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other polymer systems, the p-phenylene polymers (VP 
to VIIP) exhibit somewhat better weight retention than 
the p-phenylene ether polymer (IP to IVP) after aging 
at 400' in air. This general trend is in  agreement with 
recent reports!',16 that the oxidative stability of poly- 

(15) J. Preston, W. F. Dewinter, and W. B. Black, J .  Polj*ni. 

(16) W. Wrnsidlo, ibid., in  press. 
Sci., Purr A - I ,  7, 283 (1969). 

quinoxalines containing diphenyl ether moieties is less 
than that of polyquinoxalines containing other moieties 
(e.g., diphenyl sulfone, benzophenone, p-phenylene). 
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ABSTRACT: The dehydration of calcium acrylate dihydrate at 60' bi uucuo involves a dihydrate + anhydrous 
transition with a significant loss of crystallinity. The W o  y-ray initiated postirradition polymerization at 25 and 
50' was strongly dependent on the degree of hydration. A marked inhibition of the postirradiation polymeriza- 
tion by oxygen was observed with maximum inhibition occurring at the hydrate composition for which maximum 
conversion was observed for polymerization it7 cucuo. The rate of polymerization is dependent on the short- 
range diffusion of monomer which, in turn, is dependent upon defects introduced during the dehydration process. 

he solid-state polymerizations of various acrylate T and methacrylate salts have been studied by 
Morawetz and These salts provided a n  
excellent system for the study of solid-state postirradia- 
tion polymerization since their melting points are a t  
much higher temperatures than that a t  which polym- 
erization occurs, i.e., premelting phenomena do  not 
complicate the process. Postirradiation polymeriza- 
tions were effected at  50 and at  101' with concurrent 
dehydration of the hydrated salts a t  the higher tempera- 
ture. Markedly different yields were observed on  post- 
irradiation polymerization of different crystalline and 
amorphous modifications of calcium acrylate hydrate 
and anhydrate and of barium methacrylate hydrate and 
anhydrate. The polymerizations were, however, carried 
out in the presence of air and any possible effects of 
oxygen were ignored. 

It seemed probable to  us that a carefully controlled 
method of dehydration of the hydrated salts would per- 
mit a control of the extent of lattice defects and allow a 
study of the role of defects in the mechanism of post- 
irradiation polymerization. Of the various factors 
which affect the kinetics and mechanisms of solid-state 
polymerization reactions, evidence is accumulating that 
such defects play a dominant r ~ l e . ~ - j  Indeed, Bam- 
ford and Eastmond state that, in  general, polymeriza- 
tion will not occur in a perfect 1attice.G 

( I )  (a) T. A. Fadner, I .  D. Rubin, and H. Morawetz, J .  
Po i j . ,~ .  Sci., 37, 549 (1959); (b) H. Morawetz and I .  D. Rubin, 
ibici., 57, 669 (1962). 

(2) J. B. Lando and H .  ,Morawetz, ibid., Part C, 4,789 (1964). 
(3 )  V. A. Kargin, V. A. Kabanov, and G. P. Andrianova, 

(4) V. A. Kargin, V. A. Kabanov, and N. Ya. Rapaport- 

(5) I .  Kaetsu, N. Sagane, I<. Hayashi, and S .  Okaniura, J .  

(6) C. H. Bamford and G. C. Eastmond, Quart. Rer.,  Chem. 

Po/>,m. Sci. USSR, 1, 106 (1960). 

Molodtsova, ibid.. 3,657 (1962). 

Po/> m. Sci., Part ,4-1, 4,2241 (1966). 

Soc., 23, 271 (1969). 

The present paper describes a study of the dehydra- 
tion process in calcium acrylate dihydrate and the effect 
of intermediate degrees of hydration on  the polymeriza- 
tion conversion in ~ac110 and in air. 

Experimental Section 

Monomer Preparation and Characterization. Calcium 
acrylate dihydrate was prepared by gradually adding a 
stoichiometric quantity of calcium hydroxide to a stirred, 
cooled aqueous solution (3 N )  of freshly distilled acrylic 
acid, filtering. and allowing the filtrate to evaporate slowly. 
The monomer. obtained as long thin needles. was powdered 
in a mortar, sieved through a 40-mesh screen, and stored 
in a desiccator over a saturated solution of calcium chloride. 

The work reported here was conducted on powdered 
material from several separately prepared batches, and the 
reproducibility of data between batches was excellent. The 
particle size distribution of the monomer powder was 
analyzed with Canadian standard sieves, 100 and 250 mesh. 
The distribution of particle sizes is shown as follows (the 
weight fraction is given in per cent): -40 + 100 mesh (149 
p), 20%; +250 mesh (63 p), 20:<; -250 mesh (<63 p), 
60%. 

