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An infra-red spectroscopic study of cement 
formation between metal oxides and 
aqueous solutions of poly(acrylic acid) 

S. CRISP, H. J. PROSSER, A. D. WlLSON 
Laboratory of the Government Chemist, Department of Industry, Cornwall House, 
Stamford Street, London, UK 

An infra-red spectroscopic study of the formation of cements between metal oxides and 
aqueous solutions of poly(acrylic acid) is reported. Oxides of divalent metals form 
cement gels more readily than oxides of trivalent metals. An attempt was made to gain 
structural information from the observed frequency shifts of the absorption bands of the 
carboxylate groups in the metal poly (acrylate) gels relative to those recorded for the 
purely ionic form. The form of cation binding to the polyanion chain is discussed. 

1. I n t r oduc t i on  
Ionic polymer cements, some of which find a 
practical application in dentistry [1-3]  are 
formed when certain powdered metal oxides 
or ion-leachable silicates are reacted with con- 
centrated aqueous solutions of poly(alkenoic 
acid)s. Cations are extracted into the poly- 
electrolyte phase of  the cement paste where 
they become bound to polyanionic chains [4]. A 
hard glass-like gel is formed which binds unreacted 
powder particles into a cement mass. Wall and 
Drennan [5] in 1951 considered that the gelation 
of PAA, poly(acrylic acid), by divalent ions was 
the consequence of the binding of metal ions to 
the polyion leading to the formation of salt- 
bridges. 

The nature of the binding of cations to poly- 
anions, which is the cause of phase changes such 
as gelation and precipitation, has been discussed 
at length in the literature [6, 7]. The consensus 
of opinion is that: (i) the counter ions are con- 
strained to remain in the vicinity of the polyanion 
chain by a general electrostatic field and (ii) that 
under certain conditions, depending on the 
chemical nature of the cations and the anionic 
sites, specific ion binding may also occur. There is 
evidence for the formation of complexes in some 
cases [8 -10] .  

There are a number of associated phenomena: 
the configurational changes of the polyelectrolyte 
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consequence upon ionization [11] and the distur- 
bance of shells of water of hydration [7, 12]. 
Indeed certain workers have sought to explain ion- 
binding in these terms [7, 12]. 

The evidence for these theories comes from the 
many methods for the study of ion-binding in 
solution: electrometric determination of activity 
coefficient, permeability, chemical analysis, 
electrolysis studies, observation of molar volume 
changes, titrimetric and conductimetric techniques 
[6, 7]. However, these methods are obviously not 
available for the study of solids and gels, nor can it 
be certain that the results from solution studies 
can be extrapolated to solids. 

Infra-red spectroscopy offers a useful means of 
studying interactions between cations and car- 
boxylate groups in liquids, solids and gels. A 
voluminous literature exists on the subject for 
mona-, di-, and tri- substituted carboxylic acids. 
Vibrations due to the carboxylic acid (COOH) 
group (~1700cm -1) can be distinguished from 
those of the carboxylates (CO~) ion and are 
affected by hydrogen bonding [ 13-15] .  The C-O 
stretching vibrations of the carboxylate ion are 
influenced markedly by the cation; the asym- 
metric mode is more sensitive than the symmetric 
mode and frequencies vary from 1500 to 1650 

-1  
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The cause of this variation has been the subject 
of much discussion [16-29] .  Certain wdrkers 

�9 1976 Chapman andHatl Ltd. Printed in Great Britain. 



have sought to correlate the frequency shifts with 
the ionic radius of the cation [15, 16], its electro- 
negativety [17], the bond strength, character and 
stability complex of the metal-ligand complex 
[19-23] .  Other workers consider that the 
symmetry of the carboxylate group and the angle 
of the O - C - O  bonds are the determining factor 
[21,24,251.  

Donaldson e t  al. [27] and Warrier and his co- 
workers [28, 29] in reviewing the topic lay 
emphasis on the role both of bond character and 
the type of co-ordination in interpreting the 
direction and magnitude of frequency shifts, an 
approach which seems the most apposite. 

