of 
nickel) utiiise far below the total number (up to 50%) of complexing groups 
[ 61. These occur at every monomeric unit and cause steric hindrance, see 

-CH2--CH--CH2-CH~H2- -CH2-CH-CHz--CH-Cl - 
I I 1 I 

CO CO COOR CO 
CH2 CH2 m2 

co co co 

CH3 CH3 CH3 

(4) (5) 

Fig. 1, I and (4,5). The efficiency of complex formation may be increased 
by using co-polymers in which functional groups do not occur at all of t.he 
monomeric units, Fig. 1, II. With polyketoesters, all the complexing groups 
bind ions such as copper. In such cases the functional groups are separated 
by several methylene units instead of being situated at every, or at every other 
carbon atom in the chain. Such is the case with polydiethylazelate, poly- 
diethylsebacate, polydiethyldecanoate and polydiethyldodecanoate [ 7 1, (6). 

-C!H,<--CH--(CH,),- 
I1 1 (6) 
0 COOR 

n = I&6,8,10 

, * . * * * I- 
L‘--& -I- -0.5 0 0.5 

0 20 40 60 80 100 

fig Pal. 
iOQ -+ 

Fig. 1. The efficiency of complex formation with NI m+2 of polymethacryloylacetone, I. and 
copolymer of methacryloyacetone with butylmethacrylate. II. % Ni+2 in polymer vs. (Ni*+] 
mg, in solution. 

Fig. 2. The plot of apparent dissociation constant of poIydiethyIazelate I, polydiethyl- 
decanoate II, polyvinylacetoacetat III and acctoacetate IV versus degree of ionization. 
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In preparing and using such polyhgands containing functional groups which 
are subject to keto-enol, -CO-CHa-3 -C(OH)=CH-, ketoimine, 
-CO-NH-~ -C(OH)=N-, or keto-imide, -C(-NH)-NH 3 -C(NHa)= N- 
tautomerism, the characteristics of tautomeric transformations must be taken 
into account. Thus, enolization is sterically hindered in polymeric P-ketoesters 
and fl-diketones [S] for this involves deformation of a macrom,olecule itself 
as well as of functional groups. This results in a percentage decrease in the 
extent of tautomerism on the one hand (Table 1) and in nonuniformity of 
the cisenol fraction in the polymeric ketoenoI(7). The weakening of intra- 

0 
II 

-C-CHR-C- 2 -C=CR-C- “t -C=CR-C- 
II II I II i 
0 0 OH 0 OH 

keto-form c&en01 trans-en01 (7) 

unit hydrogen bonding in the case of the cis-enol form causes non-uniformity 
in the enol fraction of &carbonyl type polymers. In the limiting case rupture 
of.the hydrogen intramolecular bonds results, to give rise to cis-enol forms 
either without hydrogen bonding or participating in intermolecular (inter-unit) 
hydrogen bonding [ 91, (8)_ 

-y=CR?m YZ -@=CR-C- t - 

O-H --- 0 OH 8 

(8) 
0 ’ 
e P - -CR=C- 

Enolizability and the acidity of keto-enol tautomeric compounds are 
known to be related [lo] ; the iatter is determined by the structure of the 
&Garbonyl compound, whereas the keto-tmol equilibrium depends upon 
the ratio of acid dissociation constants of the tautomers. Thus the last t~$o 
of the above structures (that with the open OH-group and that with the OH- 
group involved in intermolecular hydrogen bonding) which occur in the enol 
fraction of polymeric fl-ketoesters, Table 2, account for the higher acidity of 

.this type of polymeric l&and as compared to their low-molecular weight analo- 
gues, for example, to acetoacetate.or terephthalyl diacetoacetate, see Fig. 2. . . 
In turn, the acidity of macroligands influences the efficiency of complex for, 
-n&ion.-The ability of macroligands to form complexes depends to a certain 
degree on the nature of the main chain: whether it is a polymeric alkane or 
polyaromatic compound produced via polymerization of corresponding 
monomers, or otherwise contains heteroatoms, representing polycondensation 
polymers. Polymeric iminoacetic acids with functional groups occurring on 
different polymeric matrices may serve as examples (9), polyethyleneimino- 



