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ABSTRACT 
, 

CtlEMISTRY 
01 

1 • 
the mechanisms of post-irradiationrPolyme;ization of calcium 

acrylate were investigated in the solid,state across the hydration 
1 
t 
J 

-range (0-2). 
i , f!I! 

The study of molecular weights,aistributions and inhibition 

by oxygen established the existence of at least 2 chemical poly-, 

merization'mechanisms, radical an4fionic. 

Polyieriàation, although it was concluded from crystallography , 
to be impossible in the dihydr~e lattice, was found to proceed never-

theless rap~dly in the bulk ot the solid'along with" the growth of a 

, new phase. The study of mOle'~ular moitlitY by NMR. and of oxygen d1f-

fusion by ESR led to the proposaI of a model involving motions of the 
\ 

macromolecu!es inside a "disruption sleeve" or' a cavity, which ie con-

eistent with the 13 absence of stereotacticity measured by C-NMR. 

Initiation 
/ 

and ~ermination were concluded from kinetica! and , 

,other considerations' to be governed by physica! tather than chemica! 
\ 

factors. 

terma 

dica! 

;, 
The maximum in polymer yield around 0.5 H20 was rationalized in 

of a~~~~zation of the interphase boundary area an(~f ~he ra­

concentration at that composition. \ 

.. 
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MECANISME DE POLYMERISATION DE L' ACRYLATE DE CALCIUM, EN PHASE SOLIDE 

Résumé 

Les mécanismes de POlymérisa~tn radio chimique de l'acrylate , <l-
I \ 

de calcium en phase solide ont été étudiés. en fonction du degré 

d'hydwatation (0-2). .' . 
L'étude des distributions des poids moléculaires, qet celle de 

(l . 
l'inhibition par l'oxygène', ont démontré l'existence d'au moins 

2 mécanismes chimiques, ràdicalaire et ionique. 

La polymérisation, bien qu'impossible dans le réseau du 
) , 

dihydrate d'après l'analyse crystallographique, s'effectu~'néanmoins 

~ ~ rapidement au ,~eur du solide en conjonction avec la croissance d une 

phase nouvelle. L'étude de la mobilité moléculaire par RMN. et celle 

de la diffusion de l' oxyg~ne par RPE, permirent 1 t élaboration d '·un 

modèle i~p1iquant des mouvements des macromolécules à l'intérl'eur 

/ d' un~ "manche de disloca t ion" ou d'une ca vi té. LI ab sence de stéréo tac ti-

, 13 ' cité du polymere, ~tab1ie par RMN du C, vient confirmer ce mOdè~ 

/ Ues considérations cinétiques et autres ont permis de conclure 
' .... 

que l'initiation et la terminaison dépendaient de facteurs physiques 

plut8t que chimiq~. 

• Le m8?Cimum ~u tawl: de conversion en polymère près de 0.5 H20 

a été expli(Îué en fonction de â,t'aire interfaciale et de la concentration 
\ ./ 

composi tion. ---1.. en radicaux lib-r:es, qui sont maximisés a cette 
( 

c 
; 
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I-l Historieal background 

Until recently, solid-state polymerization was considered to be 
-' 

a 1aboratory euriosity or a puzz1ing exception. Indeed, most modern 

scientific eurricula in Universities still do not even mention the possi-

bi1ity of ch~ica1 reactions in the solid state, let alone po1ymerizations. 
- . 

However, twenty-five years, have e1apsed since Schmitz and L~wton(l) irra-
1 

diated a series of po1ycrystal1ine aCFyIates and methacrylates with fast 

electrons and obtained surprising1y large (and sometimes explosive) poly-

merization rates. This was enough to attract general attention to the 

subject, and in 1954, two groups reported the\ polymerization of y-irra­

diated acry1am1de (Mesrobian et al. (2) and Hen~lein and Schu1z(3». 
, 

Meanwhi1e, Gerhard M.J. Schmidt, who was to figure prominently in 

this field, becàme fascinated by the possibility of using the spacia1 
/ 

orientation of molecules in a crystal to carry out stereospecific organic 

reactions. These ideas were formulated in 1957 in the first part of a 

thirty-:five-article series to appear on the new1y named field of "Topo­

chemistry,,(4). Since then, the solid-state-po1ymerization (to ~é­

forth abbreviated as SSP) bas become a field in its dwn right, and its 

literature has known the exponential growt~ rate typica1 of scientifie 

publications. Vinyl and heterocyclic monomers were thè most studied, but 

more particular ones such as diacetylenics, distyrilpyrazine, etc. are 

also weIl represented. The once exceptional behaviour has almost become 

the rule, and as _early as 1962, Magst(S) 1isted fort y monomers suitab1e , ~~j 

for SSP, out of ~he fifty he reviewed. 