Few studies have been made on poly(car- 
boxylic) acids. Leyte e t  al. [30] studying the 
counter ion interactions between poly(alkenoic 
acid)s and alkali and alkaline earth metals could 
not detect any frequency shifts and concluded, 
therefore, that there was no specific site binding. 
Crisp e t  al. [31] used an attenuated total reflec- 
tance technique (ATR), developed by Wilson and 
Mesley [32, 33] for dental cements, to monitor 
the reaction between an ion-leachable alumino- 
silicate glass and PAA solutions - the glass- 
ionomer cement system. They found a frequency 
shift as between the aluminium and calcium salts. 
In this study infra-red spectroscopy (ATR) was 
used to improve the understanding of the 
character of the bonding in a range of metal 
oxide-PAA cements. 

2. Experimental 
2.1. Materials 
The PAA used in this work has been described 
previously [34] and was prepared by aqueous 
phase polymerization using ammonium persul- 
phate as the initiator and propan-2-ol as the chain 
transfer agent. The product had a weight average 
molecular weight of 2.3 x 1 0  4 and was con- 
centrated to 50%wt/wt. A sample of PAA was 
deuterated by evaporating the solution at 37~ 
and successively dissolving and evaporating from 
deuterium oxide three times. The final product 
was ground and sieved through a 170 mesh 
(90 #m) sieve. 

Good laboratory quality metal oxides were 
selected for use in this experimental study. Indium 
(III), lanthanum (III) and copper (II) oxides were 
used as-received while those of magnesium, 
calcium and zinc were heated at I lO0~ for 
several hours to reduce their reactivity. Aluminium 

oxide was used as-received and, in addition, a 
sample of a-alumina was prepared by heating 
alumium ammonium sulphate to 1000~ and 
"),-alumina by heating the freshly precipitated 
hydroxide at 840 ~ C. Ferric oxide was prepared 
by the thermal degredation of hydrated ferric 
sulphate at 300~ An alternative sample was 
prepared from the freshly precipitated hydroxide 
by beating at 50 ~ C for 5 h. 

2.2. Methods 
Pastes were prepared at 21 ~ C by mixing a weighed 
amount of metal oxide powder with a known 
volume of PAA solution on a glass block for t min 
using a dental spatula. The powder/liquid pro- 
portion employed was normally 1.5 gm1-1 but in 
some cases this had to be reduced. 

For reactions with deuterated PAA the 
powdered solid acid was first blended with the 
metal oxide in the required proportion. The solid 
mixture was mixed with the required volume of 
deuterium oxide, using the technique described 
above. 

Part of a prepared paste was transferred to an 
ATR cell which was placed in the spectrometer as 
quickly as possible. Spectra were recorded on a 
Parkin Elmer 621 spectrometer with transmission 
scale expansion up to x 3, and a scan rate of 450 
cm -1 min -1. The ATR unit was a Research and 
Industrial Instruments Co Model TR5 with a 
KRS-5 crystal, a hemicylinder of thallium 
bromide-iodide. The angle of incidence was 55 ~ . 

ATR spectra were recorded 3 and 10min and 
1, 3, 6 and 24h following the preparation of a 
paste. In some experiments it became necessary to 
tighten the back plate of the ATR cell which 
invalidated a direct comparison between the 
absorptions of a particular band in different 
spectra. However, relative intensities of different 
bands could still be compared. 

3. Results 
The spectra of pastes formed by the metal oxides 
which react with PAA in H20 or D20 solution 
are given in Figs. 1 to 7 and assignments made in 
Tables I to VII. Reference spectra for PAA, and 
sodium poly(acrylate), are given in Table VIII. 

Band assignments are based on the standard 
texts by Bellamy [35] and Nakamoto [36], and 
the general literature. Bands of particular im- 
portance to the present study were the carbonyl 
C=O stretching mode of the carboxylic acid group 
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and the asymmetric and symmetric CO~ stretching 
modes of the carboxylate groups which are sum- 

marized for the various systems in Table IX. There 
was a water band at 1630cm -a which interfered 
with certain assignments and was eliminated in the 
deuterated systems. Other bands were recorded 

and assignments, some of which are speculative, 
have been made. However, these have little 
relevance to the present study. 

The general pattern of behaviour observed in 
the reacting cementitious pastes was for the C=O 
stretching band (at 1700 cm -1) of the carboxylic 

acid group to decline coincidently with the 
appearance and enhancement of the CO~ 

stretching bands of the metal carboxylates 
observed in the regions 1530 to t 6 1 0 c m  -a 

(asymmetric stretch) and 1390 to 1420cm -1 

(symmetric stretch). These results are, of course, 
indicative of an acid-base reaction. 