TABLE I 

Enol~ub~l~ly of mrctomolcculrr rad lownokculu;3~kctoestcn in solvcnlr of various polaritya~b 
_ ..___ _._._ - -, ._ _ __ _ _. _ __. -. - - .___ - - .., - _,- __..____ _---, - ._ _- __- --. --__ _ - __..___ __.__ -_ ..- ._ 

Solrtnt 
--_.--. -- -_ _.- --_, _.-- -*__ -_.- _-_. - . - - _ -_,. _. _. _. --_- _ _-___ __ __._ ___.. _ _., _ _ __ ._ _ _. ,_.- - -. 

CHCI~ C2H50H 
_-_.._ -__ ___ _. - _-. -- _ 

cIi3cooc2~I5 
. _-__ .-. _ _..__ 

C(=l4 .___,., _ ,,-. _ 

2.3 2.5 
0.02 0.02 

3.3 3.7 3.2 
0.03 0.04 0.03 

4.6 4.6 4.6 4.5 
0.05 0.05 0.05 0.05 

i.8 
0.02 

2.7 3.1 
0.03 0.04 

6.9 - t.9- 7.6 

0.07 - 0.07-0.08 

@.2 li.5 13.1 18.2 30.0 35.0 
0.089 0.13 0.15 0.22 0.43 0.64 

12.7 
0.15 

18.5 
0.23 

24.3 

0.32 

22.9 
0.30 

41.8 
0.72 

__ 

‘46.1 - 49.9 63.8 

0.85 - 0.99 1.76 

83.2 w 
4.95 $ 

_...__....__ -_ _ _. 

m~COOH ctt,o!i ,cll,),co- 
_._._ -_.,- . _. _,_ --- . - _--- _- - 

I Pol~drrhyhtlart 

E(cr) - 2.1 ‘- 

K - 003 - 

2 Pd.vd~rhyldtcanoa~t 

E(S) SO-66 - 60 

K 0.05 - 0 06 

3 &thy1 esttr of ~~k~ldtru acd 

w1 - 1.1 - 
K - 0.01 -’ 

4 Polyb-~r.yktfo8ctfa~t 

E(8) 62-7.0 - 6.9 

II 00; - 0 07 

5 Actloorttart 

WC) 6.7b 69 7.4 

K 0.06 0 07 0.08 

6 Polyr~phrhalyldrocttolt 

us, - 
K - 

7 Ttrtphlholyldmtfa~t 

E(S) 17.9 
K 0218 - 

6 Polymtphlhalyldroctkwct~alt 

E(r) - 43 156 

K - 0015 0 184 

9. Ttrtp5lhal~ldro(tlooCtlalt 

WL) 38 4 

K 0.62 - 
._-. ---.--__ __- _ _-,-.- _____-. - .__. -.-.. _ ---- ___-__.--_.__, ____ ____, _ _.__ _ _ _. __- _-- 

’ &((LI L the dmc+ of tnoluatlon deftned by Dieckmn’s bromoraetric method. b K u A’/( 100.E). 
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acetic acid Ill] ; (lo), polystyreneiminodiacetic acid [12 ] ; (11) polymeric 
iminodiacetic acid r 13 1. 

The complexing power of macromolecular ligands also depends upon the 
arrangement’of functional groups relative to the main chain. The shorter the 
distance between them, the lower the efficiency of complex formation be- 
cause of steric hindrance. As illustrated by cornFlexes of the vinylpyridine 
series, the compfexing power of the ion exchangers (ionites) below varies 
substantially even though the nature, basicity and concentration of these are 

.- 
Macromolecular ligand PK, iOg Kstawity Cu2+ 

Poly-4-vinylpyridine 6.35 4.44 
Poly-2vinylpyridiie 4.42 1.30 
Poly-b-vinylpyridine 5.25 3.10 

very similar [ 171. Studies on the complex formation with low-molecular 
weight analogues, vinylpyridines, demonstrate no such variation [ 181. 