Unfortunately, genera1 patterns were slow to emerge beeause of th~ 
-.,.. 1 

large number of parameters governing SSP and of the unusual nature of the 

\ 
\ 

\ 
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prob ms and experimental techniques involved.· In view of the general 

sc~ntine s of such pertinent information as given by the molecular 

weight distribution analysis of the polymer products and by the'crystalio- '.f 

graphie analysis of the host monomer, it 1s not 'surprising to note that 

most revie~s published on the subject are mainly limited to an ~numera-

tkn of particular cases. 

1-2 MOtivations for the SSP ~tudies 

The rapid initial develo~ment of research on SSP was spurred by a 
• 'J; 

number of hopes. Although aIl of them have eventualli;~~n fulfilled by 
l "'\., \ 

various individual monomers, it can be said nevertheless that as/a field, 
\ 

the study of SSP has produced results falling considerably sh~t of the 

expectations. AlI these disillusions can~e tracked down to on~~nit1al 
J.// 

false assumptiqn, which was that t;:he "frozen" state/of/~he "f:!lonomer \\ole-

cules inQ(he solid state, parti~ularly in crystals, would provide fO~ 

some degree of geometrical control over the respective orientation of ~he 
"1 ,\ \ 

\ reacting species. \ 

This control can assume two forms. On the molecular level, one 

m1ght expe t that the intermolecular forces ~~sent could impose a certain 

stereochemi configuration to th~ adding monomer, thereby conveniently 
\ \ l ' 

the formatioQ. of la crys'tallizable polymer of a high, st'éreo-

On the macroscopic leve~~ne might envisage that the 

giving rise 

tactic purity. 
1 

polymer.ization could be induced to take place along certain directions of 

the host monomer lattice favoured by shorter inter-m0lecular distances or 

by reduced potentisl barriers. 
~ 

Th,e resulting "topotactic reactipn" would 
, \ 

polymer structures with unusual mechanical 
L \, 
It~s produce layered or fibrous 

\ ,/ , ••• I.n.l~q •• r." •• _1JI F.' •• _.'_ .• : .. _ ..• (J ••• I.i1.i. ____________ .9 ... f-... __ ~~~::."'~ ,_~'7i"\ ___ ~ ___ ~ .... _________ rIIIKlt ~ .i.. 
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and physical properties. The controls of the stereotacticity and/or 

of the topotacticity of the polymerization obviously represent a highly 

attractive proposition in view of the1r many 1ndustr1al and theoret1cal., 
\ 

app11ca tions • 

Indeed, SSP appeats thusfar to be the only possible method to 

obtain polymer sÀngle crystals exhibiting an extended-chain morph010gy. , . 
As was pointed out by I MOrawetz(20), SSP 1s tonsequently of considerable 

~', "--~~ 

theoretical~rl(n~erest to polymer science in general, since the usual 
/ , ....... 

; . {../ ~ 

crystallization techniques yield on~y folded-chain polymer single crystals. 
\ 

Unfortunate1y, mast SSP systems yield an amorphous and atactic 

product. Topotàcticity has been reported in only a few cases (hetero­

cycles: oxetanes, trioxane (6-,11); more recently: diacetylenic com-

. (12-14) (15) , 1 
pounds and distyry1pyrazine ). Even then, some of these claJ,.DlS 

to topotacticity have been subsequently disproved by the recent stu~ies 

. of Keggenhofl and Wegner (16) who have shown that apparent topotacticity 
\ 

may be an artefact (this will be develop~d in section I-5-l). 