The reaction between magnesium oxide and 
PAA is very rapid; no carboxylic acid groups 

could be detected in the 3min  ATR spectrum, 

which contained only carboxylate, CO;, stretching 

bands, at 1535 and 1405 cm -~ , and there was no 
detectable change in the spectrum in the following 
24h.  These results are illustrated by the 3h  

spectrum (Table I, Fig. 1). Deactivated magnesium 

oxide had been used, prepared by heat-treatment 
which according to Livey et aL [37] reduces the 

surface area of the powder, so there was no further 
possibility of reducing the rate of reaction. 

Calcium oxide reacts more slowly (Table II, 

Fig. 2). Carboxylic acid bands at 1690, 1250 and 
1165cm -1 are prominent in the 3rain ATR 

spectrum, attenuated in the 1 h spectrum and 
absent altogether when the paste is 24 h old. Car- 
boxylate bands, at 1540 and 1403cm -1, are 

TABLE I Spectra of MgO-PAA cement gels (all fl'e- 
quencies in cm -t) 

ATR (3 h) KBr Assignment 

1640 m 
1535 s 1530 sb 

1450 w 1450 m 
1405 s 1400 s 

1350 wsh 
1320 m 

1t05 m 

c.a. 1320 m 

c.a. 1100 w 

Water 
Asymmetric C-O stretch of 
salt 
CH 2 deformation 
Symmetric C-O stretch of 
salt 
CH 2 or CH wagging 
CH 2 or CH wagging or in- 
plane OH deformation 

Abbreviations: s, strong; m, medium; w, weak; 
b, broad; sh, shoulder; v, very. 

6 7 8 9 1 0  12  pm 
t ~  I I I I I 

,J . / \ 
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J I 1 I I 
1800 t 6 0 0  1400  t 2 0 0  t 0 0 0  BOOcm -1 

Figure 1 ATR spectrum of MgO/PPA at P/L = 1.5 ( - - ) ,  KBr disc of MgO/PPA at P/L = 1.5 ( . . . .  
spectrum of PAA ( . . . .  ). 
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Figure 2 ATR spectra of CaO/PAA at P/L = 0.75 after 3 min, 1 and 24h after commencement of mixing. 

TABLE I|  Spectra of CaO-PAA cements gels 

ATR (3 min) ATR (1 h) ATR (24 h) Assignment 

1685 s 1690 sh - 
1640 s t640 s 1645 w 
1540 s 1538 s 1530 s 
1450 m 1450 m 1450 m 
1403 m 1405 m 1405 m 
- 1320 m 1320 m 
1250 m 1260 vw - 
1165 w 1160 vw - 
1130 w 1130 w 1120 m 
1110 vw 1110 vw 1110 wsh 

750 msh 750 msh 

C-O stretch of acid 
Water 
Asymmetric C-O stretch of salt 
CH 2 deformation 
Symmetric C-O stretch of salt 
CH 2 or CH wagging or in-plane OH deformation 
C-O/OH deformation combination 
COOH or CH~ 

OCO wagging in salt 

strongly represented in the 3 min spectra. 
The reaction between cupric oxide and PAA is 

slower and ideally suited for monitoring by the 
ATR technique. (Table III, Fig. 3). Deuteration 
has no discernable effect on reaction rate but 
enables certain regions of the spectra to be 
interpreted unequivocally. Carboxylate bands 
develop slowly and in the 24 h spectrum bands at 
1675, 1440 and l l 9 0 c m  -1 indicate that some 

acid groups remain unreacted. There are two 
CO; (carboxylate) asymmetric stretching modes, 
one characterized by a sharp band at 1605 cm -1 
and the other by a broad band in the region of 
1540 cm -I in the 3 min spectrum. The former pre- 

dominates in the earlier spectra (up to 1 h) and the 

latter in the later spectra (after 6 h). There is one 
symmetric CO~ stretching mode at 1400cm -1 

possibly common to both carboxylate forms. 
The reaction with zinc oxide is moderately 

rapid (Table IV, Fig. 4) and both the carboxylic 
acid C=O stretching band (1675cm -x) and the 

asymmetric CO~; carboxytate stretching band 
(1550 cm -1 ) are strong in the 3 rain spectrum. The 
carboxylic acid band is greatly reduced after 1 h 
even so there are indications of unreacted groups 

in the 24 h spectrum. The deuterated system reacts 
a little more slowly. The broadening of the asym- 
metric CO~ stretching band towards higher fie- 
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T A B L E '  I I l  Spectra of  C u O - P A A  cement gels 