Elemental analyses were carried out by Schwarzkopf 
Microanalytical Laboratory. Woodside. N. Y .  The results 
for the dihydrate were C. 33.04 i 0.2; H; 4.62 i 0.1 (calcd 
C, 33.02; H, 4.62). For the anhydrous material, C, 39.41 ; 
H, 3.62 (calcd C, 39.55; H. 3.32). 

Dehydration experiments on the dihydrate were conducted 
by heating if1 cuciio at 60" using a Cahn electrobalance. Model 
RG. The extent of dehydration at any time could thus be 
controlled. The total weight loss was 16,5%, in excellent 
agreement with the theoretical value. These conditions of 
dehydration yield an amorphous product rather than the 
crystalline material derived from slow dehydration. 

The differential scanning calorimetry (dsc) studies were 
performed with a Perkin-Elmer dsc-1, using a 5'/min heating 
rate and a sample weight of 3-5 mg. 

Infrared spectra in KBr pellets and as mulls in hexachloro- 
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TABLt I 
X-RAY POWDFR PATTERNS OF CALCIUI ACRYLATE 

- _ _  - _ -  --Calcium acrylate dihydrate-- - ~ 1 7- Anhydrous calcium acrylate-- 
Intensit) 28, deg d spacing, A Miller indices d(ca1cd). A Intensitya 28, deg d spacing, Ai 

vs 8 50 10 402 00 1 10 173 S (broad) 8 3  10 612 
S 12 48 7 095 20 I 7 097 
M 14 08 6 290 200 6 286 M (halo) 23 3 84 

11 I 5 638 
S 18 35 4 836 21 1 4 829 
‘rl 19 70 4 506 20 I 4 468 VW (halo) 42 2 15 

210 4 549 

- - ~- ._ _ _ _ _ _ _ ~ ~ - ~ - ~  

_. 

S 15 91 5 566 01 I 5 531 W (halo) 30 2 93 - 
- 

L S--\er) \trong. S-\troiig, M-medium, W-weak, VW-very weak 

xtiites of dehydration, it is desirable that some under- 
standing of the nature of the salts be reached. To 
begin with let us consider the dehydration process. 

Figure 2 is a weight loss cs. time plot from thermo- 
gravimetr! . It indicates the dehydration to be a smooth 

band in  the infrared spectrum of calcium acrylate di- 
hydrate covers a very broad range, 3750-2800 cm-I, 
with maximum absorption at  3382 cm-l. This be- 
havior may be taken as evidence of extensive hydrogen 
bonding of the water of hydration which in turn is in 

single process involving a rapid initial weight loss, fol- 
lowed h> a decaying rate of dehydration until the an- 
hydrous composition is reached. 

The dsc thermogram, Figure 3, shows the dehydration 
as one endotherm with its maximum at  57 =t 3”. Upon 
reheating the dehydrated sample, only the smooth base 
line is observed, indicating that the loss of both water 
molecules is contained within the single endotherm. 

The Debye-Scherrer powder photographs as a func- 
tion of water content are shown in Figure 4. I t  can be 

agreement with the structure analysis of Lando.’ 
An  examination of the spatial arrangements of the 

vinyl groups in  calcium acrylate dihydrate, Figure 1, 
shows that they are situated near the center of the unit 
cell as two closely spaced pairs and such that a chain 
of vinyl groups is formed through successive unit cells 
parallel to the b axis of the crystal. The separation of 
vinyl groups along this direction is about 2-3 p\, [.e., 
almost in contact. The separations along the a and 
c axes are 4-5 and 9-10 A, respectively. The density 

seen that a substantial decrease in the crystallinity oc- 
curs during the dehydration process. The dihydrate 
pattern of approximately 40 lines gradually decreased 
in intensity with a simultaneous increase in the intensi- 
ties of the four halos of the anhydrous pattern, but the 
dihydrate pattern is visible even at the lowest degree of 
hydration studied of 0.28 mol of HaO. With the present 

measurements revealed that the lattice volume was re- 
duced by 15% on  dehydration, and the X-ray results 
showed that this contraction occurred along the a 
and/or b axes but not the c direction. Hirschfeld and 
Schmidt8 have suggested that a necessary condition for 
polymerization is that the reactive grouQs of the mono- 
mer molecules should be within about 4 A of each other. 