The complexing characteristics of insoluble macromolecules are also 
strongly influenced by the extent of cross-linking in the ligand. Thus, Saldadze 
and co-workers 1193 report the colouration of copper complexes with poly- 
vinylpyridines to change from blue to deep green when increasing the extent 
of cross-linking (as measured by the percentage of divinylbenzene) from 4 to 

16. To judge from the colour evidence, a conversion of planar coordination 
centers into tetrahedral ones occurs, This change in stereochemistry results 

TABLE 2 

Acidity of fl-ketoesters and their tautomeric forms in dioxane-water medium (4 : 1 vol- 
ume ratio); 26 + 0.5O; 0.1 N NaNOs 

Ligand raT PK, 

1 Acetoacetate 0.086 11.4 10.3 
2 Polyvinylacetoacetate 0.70 10.6 9.2 
3 Polydiethyldecanoate 0.50 9.7 8.4 
4 Po!ydiethylaxehte 0.026 8.0 6.4 
5 Terephtbalyldiacetoacetate 0.60 10.6 10.2 
6 Terephthalyldiacetate 0.18 7.9 7.1 
7 Pol~erephth~yl~~cetoacetate 0.20 7.3 7.0 
I) Polyterephthalyldiicetate 0.06 11.2 10.0 

n KT = keto-enol equilibrium constant; Ka = acid disocciation constant; K&,1 = acid 
disocciation constant of enol.; pK, and pK,.n,,l values quoted for brevity. 
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from an increase in steric hindrance to complex formation with a macromole- 
cule, which is also known with low-molecular weight coordination compounds. 

Complexing groups in a macromolecular ligand may exist in conformations 
different from that required by the preferred stereochemistry of a given metal 
ion. Functional groups are frequently statiiically distributed over a macro- 
molecule so that both the more favourable conformations and tbe less favour- 
able will occur. Hence, the formation of a given spatial structure required by 
the electronic configuration of an ion, M”+, is followed by a conformational 
change in the ligand so that it may assume an appropriate orientation. The 
change is associated with a greater energy loss, the more the chain conforma- 
tion differs from ideal and the less flexible is the macromolecule. Since the 
coordination bond energy remains constant for a given metal-ligand pair, the 
stability of polymeric complexes is proportional to the flexibility of a macro- 
molecule and to the set of conformations it can generate. 

This is particularly true of insoluble cross-linked hgands, e.g. ion exchangers, 
which exhibit rather small chain flexibility and offer quite a limited set of chain 
conformations. According to a scheme by Hering [20] (Fig. 3) suggested to 
account for the efficiency of complex formation with sarcosine resin, (12), 

432-Y H------ClH2-yH-H2- 

CsHsCH2NCH3 

CH2COOH 

CsH&Hsl$X?Hs (12) 

CHsCOOH 

the two adjacent polystyrene chains deform and separate from each other to 
give rise to metal complexes of corresponding stability. The extent of defor- 
mation (D values) ranges from zero (an ideal conformation) to values exceed- 
ing that of the complexing energy, B (conformations hindering further par- 
ticipation of ions in the reaction). These limitations result in a decreasing 
coordinative saturation of the central metal ion and may give rise to stereo- 
chemical distortion of the coordination centers and also to a lowering of 
macromolecular complex stability. 

Fig. 3. The scheme of complex formation of monofunctional sarcosine resin with transition 
metal ions following Hering (ZO]. D is chain deformation and B is energy of complex for- 
mation. 
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The above examples show the important effects caused by the absence, or 
presence, of side groups as well as by the spatial arrangement of complexing 
groups over the macromolecular ligand chain, upon the efficiency of complex 
formation with macromolecular ligands, both soluble and insoluble (the latter 
of reticular polyligand type or of ion exchanger type). 