ATR (3 min) ATR (3 h) KBr Assignment  

1700 s 1700 m 1700 m 

1660 / 1630 - 
to / s 

1610 1600 s 1590 to 1520 sb 

1540 sh c.a. 1540 s - 

1445 m 1445 m 1440 w 

1410 m 1405 s 1395 s 

- 1 3 1 5 m  - 

1320 to 1120 sb I170  sb 1160 w 

C - O  stretch of  acid 
Water 

Asymmetr ic  C - O  stretch of  salt 

Asymmetr ic  C - O  stretch of salt 

CH 2 deformat ion 

Symmetr ic  C - O  stretch of salt 
CH~ or CH wagging or in-plane OH deformat ion 

COOH or CH 2 twist ing 

Deuterated system 

ATR (2~- min) ATR (9 rain) ATR (1 h) ATR (3 h) ATR (6 h) ATR (24 h) Assignment 

1685 s 1685 s 1680 s 1675 s 1675 w - C - O  stretch of  acid 

1615 vw 1605 m 1605 s 1600 s 1600 sh 1605 sh Asymmetr ic  C - O  
stretch of salt 

1530 sh 1525 sh 1545 sh 1560 s 1550 s 1540 s Asymmetr ic  C - O  
stretch of salt 

1440 m 1440 m 1435 m 1445 m 1440 sh 1440 m CH2 deformat ion  

1400 m 1410 m 1405 s 1405 s 1400 s 1400 s Symmetr ic  C - O  
stretch of salt 

- - 1310 w 1310 w 1310 m 1295 sh CH 2 or CH wagging 
or in-plane OH 

deformat ion CH 2 

twisting 

1195 m 1190 nr 1195 m 1195 m 1190 m 1190 w COOH/CH 2 twist ing 
or D20 deformat ion 

1110 m 1090 m 1105 w 1095 w 1110 w 

1030 m 1030 m 1030 m 1010 w 1010 w 1010 w 

755 m 760 m 755 m 765 m 765 m 765 m OCO wagging in salt 

6 7 8 9 10 12P m 
I I I I I ,J 

- -  3 m i n  
. . . . . . . .  3h  
. . . . . .  2 4 h  
- - - - - -  K B r  

f,--~ 
i i  \ 

. . . .  "x. \ 

~ ~ -~ " ~ \ ~ - ~  ~" Xl 

/ 
/ 

,. '~ r ~ - ~ .  ~ _ t -  "---~, 
, k f\ i I t 

"t,...,. 1 J X..... , - ~ - - - ] " J  f . - . J  t 

'~\'~ l ,<t \ / / "  . . . .  " \ ',. 
. . . . . .  - ,  'l ~ -  / . #  i % )  / "x l . s  

N �9 ,',,, ! !...~ ~ ! _ , '  ~ , ,  

�9 Xl.3 
I x2 

�9 t t I i I 

?,-  . . . .  ' t" 

I I I I I I 
(QI t8OO 16OO t4OO t2OO IOOO 8OOcrn -1 

Figure 3(a) ATR spectra after 3 min, 3 h and 24 h from commencement  of  mixing and KBr disc of  CuO/PAA at P/L 
= 1.5; and (b) ATR spectra of the deuterated system at 2.5, 9 min, 1, 3, 6 and 24 h. 
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Figure 3 continued. 
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Figure 4 ATR spectra after 3 min  and 1 h from commencement  of  mixing and KBr disc of ZnO/PAA at P/L = 1.5 
and ATR spectra of the deuterated system at 8 min. 
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T A B L E  IV Spectra of Z n O - P A A  cement gels 

ATR (3 rain) ATR (1 h) KBr ATR (deuterated,  8 rain) Assignment 

1680 s - - 

1635 s - - 

1545 s 1540 s 1570 s 

1445 m 1445 m 1445 m 

1405 s 1395 s 1405 s 

1315 m 1315 m 1320 m 

1180 w 1180 w 1175 w 

1090 w 1080vw 1080 vw 

790 sh 750 sh - 

* D20 d e ~ r m a t i o n  may  contribute.  