As a consequence of the prevaJling lack of topotacticity, all 

attempts at gaining a fundamental understanding of the s01id-state reac-

tiotS in general by using the polymer .product as a "photograph" of the 

1 
successive reaction steps proved to be in vain. By and large, the use, of 

SSP to prepare novel polymers or new forms of known polymers and copolymers 

with "abnormal" sequencing,proved to be disappointing ,in sPi~e of the 

success obtained in a few isolated cases (co-polyoxetanes(18», cis and 

trans polyac~ylene(19). ~ 

Some success has been met with in the areas of the suppression of 

some undesirable side-reactions âccompanying liquid-state polymerization,· 
\. 

, -

( 
1 
1 
1 
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for example, the CYCloP\lymeriZa~ion of V~YlUraCil is repressed by 

SSp(l7), apd the i~hi~it\on of radical reactiona by oxygen ia often re­

duced or prevented by th~ difficult diffusion of 02 in the solid state. 

A particular ca.e of a .u~pre •• ed .ide-re~ction .i8 the terminatipn re­

action itself. The quasi-impoasibility for macroradicals or macro ions 
" 

-
to terminate bimolecularly by diffusing towards one another often pro-

vides for very high molecular weights up to quantitative conversion(l3) 

and in some cases for fasier rates of polymerization in the solid than 

1n 'the liquid state. 

4 

There are two areas where the SSP 1s clearly superior to any other 

method. The f1rst is high-pur1ty polymerization. Operating in the solid 

state can free th~~xperimenter from the worry that var10us residues such 

as solvent, catalysts or other impurities might beeome incorporated into 

the polymer. The crystalline state ia specifically useful in this regard, 

as the crystallization process itself typically exeludes impurities. The 

second area is post-irradiation polymerization. Whether irradiation by 

U.V., X-rays, y-Rays or particle bombardment i8 chosen as an initiation 

technique for its speCifie merits or just convenience, the problem arises 

that the cont1nued irradiation might interfere w1th the polymer a_l~~~ 

produeed, by causing branching, erosslinking or depolymerization. The so-

--" , lid state, by trapping the primary initiatlng species at low temperature, 
, 

allows the experimenter to study the polymerization that occurs upon 

warming up the sample after it has been removed from the irradiation source. 

The amôunt of "in source" polymerization at low temperatu:re ia usuatly 

small enough tO be neglected. ) 
The solid-state post-irradiation po1ymerizatio technique thus enables 

1 , ! 
f 
! 
! 
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the 8ci~ntist to make full use of the inherent advantages of y irradia-
1 

tialover other in~tiation techniques. These advantages are:, 

- ,~ormation of initiating species throughout the thickness of 

the splid, instead of only on the surface as a chemical proeess 
r 

would do. 

1 ~ cap~city t~ initiate both ionic and radical reactions (however, 

this can sometimes be a disadvantage -as weIl). 

-,effectiveness over a very wide ~ange of temperatures, including 

very low ones. 

reedom from conta~ination of the poly&er by cataiysts,\ sol vents , 

other residues. 
1 

~-3 The factors 0 SSP . 
I-tl ~nter and lattice arameters 

F~a detaile study of the cyclodimerization of a great many"Ôle­

(21 22) fines, Gerhard Schmidt and h~s group , were able to show that a 

maximum distance of less than approximately 4 AngstrHms between adja-

cent reactive double bonds 1s reguired for polymerization to take place. 

When compared to the 1. 5 Angstr8ms of the C-C bond form'ed in the process, 
1. 

th~~ critical distance appears remarkably large •. This remark suggests 
~) 

thrr) a considerable spacial rear;angement is needed, in addition to the 

chah8e of the hybridization levei of the carbon. lt. is therefore ob-
\ 

~ vious that molecular orientations and lattice param~ters of the monomer· 

crrstals are bound to be important tactors in determi~ing their rates 

of polymerization. Indeed, in the cases~where one monomer may be pre-

pared under more than one crystailographic modification, differences 
• . 

... 