To examine the characteristic properties of macromolecular complexing 
compounds it is worth-while comparing these to low-molecular weight anal= 
agues, Proper choice of such an analogue is of importance. The latter must 
contain a given functional group bound to the nearest unit of a macromole- 
cule in such a way as to provide the closest correspondence between both 
electronic and steric factors operating in the polymer and in the model com- 
pound. Relatively few compounds offer no difficulties in deciding upon an 
appropriate low-molecular weight analogue. A number of possible models 
exist, for instance, with polyiminodiacetic acid 1201 (13). Comparison of the 

(131 

acid dissociation constants of the ligands, pR, and pR,, as well as of the 
stability constants of the complexes shows how essential it is to define an 
appropriate fragment of the chain as a model. Therefore in comparing the 

Fragment of a polyIigand PKl pi(z P&,s+ PKNip 

a iminodiacetic acid 2.54 9.12 10.55 8.26 
b N-methylimlnodiacetic acid 2.46 9.73 11.09 8.73 
c N-benzyliminocliacetic acid 2.36 9.02 10.29 7.97 

complexing characteristics of macromolecules an indication of which low- 
molecular weight ligands serve as model compounds should be made clear. 

C. STRUCTURAL CHARACTERISTICS OF COMPLEXES WITH MACROMOLECULAR 
LIGANDS 

The occurrence of unoccupied or partly occupied orbitals in the metal 

atom and the tendency of the metal atom to overcome its electron deficiency 
at the expense of the electron pairs which belong to the functional groups of 
the ligand is known to be a controlling factor in the formation of ligand-to- 
metal bonds. In this respect the processes of complex formation with both high- 
and low-molecular weight compounds are alike. The principal point of differ- 
ence is the following. With Iow-molecular weight ligands, most metals utilise 
sp3d2 or d2sp3 hybridization to give an octahedral arrangement of ligands in a 
six-coordinated complex, or d2sp or sp’ hybridization to give four-coordinated 



planar or tetrahedral structures, respectively. With high-molecular weight 
ligands, orbital vacancies on the metal may remain due to the specific prop- 
erties inherent in a macromolecule. With low-molecuku weight compounds 
residual vacancies participate in bonding with solvent, another ligand etc. 
Hence complex stability is lower as a rule in the case of macromolecular 
ligands compared with low-molecular weight analogues, and with insoluble 
polymers i_t is even lower than with soluble species [ 211: 

Ligand Monomeric Soluble poly- 
4-CNa-pyridine 4-vinylpiridine 

Insoluble 
w-polymer of 
4-vinylpyridine and 
divinylbeuzene 

1og K3tabiity Q12+ 
(pokntiometric) 2.56 2.40 2.20 

On the contrary;Teyssie 1221 reports values of the formation constant, 
R = [MLs] /[Ml [L]*, and of the substitution constant, I3 = [MLe] [H] 2/ 
[LH] [Ml, to show but smaLl variation in going from complexes of a number 
of divalent ions with polymeric methacrylylacetone to those with a low-mole- 
cular weight analogue, pivaloyhcetone: 

&I2 + hz LL hz &kll_ log Gnon. ‘og %INnL 

cu 22.8 -6.0 22.0 -5.0 
Ni 17.4 -11.4 16.2 -10.8 

EL 
17.1 -11.7 15.8 -11.2 
15.1 -13.7 13.4 -13.6 

Nevertheless, the stability of complexes with macromolecular ligands 
should be lower as a rule compared with low-molecular weight analogues, 
irrespective of the nature of functional groups. Table 3 shows the stabil- 
ity constants of a number of complexes, mainly of copper, with polyQ- 
ketoesters of various structures and of related model compounds 1231. 