1740 C - O  stretch of acid 

- Water 

1540 s Asymmetr ic  C - O  stretch of  salt 
1440 m CH 2 deformat ion 

1405 s Symmetr ic  C - O  stretch of salt 

1315 w CH 2 or CH wagging or in@lane OH 
deformat ion 

1200 m 

t l  80* sh COOH or CH 2 twist ing 
1080 m 

980 sh 

8 5 0 w  

765 m OCO wagging in salt 
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f, Tgure 5 ATR spectra after 2.5 rain, 6 and 24 h from commencement  of  mixing of  "7-- AI~OJPAA at P/L = 0.75. 

T A B L E V Spectra of  3,--AI ~O 3--PAA cement gel s 

ATR (2~- min) ATR (6 h) ATR (24 h) Assignment 

1690 s 1705 s 1710 

1630 s 1615 s to 1600 
- 1530 sh 1540 sh 
1440 m 1450 m 1455 m 

1250 m 1260 m 1260 m 
1120 bw 1120 bw 1105 sh 

960 bw 980 bw 990 m 
- 765 m 

C - O  stretch of acid 
Water or asymmetr ic  C - O  stretch of salt 
Asymmetr ic  C - O  stretch of  salt 

CH 2 deform at ion 
CH~ twist  

OCO wagging in salt 
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Figure 6(a) ATR spectra after 3 min,  1 and 6 h from commencemen t  o f  mixing and KBr disc of  La203/PAA at P/L = 
1.5; and (b) ATR spectra of  deuterated system at 5 rain, 1, 3 and 24 h. 
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T A B L E  VI Spectra of La203-PAA cement gels 

Deuterated 

ATR ATR ATR K Br ATR ATR 
(3~-min) (1 h) (6 h) (5 min) (1 h) 

ATR ATR Assigimaent 
(3 h) (24 h) 

1700 s 1700 sh 1700 sh 1700 sh 1660 s 1685 sh 
1640 s 1640 s 1640 s - - - 
1535 s 1530 s 1525 s 1535 s 1530 s 1515 s 
1445 s 1450 m 1450 m 1450 m - 1440 sh 
1415 s 1415 s 1415 s 1405 s 1415 s 1410 s 
- 1325w 1325w 1325w - 1305w 

1250bm 1260 bw 1260 vw - - - 
l 1 7 0 s  1168m l 1 7 0 m  1170m l 1 8 0 * s  1180"s  
1105m 1105m 1105m l l l 0 m  - 
1060m 1060m 1060m 1070m - 
. . . .  960 sh 960 sh 

1670 s 1660 m C - O  stretch of acid 
- - Water 
1525 s 1525 s Asymmetric C -O  stretch of salt 
1440 m 1445 m CH 2deformation 
1415 s 1415 s Symmetric C - O  stretch of salt 
1310 w 1310 w CH 2 or CH wagging or in-plane OH 

deformation 

1195" s - COOH or CH 2 twisting, or from La~O 3 
1120 w 1120 m La203 

_ _ La~O 3 
980 m 985 m 

* D~O deformation may contribute. 

quenc ie s  in b o t h  I-I20 and  D 2 0  sys tems  suggests 

t h a t  the  poss ib i l i ty  o f  a s econd  b a n d  at 1600  cm -1 

c a n n o t  be  en t i r e ly  d i s coun ted .  

Three  fo rms  o f  a lumina  were used in this  s tudy :  

( I )  a - -  A1203 h e a t e d  at  1100  ~ C for  several hours ,  

( I I )  a -  A1203 p repa red  in a f ine fo rm b y  hea t ing  

a m m o n i u m  a l u m i n i u m  su lpha te  a t  1 0 0 0 ~  and  

( I I l )  7 - -  A1203. The  ev idence  f rom the  A T R  spect ra  

shows  t h a t  fo rm I does  n o t  react  w i t h  PAA for  6 h. 