J 
1 
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are often observed in their behaviour(23-26,46). However, in the ab-

sence of a thorough study, it ia difficult to attribute these differ~ 

,ences solely to the lattice parameters or to the various amounts and 

" / types of molecular mobility present. 
\ 

1-3-2 Size and guality of monomer crystals 
1 

- ' .. ~ 
Many authors have.reported the influence of monomer crystal size 

and quality upon _SSP, as weIL as upon ~ther organic and in~rganic reac-

tions. , 
o 

This influence may manifest itself in three domains: the rate of 
k 

conversion, the extent of the limiting conversion, and the molècular 

weight of the polymer product. The effect of an increase in the quality 

1 of the monomer crystal varies from inhibiting to promoting the above para-

meters, but has seldom been reported ta be withQut,influence. 

The effects of particle size of polycrystalline samplef are diffi­

cult to int'e'rpret. This difficulty originates from the way the crystal 

,siza-control is'achieved. Small crystallites May either be obtained by 

growing them small or by crushing larger crystals' in a mortar. In-the 

first case, the usual method is~o provoke an abundant nucleation and a 

fast phase separation, such as is given'by shock-cooling the monomer 

melt or solution. This procedure also results in a decrease in the qua-
~ \ 

lit Y of the crystals, and the effects of size and quality are hard to dis,-

tinguish from one another. In the second case, the powdering of ~crys­
taIs May distort the o~servations in two ways: the grinding action itself 