Table 3 shows that poly-@-ketoesters are stronger acids than the model 
compounds by 2-3 orders of magnitude and yet give rise to complexes less 
stable by 3-5 orders of magnitude compared with low-molecular weight 
compounds of similar structure. The lower stability of the polymeric com- 
plexes and higher acidity of the polymeric complexing agents originate from 
the non-uniformity of the enol fraction with high-molecular weight com- 
pounds (see above). Note that the experimental values of stability, substitu- 
tion or equilibrium exchange constants represent averages since these must 
vary along a macromolecular chain of the complex due to the non-uniformity 
of the enol fraction and the highly strained nature of c&en01 units involved 
in intermolecular hydrogen bonding 1243. 

In Fig. 4, the dependence of polymer acid, p&, is plotted against its com- 
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TABLE 3 

Stability constants of complexes with @ketoesters; dioxane-water (4 : 1 volume ratio); 
25 * 0.5; 0.1 N NaNO,. 

Ligand cu=* Ni2+ 

P& WPza --logB log& --iogB 

1 Polydiethylazelate 6.4 8.0 4.8 7.5 6.2 
2 Polydiethyldecanoate 8.4 10.7 6.1 
3 Folydiethyldodecanoate 9.8 12.5 7.1 
4 Polydiacetylglutarate 10.0 12.7 7.4 
5 Diethyl ester of acetylgiutaric acid 11.4 15.2 7.6 13.2 9.6 
6 Polyterephtbalylacetoacetate 7.0 9.5 4.5 8.9 5.1 
7 Terephthalylacetoacetate 10.2 14.5 5.8 
8 Polgvinylacetoacetate 9.2 14.4 4.0 10.5 7.9 
9 Acetoacetate 11.4 17.2 5.6 14.6 8.0 
10 PolyterephthaIyldiacetate 7.1 10.1 3.8 
11 Terephthalyldiacetate 10.0 15.8 4.2 

a B is the substitution constant (see p. 203). 

plexing power, log p as exemplified by copper derivatives of fi-ketoesters, 
Table 3. One can distinguish two correlations. ~1- and OL, y-substituted deriva- 
tives of acetoacetate: polydiethyldecanoate, polydiethyldodecanoate, diethyl 
ester of acetylglutaric acid and its high-molecular weight analogues, poly- 
diethyiacetylglutarate and terephthalyldiacetoacetate, and its high-molecular 
weight derivative, polyterephthalyldiacetoacetate, all follow the first type of 
correlation (the lower line). The second type (the upper 1ti.e) is represented 
by non-substitute acetoacetate and its T-derivative, t~ephth~yldia~etoa~e- 
t&e, and their high-molecular weight andogues (polyvinylacetoacetate and 
polyterephthaiyldiacetoacetates). 

14 
t 

12- 

L 1 ’ I 8 I t 

6 78 9 10 11 12 Pk, 

Fig. 4. A plot of lllog I& versus log & for the poiyligands presented in Table 3. 
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stant of the resulting complex, the higher the probability of ionic type bond- 
ing, and vice versa. Thus, Davydova, Plate and co-workers [24] suggest the 
formation of various types of coordination centers in transition metal com- 
plexes of poly-@-ketoesters and poly-&diketones (35). 

-F=C- -c-c- 

“.._? + SC3 tou 
-4-F- 

&,+_g 
5 0 COR 

O--~O 
&.A 8 (15) 

ROF y ‘5 ps 

--C-c- -c==c- -C-__C.W 

According to Hering 1201 even a uniform polymeric iminodiacetic acid 
may act as a monobasic or dibssic acid to give rise to purely ionic or more 
covalent bonding in the same macromolecule. 