The  2 4  h s p e c t r u m  shows  t h a t  the  ca rboxy l i c  acid 

b a n d  ( 1 7 0 0 c m  -1) and  w a t e r  b a n d  ( 1 6 3 0 c m  -1) 

b r o a d e n  t o w a r d s  1 6 0 0 c m  -1 and coalesce to one  

b a n d .  The  ca rboxy l i c  acid b a n d  at 1 2 0 0 c m  -1 

b r o a d e n s  t owards  1 4 0 0 c m  -1. F o r m  II does  no t  

reac t  w i t h  PAA.  There  is ev idence  o f  some reac t ion  

b e t w e e n  7 - - A 1 2 0 3  and  PA A  af te r  some h o u r s  

(Table  V,  Fig. 5). However ,  the  ca rboxy l i c  acid 

b a n d s  r emain  s t rong in the  24  h s p e c t r u m  and  the  

f o r m a t i o n  o f  ca rboxy la t e  is l imi ted .  The  b a n d  at 

T A B L E  VII  Spectra of BizO~--PAA cement gels 

1455 cm -1 is to be  a t t r i b u t e d  to the  i on i za t i on  o f  

PAA and no t  to an  a l u m i n i u m  ca rboxy la t e ,  since 

the work  by  Crisp e t  al. [31] has  s h o w n  t h a t  a lumi-  

n ium po lyac ry la t e  has  one  a s y m m e t r i c  b a n d  on ly  at 

1600 cm-1.  

L a n t h a n u m  oxide  reac ts  m o d e r a t e l y  rap id ly  

w i th  PAA and  ca rboxy la t e  b a n d s  ( 1 5 2 5  and  

1415 cm -~) indica t ive  o f  salt f o r m a t i o n  are to be 

f o u n d  in the  3 min  spec t rum.  (Tab le  VI ,  Fig. 6). 

However ,  u n r e a c t e d  acid g roups  persis t  even in the  

2 4 h  spec t rum a l t h o u g h  the  in t ens i ty  o f  t he i r  

spect ra l  b a n d s  is d imin i shed .  The  b a n d  in the  region 

o f  1700 cm -I is unusua l ly  b r o a d  and  the  poss ib i l i ty  

o f  a b a n d  in a d d i t i o n  to the  C - O  s t r e t ch  c a n n o t  be 

dismissed.  

B i smu th  ox ide  reacts  s lowly w i th  P A A  in H 2 0  

and  the  rate o f  r eac t ion  is even less in D20  (Table  

VII ,  Fig. 7). In the  3 min  spec t rum there  is a weak  

shou lde r  at  1530 cm -1 and  a weak  b a n d  ~ 1400 

ATR (2 min) ATR (1 h) ATR (24 h) 

Deuterated 

ATR (10 min) ATR (24 h) Assignment 

1690 s 1685 s 1690 s 
1630 m 1625 sh 1630 sh 
- 1530 sh 1530 sh 

1440 m 1445 ] 1440 m 
/ 

to ~ bm 
- 13901 1400 m 

t 1 7 0 - t 2 5 0  m 1 t 7 0 - 1 2 5 0  m 1 t 7 0 - 1 2 5 0  m 
c.a. 1100 1115 m 1140 m 

985 m 990 m 990 m 
750 m 750 m 765 m 

1685 s 1680 s C - O  stretch of acid 
1650 shw - Water 
1520 sh 1520 sit Asymmetric C--O 

stretch of salt 
1440 m 1440 m CH 2 deformation 

1400 m 1390 m Symmetric C - O  
stretch of salt 

1255 w 1255 w 
1195" m 1195" m COOH/CH~ twisting 

1020 m 1010 m 
775 m 765 m OCO wagging in salt 

* D20 deformation may contribute. 
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Figure 7 ATR spectra at 2 min, 1 and 24 h fIom commencement of mixing of Bi2OjPAA at P/L = 1.5 and ATR of 
deuterated system at 10 min and 24 h. 

cm -1 indicative of  only slight salt formation. Even 
in the 24 h spectrum the carboxylic acid band at 
1690 cm -1 dominates the spectrum. There is, how- 
ever, some decline in all the carboxylic acid bands 
(1690, 1440 and 1200 cm -1) and a definite carbo- 
xylate band at 1400 cm -1 confirming that some 
acid-base reaction has taken place. 

Neither indium oxide nor ferric oxide showed 
any signs of  reaction with PAA, although a 
reactive form of the latter oxide was prepared by 
ignition of  tile oxide [38]. 