method of dehydration (60” in cacuo) no distinct com- 
pounds of intermediate composition appear to be pres- 
ent. Table I lists the first six 20 values observed for 
the dihydrate, the d spacings, and their Miller indices 
based on  Lando’s crystallographic unit cell. Similar 
data for the anhydrate are also presented. The dihy- 
drate and anhydrous patterns are in excellent agreement 
with the reported results of Lando and Morawetz,2 al- 
though their “amorphous” anhydrous salt was prepared 
by room temperature vacuum dehydration. From 
Figure 4 the 001 reflection is observed to broaden 
progressively as well as  increase slightly in spacing. 
Nevertheless, it can be concluded that any changes in 
the r crystallographic direction are minimal. 

The relationship between density and degree of hy- 
dration is illustrated in Figure 5. The density is seen 
to  decrease slightly, in a smooth linear manner, as the 
water is removed, but it does not approach the value 
calculated from the X-ray density’ for the equivalent 
dihydrate unit cell volume with the water molecules 
absent. Since the observed density decreases by only 
a fraction of this calculated reduction, the lattice must 
be contracting or collapsing as the water is withdrawn. 

From these data it is evident that the water of crystal- 

Polymerization. The conversion of monomer to 

0 I 2 
M O L E S  H 2 O  

Figure 5. Density of hydrated calcium acrylate: - ---, 
experimental; -----: calculated for H 2 0  removal with no 
volume change in unit cell; 4, poly(ca1cium acrylate). 
experimental. 

lization is essential to  the dihydrate structure, with the 
crystallinity diminishing as the dehydration proceeds. 
Spectroscopic analysis shows that the OH absorption 

(8) F. L.  Hirshfeld and G. M. J. Schmidt, J .  Pol.i,m. Sci., 
part A ,  2,2181 (1964). 
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Figure 6. 
acrylate at -78": 
rad/hr; 0,  10.3 days postpolymerization; 0 , O . O  days. 

Solid-state polymerization of hydrated calcium 
dose, 0.86 Mrad; dose rate. 2.86 X I O 4  

polymer as a function of water content at -78" is 
shown in Figure 6. The amount of polymerization 
that occurs during the low-temperature irradiation is 
seen to be quite small (2-4z)  and very little additional 
polymer formation is observed when samples are 
allowed to postirradiation polymerize for 10.3 days out- 
side of the radiation source. Thus at  -78" hydrated 
calcium acrylate will polymerize slowly in source but 
does not undergo postirradiation polymerization. 

Upon increasing the postirradiation polymerization 
temperature to 50'. Figure 7 ?  a great increase in the rate 
of polymerization is observed. Furthermore, the ob- 
served rates are strongly dependent on  irradiation dose 
and on  the degree of hydration. The polymerization 
rate is seen to pass through a maximum at approxi- 
mately the "hemihydrate" composition. 

Figure 8 shows the postirradiation polymerization at  
25" and constant dose, for time intervals from 0.5 to 
41.4 days, and again the same behavior is observed. 
These data have been replotted at three specific degrees 
of hydration as a function of time in Figure 9. This 
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Figure 8. 
cium acrylate at 25', 0.86 Mrad: 
A,6.0days; 0.10.1days; 0.22.2days; G.4ldays. 

Postirradiation polymerization of hhdrated cal- 
m, 0.5 days; A. 1.5 days; 

latter figure illustrates that the postirradiation polym- 
erization has no induction period and that the rapid 
initial polymerization rates decay to very low values. 
The plots follow a general pattern in which the rate 
diminishes with decreasing concentration of monomer. 
The falloff in rate is. however, clearly not associated 
in any simple way with this diminution in reactant 
concentrations. It appears, on  the other hand, that 
some radius of activity is available which, in turn, is 
dependent upon the degree of hydration and that with 
the exhaustion of monomer in this region the polym- 
erization stops. 

80 r--l 
2oe 

0 10 20 30 40 2 

TIME , days Figure 7 .  Postirradiation polymerization of hydrated cal- 
cium acrylate at 50'. irradiated at -78': A ,  0.23 Mrad. 
polymerization time 48 h r ;  0, 0.86 Mrad, 48 hr; 0, 0.86 Figure 9. Postirradiation polymerization at 25 -. 0.86 Mrad: 
Mrad, 25 hr. 0, dihydrate; A ,  anhydrous; ci. maximum (hemihydrate). 
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This radius of activity, or reaction volume concept in 
the case of vinyl monomers, is related to  the number of 
monomer units which leave the crystal lattice to  add to 
the reacting radical. In  the present case, where the 
polymer is more dense than the monomer, a diffusion 
step will be required with the distance of the diffusion 
gradually increasing as the conversion rises. At some 
point termination will occur caused either by the usual 
coupling or other types of radical reaction, or when a 
reactive end group becomes buried in polymer. 