In the formation of most stable coordination centers, quite a number of 
polyligands parGcipate via two functional groups per divalent metal ion, 
ML2. Hydrated ions may also give rise to centers of composition, MLz(HzO)n. 
Solvents used in the complexing processes may enter the coordination sphere 
to produce centers of the type MLs(HsO),S, . This is not necessary in the 
case of CL?* ions (@-configuration) which are most likely to give coordinati:,n 
centers of planar structure. With other transition metal ions Ni2” (d8), Co2+ 

3+ (d’), Co3* (@), Mn2’ (d5), Mn (d4), of which the octahedral or tetragonal 
environment is characteristic, the structure of the coordination center under- 
goes a distortion. In practice the coordination sphere of such ions when bound 
to a polycomplex may involve any anion that occurs in the reaction mixture. 

Of course, examples of polymeric complexes with non-uniform composition 
or “defect” structure in the coord~tion centers are not only restricted to 
fl-ketoesters and polyiminodiacetic acids. Binding of low-molecular weight 
ligands present in the reaction medium to saturate coordintition centers will 
occur with natural macromolecular complex compounds. 

Swensson and Tomell 1261 report quite a number of coordination centers 
in Zn2’ complexes of cellulose xantogenates which originate from functional 
groups of various spatial orientation with respect to the main chain; these 
vary in thermodynamic stability and reactivity towards acids. 

Cellulose itself also gives rise to mixed ligand complexes 1271. At present, 
the formation of copper complexes of cellulose with the coordination sphere 
containing various hgands is regarded as most probable [283 (16). Complex 

/OH--X NH3 
.vc H 0 -OH-CU~*~N~+ 

6 7 2\ 
OH 

(161 

formation occurs first at secondary CZ- and C&hydroxyls rather than at pri- 
mary ones. It is also suggested that primary hydroxyls may contribute to the 
center formation via ionic type bonding. Jayme [29’j reports similar struc- 
tures to occur in mixed complexes of cellulose and other transition metals 
(Ni*‘, Zn2+, Cds’ etc.). 

Cellulose and its analogues may give complexes via coordination or ionic 
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Fig. 5. The efficiency of complex formation of Fe+2 (lower curves) and Fe+3 (upper 
curves.) (in mmol per 100 g of polymer) with cellulose, 45”, 60 min. 

type bonding. Sorption of Fe” ions by celldose takes place regardless of the 
temperature and the reaction time. Treating of sorbent with diluted acids 
results in a ready desorption, see Fig. 5. These ions react with the macromolec- 
ular ligand in an ionic way. On the contrary, with Fe3+ ions the amount of 
sorbate depends upon temperature, time and concentration of metal ions, 
suggesting the formation of a complex with cellulose macromolecules; in this 
case, desorption can be effected only by using 2 N or even 5 N rather than 
dilute hydrochloric acid [ 30,311. 

Thus macromolecular complexes are character&d by a modified composi- 
tion of the coordination center as compared to that in low-molecular weight 
models, by undersaturation of complexing ions and by the formation of coor- 
dination centers with mixed ligands. 

This results, as a rule, in a lower stability of these complexes with macro- 
molecular ligands as compared with those of low-molecular weight complex 
compounds of regular stoichiometry. 

D. PROCESSES OF MACROMOLECULAR COMPLEX FORMATION 

Up to the present, the characteristics of macroliiands as substances of 
polymeric nature have not generally been understood in dealing with pro- 
cesses of complex formation. These processes were believed to occur at iso- 
lated chain units while the macroligand was accounted for by a set of inde- 

pendent complexing groups. Calculations involved overall concentrations of 
functional groups. Bjerrum’s method and various modifications of this were 
widely applied: the complex formation process was thought of as successive 
addition of metal ions by independent functional groups of a macromolecule. 
Usually, the formation function, E, the concentration of bound groups/total 
ion concentration, is equal to f(Ki[L]) was calculated and the number of bound 
functional groups per metal ion n, and stepwise formation constants, I&, were 
determined by means of plotting E vs. -log [L] _ Stability constants were 
believed independent of the macroligand molecular weight [ 321. 
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Fig. 6. Complex formation of polymer P in inner coordination nodes I and in the macro- 
complex as a whole II. 