4 .  D i s c u s s i o n  

Results from this infra-red spectroscopic study 
indicate that salts are formed when PAA in H20 
or DzO solution is reacted with the oxides of  Mg, 
Ca, CuII, Zn, AI, Lam and Bi m. 

The acid-base reaction with divalent metals 
goes virtually to completion, the rate of  reaction 
decreasing in the order Mg > Ca > Zn > Cu. The 
trivalent metal oxides appear to only partly react 
with PAA and the reaction may be confined to the 
surface layer. 

The exact position of  the asymmetrical and 
symmetrical CO~ stretching modes can be used 
to gain structural information. In considering poss- 
ible structures for carboxylate salts it should be 
remembered that it is the C - O  band stretching 

frequency which is measured. If the metal-carbo- 
xylate band is not purely ionic and co-ordination 
complexes are formed where there are bands with 
some covalent character then frequency shifts are 
to be expected. These shifts will depend on the 
M - O  interaction and the nature of  the co-or- 
dination of  the metal. 

Nakamoto [36] has suggested that there are four 
types of  metal carboxylate structure: 

R R 

I l 
C c 

/ ' ,x ,  ,,, / \ 
- 0  O- 0 0 

\\\ I 
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TABLE VIII  Spectra of PAA, NaPAA 

PAA aq NaPAA (ATR) Assignment 

1690 s 
1630 m 

1435 m 
1405 vw 

1350 vw 
1230 m 
1160 m 
1070 m 

C-O stretch 
1640 m Water 
1540 s Asymmetric C-O 

stretch 
1435 m CH 2 deformation 
1406 s Symmetric C-O stretch 

of anion 
1310 m CH 2 wagging 

These structures can be envisaged as possible 
ways in which cations can be bound to poly- 
(acrylate) chains in ionic polymer cements. It 
should be noted in addition that these structures 
could be seen as representing half a metal bridge 
structure linking two polymer chains. 

Structure I is purely ionic. Structures II, III 
and IV admit some degree of  covalency in their 
bonding and the position of  the absorption stretch- 
ing bands in these structures is displaced from the 
corresponding bands in the ionic model. Several 
workers have discussed the effects of  different co- 
ordination on the direction and magnitude of  these 
frequency shifts [27 -29 ,  36] .  In structure II the 
asymmetric stretching frequency increases and the 
symmetric stretching frequency decreases with the 
strength of  the M - O  bond. In the bridge structure 
IV both asymmetric and symmetric stretching fre- 
quencies shift in the same directions probably to 
increase. The situation in structure III is complex 
and CO,stretching modes may couple with bending 
and M - O  stretching modes [27].  Nakamoto [36] 
suggests that both stretching modes shift in the 
same direction while Warrier and Krishnan [29] 
consider ,that the asymmetric stretching frequency 
decreases'an observation supported by Patel and 
Faniran [39]. 

The asymmetric and symmetric stretching vibra- 
tions of  the CO; group in the various carboxylate 
salt-gels are compared in Table IX. The asymmetric 
stretching modes for Mg, Ca and Zn PAA salts are 
all in the region 1533 to 1540 cm -1. Despite dif- 
ferences in charge and ionic radii all are comparable 
with thzt of  the free ion, the Na PAA salts 
(1540 cm-1). Clearly all these PAA salts are purely 
ionic (structure I) and these cations are, therefore, 
not bound to specific sites on the polyanionic 
chain but held in its vicinity by general electro- 
static attraction only. 
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TABLE IX CO~ Stretching frequencies of some MO- 
PAA mixtures. Symmetric and asymmetric stretching 
frequencies of metal poly(acrylates) measured by ATR 

Metal Asymmetric stretch Symmetric stretch 
(cm -~) (cm-') 

Mg 1535 1403 
Ca 1533 1404 
Cu 1605,1545 1405 
Zn ~ 1540 1398 
A1 1600,1530 1390 
La 1528 1415 
Bi 1525 1415 
Na 1540 1406 
H 1690 1435 

Although the Zn PAA spectra implies a pure salt 
form and there is no definite band at 1600 cm -1, 
there is a suggestion in the broadening of  the 
spectra in this region that there may be a minor 
proportion of  a second complex Zn PAA form. 