The observation that the rate of polymerization of the 
anhydrous salt is faster than that of the dihydrate, 
Figure 9, can be explained by the relatively small extent 
of short-range diffusion which is possible in the crystal- 
line regions. In the anhydrous form, in which most of 
the crystallinity or lattice order has been lost, the result- 
ing defect structure affords increased capability for dif- 
fusion and thus a higher rate of polymerization. In 
addition. the reactive groups are in closer contact along 
the u and h directions in the anhydrous salt. That a 
diffusion mechanism is operative is strongly supported 
by the data in Figure 10, which show that, in the pres- 
ence of oxygen, the polymerization rate is diminished 
for all compositions but a minimum conversion rate is 
observed at exactly the composition where the rate maxi- 
mum occurs in the vacuum polymerization. These re- 
sults lead to the conclusion that maximum diffusion of 
monomer, and therefore fast polymerization, occurs a t  
this composition, but that in air the diffusion of oxygen 
is also facilitated, giving ready access to radicals and 
resulting in maximum inhibition by oxygen. The con- 
version L'S. hydrate composition curve is thus inverted. 
I t  is further evident from Figures 7 and 10 that the ex- 
tent of inhibition is greater in the amorphous anhydrate 
than in the crystalline dihydrate. A similar observa- 
tion involving a rapid diffusion of O2 molecules has 
been r epx ted  for the mixed crystal case of acrylamide- 
propionamide." Since all diffusion in  the crystalline 
state would probably be confined to  boundaries, this 
lesser oxygen effect upon the dihydrate is to be ex- 
pected. 

If the intermediate hydrate compositions consisted of 
a simple two-phase (dihydrate plus anhydrate) system, it 
might be expected that the polymerization rates would 
be a simple additive function of the rates of the two 
phases and their relative concentrations, ; .e. ,  the plot of 
conversion cs. water content, would be a straight line. 
Figures 7, 8, and 10 show that this is not the case. T o  
explain the results it is therefore necessary to include the 
effects due to  an interphase boundary within each par- 
tially dehydrated monomer particle. This highly reac- 
tive interfacial region will be characterized by disloca- 
tion lines and planes, and possibly cleavages. plus a 
certain amount of strain due to the lattice volume dif- 
ference between the tho  phases. A high degree of dis- 
order is expected in this region. Since the chain propa- 
gation occurs by small scale diffusion of the monomer 
to the growing radical chain, these successive diffusion 
steps will be strongly hindered in a perfect crystal but 

(9) G. ACIIU,J. Porj.rn. Sci., P C V ~  C, 16, 1211  (1967). 
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Figure 10. Postirradiation polymerization of hydrated 
calcium acrylate in air at 505, 0.86 Mrad; 4 days polymeriza- 
tion time. 

enhanced in a disordered and strained network, 
especially along dislocations and cleavages. This thesis 
is supported by the values of the apparent activation 
energies. calculated from an  Arrhenius plot for the 
initial rates at 25 and 50" of 20, 9. and 1 kcal molp1 for 
the dihydrate, 0.5 hydrate. and anhydrate, respectively. 
Since polymerization is controlled by monomer mo- 
bility, a high activation energy for lattice diffusion in the 
crystalline material results in a higher activation energy 
for polymerization. The presence of a maximum indi- 
cates that the rate in the interphase volume is much 
greater than the rates in either of the two extreme com- 
positions. The position of the maximum on the rate- 
composition curves will be a function of the rate con- 
stants and the respective volumes, with the volume of the 
intermediate phase being a function of the degree of 
hydration. This particular topic will be the subject of 
a publication in the near future. 

Summary 

The dehydration process of calcium acrylate dihy- 
drate at 60" it7 r w u o  has been shown to be a dihydrate -+ 

anhydrous transition with a significant loss of crystal- 
linity, a 15 contraction in the lattice volume, and that 
this reduction is at the expense of the N and 'or /I  crystal- 
lographic axes. 

The polymerizability of hydrated calcium acrylate has 
been shown to possess a marked dependence on  the de- 
gree of hqdration. both in cucuo and in air. The polym- 
erizabilities in decreasing order are interphase bound- 
ary > anhydrate > dihydrate. The reaction is in- 
hibited in the presence of oxygen. 
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