Tolmachev 1331 puts forward an alternative method to deal with processes 
of complex formation involving macromolecules, which better conforms to 
the polymer nature of these macroligands. First consider the individual func- 
tional groups to bind metal ions end form “inner coordination nodes”. One 
can then think of total complex formation as the process resulting in inner 
coordination nodes on the one hand and in the macrocomplex as a whole on 
the othq Fig. 6. Hence two sets of complex formation constants follow: 

(i) constants, K, characteristic of the free energy of the formation of coor- 
dination nodes; stepwise compiex formation constants give series which differ 
for different nodes belonging to the same macromolecule and should depend 
on the macromolecular weight; 

(ii) constants, Kp, characteristic of the free energy of the macrocomplex 
formation as a whole, describing stepwise addition of coordination nodes to 
a macromolecule. Such an approach has been used in the study of protein 
molecules [ 34,353. 

Thus in general macromoiecular complex formation represents a complicated 
process of branching off character. In real cases, however, some of the coor- 
dination nodes are predominant. With high local spatial concentkations of 
functional groups offered by a macromolecule the formation of ML2 nodes is 
favoured. Irrespective of the way of analyzing macromolecule complex for- 
mation, this so called “concentration effect” appears to represent just-one 
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Fig. 8. Complex formation of GB+~(~), Ni+2(2), Mg+2(3) and CU+~(~) with iso-(upper 
lines) and syndio-(lower lines) - polymethacrylic acids. 

“Synthetic muscle models” provide the most striking examples illustrating 
the specific polymer nature of macromolecular hgands, This phenomenon 
finds no parallel at all in the chemistry of low-molecular weight complex 
compounds. Teyssie and co-workers [44] report strong chain contraction due 
to the formation of coordination centers (e.g. of the type shown in Fig. 9) in 
the binding of polyvinylamine to a complex with Cu2+, Ni2* or Zn2+ ions. 
This results in a four-fold or greater decrease in viscosity of solutions of poly- 
mer complexes. 

“Reversibly contracting systems” are widely known [45,46], these involve 
simultaneous complex formation and redox processes. Swollen and partly 
crosslinked fibers of polyvinyl alcohol (20% of polymer Iigand and 90% of 

3 4 5 6 7 PH 

Fig. 9. The influence of complex formation with &+2(l), NP2(2) and !Zn*2(3) upon the 
viscositp of polyvinylamine solutions (4). 
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complex with a macromolecular ligand to take adva.ntage of coordinative 
vacancies appears to be essential to the so-called ligand exchange (29). 

Ni*’ complexes of ion-exchangers containing, say, iminodiacetic acid resi- 
dues IlOO] have been used in separating amines [loll, phenols ]102], and 
also purine and pyrimidine bases, unsaturated hydrocarbons, monosaccharides, 
peptide aminoacids, humic acids and other naturally occurring compounds 
[103] _ Rogozhin and Dovankov [ 104-1061 report dissymmetic ion-exchangers 
containing optically active a-aminoacid groups. Metal complexes (Cu*+, Ni*‘, 
2x?‘) of these sorbents allow quantitative separation of optical isomers. The 
order of isomer elution is related to the stability of the complexes these form 
with the poIymeric stationary ligand; therefore this technique can be applied to 
studying kinetically labile mixed complexes. 

Quite recently data have become available using polymer complexes as 
catalysts in hydrogenation and hydroformylation of unsaturated compounds 
[107-ill]. Thus, according to Robinson, Paulik et al. [112,113], the tri- 
phenylphosphine complex of rhodium carbonyl on a solid carrier can be used 
to effect olefin hy~oformylation under rather mild conditions. Polymer com- 
plexes of this type represent catalysts of high stability and high reactivity 
giving rise to reaction products of the same normal-to-branched aldehyde ratio 
as that resulting from reactions in the presence of low-molecular weight com- 
plexes [ 1141. 