The La III and Bi III PAA salt-gels have asym- 
metric CO~ stretching modes of  lower frequency 
than those of  the pure salt ( - -12  to - - 1 5  cm -t) 
and symmetric stretching modes of higher fre- 
quency (+ 15cm-~). According to Warrier and 
Krishnan [29] a shift of  the asymmetric mode to 
a lower frequency occurs when the metal is bonded 
to both oxygens of the carboxylate groups. There- 
fore, structure III may be tentatively assigned to 
the Lam and Bi III PAA salts. However, there is a 
considerable proportion of  unreacted carboxylic 
acid groups present in these reaction mixtures and 
the free OH groups may play a role in complex 
formation. 

There is evidence that two Cun PAA salt forms 
co-exist, since there are asymmetric CO~ stretching 
modes at 1545 and 1600cm -1. The band at 
1545 cm -~ indicates that one form is purely ionic 
(structure I), while the other band at 1600 cm -~ in 
Cun poly(methacrylate) has been attributed by 
Leyte e t  al. [40] to a complexing carboxylate 
group since absorptions at this frequency have been 
observed for a number of  Cu n carboxylate com- 
plexes [36, 41].  It seems reasonable to apply the 
same observation to the Cu II PAA salt gel. On 
present evidence it cannot be exactly ascertained 
whether the Cu II PAA complex has the mono- 
nuclear structure (II) or the binuclear structure 
(IV), however the lack of  a frequency shift in the 
symmetric mode suggests the former. There is 
evidence from solution chemistry (which may not 
be admissable here) that both forms can coexist  
[8].  Again it must be noted that there is a pro- 



port ion of unreacted COOH groups which may 
play a role in complex formation.  The infra-red 

spectroscopic data presented here indicate that 
in the early stages of  cement formation the com- 

plex Cu-PAA form predominates,  but  that as the 
reaction proceeds and the PAA is neutralized, the 
degree of  decomposit ion of this complex increases 
and the proport ion of the salt form increases. 

There are apparently two A1 PAA salt forms, 

since there are asymmetric CO~ stretching fre- 
quencies at 1615 and 1530 cm-1; in this case the 
complex form would seem to predominate over 
the ionic form. Firm conclusions cannot be drawn 
because the extent  of  the reaction is small; however, 
previous work on aluminium poly(acrylate)  salt 
[31] confirms results obtained here. From these 
results it would appear that both Cu 2+ and AI 3§ are 
not held by  purely ionic forces and both are there- 
fore site bound,  in part at least, to the poly(acry- 
late) chain. 

These results receive some support by evidence 
from stress relaxation studies, reported by Paddon 
and Wilson [42] ,  on two ionic polymer cements 
where the matr ix is based on metal-poly(acrylate) 
salts. These cements, which are used in dentistry,  
are based on the reactions between PAA or related 
poly(alkenoic acid)s and (a) ZnO containing some 
MgO: the zinc polycarboxylate cement [1],  and 
(b) ion-leachable glass which releases Ca 2+ and 
A13§ ions: the glass ionomer cement [2, 3] .  Stress 
relaxation measurements show that the poly- 
carboxylate cements shows some plastic behaviour 
whereas the glass-ionomer cement does not. This 
observation implies that when Zn 2+ and Mg > ions 

are bound to poly(acrylate)  chain, the chains can 
slip over each other when a stress is applied, but  
cannot do so when the A13+ ion is bound. These 
observations would seem to confirm the findings 
reported here that Zn2§ and Mg 2§ are held to the 
poly(anion) chain by  general electrostatic inter- 
action whereas A13§ ions are site-bound. 

5. Conclusions 
The oxides of the divalent metals Mg, Ca and Zn 
and the trivalent metals A1, La and Bi, react (after 
appropriate heat- treatment)  with PAA to form 
carboxylate salt gels. The reaction between the 
PAA and the oxides of trivalent metals is, how- 
ever, far from complete.  The oxides of  In m and 
Fe IlI are unreactive. 

The Mg, Ca and Zn PAA salt gels are purely 
ionic and are therefore bound to the poty (anion) 

chains by general electrostatic interactions. There 

is evidence of  some complex formation in the 
Cu and AI PAA salt gels, which therefore exist in 

two forms one of which, the complex form, is site 
bound. There is also some evidence that Lam and 
Bi m may fo rm weak complexes but  of a different 

co-ordination to those of  Cu and A1. The results 
for Mg, Ca, Zn and A1 are supported by stress 

relaxation studies of  dental cements. 
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