Other authors fixed the triphenylphosphine-rhodium carbonyl complex in 
a polymer matrix containing polystyrene incorporating nitrogen-, phosphonts- 
or sulfur- containing groups. With these polymeric complexes, hydroformy- 
lation of hexene-1 was characterized by the same yields, selectivities and 
activities as those observed with the low-molecular weight complexes, HRh- 
(CO)(PPh,)3 and ClRh(CO)(PPh& . In the authors’ opinion, polymeric com- 
plexes of this type may be used in hydroformylation in the gas phase f115, 
1161. Moffit reports [ll?] the partial decomposition of a cobalt polymer 
complex with poly-2vinylpyridine as base polymer according to the equation 

[Polymer X HCO(CO)~J ?) [Polymer] f [HCo(C0)4] 

in hydroformylation in the liquid phase. The reverse reaction, that is de- 
carbonylation of aldehydes giving rise to olefins, occurs in the presence of 
polymer complexes of platinum metals or of manganese [ 118,119] - 

One more striking example of chemical transformations of macromolecular 
complexes is offered by the catalytic hydrogenation of nickel complexes 
with macromolecular ligands of the fi-dicarbonyl type, which results in the 
corresponding polyketoesters [ 120-1231. Under asymmetric conditions (in 
the presence of L-glutamic acid) hydrogenation gives rise to the correspond- 
ing optically active reaction products, Table IV (30,31). Data by Izumi et al. 
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induced decomposition of HsOs represents a stepwise reaction involving two 
molecules of HaOs rather than a radical process; the formation of a peroxo- 
complex with a catalyst active center was shown to occur in this case. The 
process activation energy amounts to 2.3 kcal mot-’ with the polymer com- 
plex and to 1.7-2.5 kcal mol-’ with catalase which indicates the transition 
states to be similar in both of the cases. 

The ability of metal ions in macromolecules, remaining unsaturated with 
respect to ligands, to undergo redox transformations was taken advantage of 
in the development of electron-ion exchangers characterized by redox poten- 
tial variation over a considerable range. Polymeric oxidizers and reducers have 
been obtained which possess redox potentials different from those inherent 
in corresponding solvated ions [127]. Metal-containing electron-ion ex- 
changers have been used in preparing polymer reagents able to remove oxygen 
from solutions [128]. Recently, Japanese authors [129] have studied electron- 
transfer reactions involving mixed ligand complexes of polyvinylpyridine or 
polyvinylchloride with ethylenediamine. A clear-cut distinction between pol- 
ymer and monomer complexes was shown to exist in the kinetic and thermo- 
dynamic characteristics of the reaction; the polymer complexes possessing 
lower reactivity and giving rise to higher AH and AS for the reaction compared 
with Iow-molecular weight complexes. 

Undoubtedly, chemical ~nsformations of complexes with macromolecular 
ligands of any type are not limited to asymmetric hydrogenation, catalytic 
activity and to simulating enzyme systems. Coordinated macromolecules can 
participate in practically any reaction which low-molecular weight complexes 
are known to undergo, however, one should keep in mind all of the specific 
features cited above, characteristic of the structure and properties of the 
former. 

The problem of whether complexes with macromolecular ligands possess 
higher activity, for example, as catalysts in the above reactions, compared to 
their low-molecular weight analogues, and if so, wherein lies the origin of this 
higher reactivity, is not unambiguously solved. Some authors [ 88,97,125) 
attribute the higher catalytic activity of polymer complex compounds of 
various types and in various reactions to defect structure of coordination cen- 
ters, to the unsaturated character of these and to their ability to coordinate 
substrate molecules. Others attribute the high catalytic activity of polymer 
complexes to the so-called cooperative effects [130]. 

Further detailed study in this field is needed to remove such ambiguities. 
There is no doubt that this field, which has been under active investigation 

in recent years, opens the way for discoveries and constitutes an important 
part of the current chemistry of high-molecular weight, bioinorganic and 
coordination compounds. 
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