may degrade the monomer br thermal build-up or radical generation, and 

secondly the fractures May' leave exposed surfaces that are ~ualitatively 

different fram the natural faces of virgin monocrystals. 

~~~~~oh_~~_~~'~Q'_il_.d.~~~~.~~ •. ~fflt.'$1.:nn .... • ....... l ...... ' .. ~ .. ~.F.T."~$._ .. _,~'~.---------
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In the cases where polymer~zatio begins, takes place or ends at 

the surface, one can expect the pOl~erization parameters to be related 
/ . 

to the surface area per unit volume. Othe~ise, large and more perfect , 

7 

crystals ~i1l éither tend to show an enhanced rate, extent and degree of 

polymerization(6,8,29-32,47) or the ~site(27,28). 

The types of defects found in crystals are: electronic defects 

(electrons in the conductance band and the positive holes left beh1nd), 

point defects (vacancies, substitutions or in érsticial insertion of a 

foreign molecule, atom or ion), line defect '(edg& and screw dislocations) 
/ J,_ 

'and plane defects (phase boundaries, crystal boundaries with the outside 

1 / ~-
or with another twinned crystal). Th~stUdY of crystal defects co~stL-·--~ 

J ~----- --=- . 
tutes a specialty in itself, and a 'n~ ber of book.§....a-re·4v~ilable -'on the 

subject (33-35) . .1--------------- < J j ., 

Crystal defects influence SSP in two ways: they are themselves privi­
\ 

leged places in a crystal lattice, and they influence the lattice; around 
i 
1 

them. The defects are surrounded by regions of both compressive rnd ten-

sile stress. They can affect the polymerization reaction by pro~iding a 
~ , 1 

favourable free energy, as the perfect lattice opposes a higher energy 
~, 1 \ 

barrier to the nucleation of a new phase. This is specially truel in the 

mast common case where pol ymer density and inter-atomic distancesl are 

very different from those of the mo~omer. Sincemo~t pal~ers aJe not 
~ 

lsomor~us with their host monomer, propag~tlon will tend to take advan-

~age of the lesser strain build-up required alang the dislocations. There 

also, the mobility of the monomer molecules ls considerably greater, and 

their migration towards tqe active chain-end may become fast enough to 

make propagation feasible. 

! 
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The way crystal defects influence the lattice around them ie equally 

important. Even if minimized by taking place at a dislocation, ehe 

strain build-up, still accumulates with the polymer gro~th. This energy 

may be released by the lattice in two ways: the creation of new disloca- ' 

ti~and the migration of existing ones. Such mechanisms are apparently 

the basis of plastic deformation ~n solids. Plastic deformation i5 orders , 

of magnitudes easier in dislocated rather than perfect crystale, and may 

be favo~ed by the inclusion of additives. 

1-3-3 Molec~lar mobility, annealing, and reanimation 

'" . A few aspects of molecular mobility have already been discussed 

above. ~owever, certain,others will b~ considered now in some more detail\ 

The average molecular mobillty in sol~ds ls obviously much lower t~an 

in the usual liquid phases, the first consequence of this being an increase 

- \ in. the likelihood that the self-diffusion of the monomer will be the rate-

determining step of the reaction. The second consequence i8 that the life-

times of the reactive species are orders of magnitude longer in the solids 

than the usual ones, and may even appear inde'finite. ! Bimolecular termina-

tian reactions are either reduced or inhlbited altogether since the probà-

bil#Uy of two living chain ends meeting together is vanishingly small in a 
~ . ~'"' 
Il 

, 
rigid matrix. This implies that establishment of a steady-state process 

in solid systems ls highly unlikely, which renders most traditionalJkine­

tic approaches invalid. Chapir0(36) finds evidence to this effect in the 
, 

existence of auto-acgelerated polymerization curves with rate law expo-
1 ~c'" 

nents larger than one. 

The average molecular mobility maY,not always be,of direct consequence 
" , 

to SSP. In-fact~ many authors have suggested that in the common case 

IIX, 
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o where the polymer is not isomorphous with the monomer, the lattice may 

nevertheless be â site of initiation, eventually followed ,by propaga-
1 

9 

tin along the defects. In this case, the molecular mobility at thè'dis-' 

locations ls more relevant than the average mobility in the crystal lat-

tice. Even then, however, general molecular reorientation may be indi-

rectly important because it affects the migration of the dislocations 

involved in plastic deformation. This is a possible mechanism by which 

, the mobility within the crystal may affect the polymer growth in areas 

outside of the lattice, through assistance to stress relief and annealing. 

Many systems exhibit the so-called "reanimation ll effect, by which a sample 

having reached its limiting conversion may be teactivated by heating at a 

higher temperature, with9ut any change in the radical,concentrat13g-42,67)~ 

lt has been suggested by 8Oalogy with the work hardening of metals 

and sucrose caramelization(43) that the multiplication of the dislocat-

ions could be responsible for the existence of a low conversion limit. 

This limit would reflect an equilib~ium between the strain-generating 
\ 

power of SSpland the strain-relievin power of thermal annealing. Although 

this explanation has not yet bean pos tively demonstrated, it.ls consis-

tent with experim~ntal evidence gather ~on methacrylamide, isobutyra-

(37) \ -
mide ,on a series of acrylic acid sa ts studied recently by P.P. Sa-

, (39) 
viotti,_in th1s University and on many ther monomers, among which the 

one s~died in the present ~vestigation. Tinclusion of an elastic 

strain free-energy term has been 'judged mandatory in a calculation of 
, ' (38) 

interphase free-energy for trioxane . 

Such remarks have prompted the use of-wide-line NMR and ESR ta cor-

relate SSP behaviour with various crystallographic forms, allotropie 

\ 

, \ 
\ 
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1 

, , 
- ----- --- -,- ~- ..... -- ---- -------,,-" -- ............. _-

10 

phase transitions and temperature dependence. 

I-3-4 Additives, copolymerizations and eutectic9 

The use of additives has' always been of great help in studying tta-

ditional polymerizations. For SSP however, the problem 1s complicated 
~ 

by many factors. 

F1rst, Most additives are excluded from the crystalline laCtiee, un-

less they happen to be isomorphous with the monomer. Small fractions of 

heteromorphous eompounds may be incorporated during erystallization, but 

are then li~ely to eitheT create lattice defects or to concentra te prefe-

rentially therein. The resulting lattiee inhomogeneity i9 likely to com-

plicate th~ interpretation by affécting sp~cific reaction steps or stages, 

as well as by combining physical and chemical effects. Solidisolid phase 

t~ansition may even result(35). 

Second, the use of any additive in radiation-initiat~ed SSP presents 

problems. The radiochemistry of the additive itself may sometimes obscure 
\ 

its chemical or physieal :effects. Even so ealled ('inerè additives like 

carbon black or siliea may play a coroplex role of energy transfer, storage 
~ 

and redistribution to the surrounding lateiee. 

Third, even if the additive is apparently isomorphous, some lattice 

distortions are Inevitable. Physical plasticization has been invok~d as 

the cause of the rate and yield increasè when the "inert" propionamide is 

_ .. , (44 27) 
co-erystallized lwitl\, acrylamide ' , or when the "mert" propionitrile 

\ , 

(or isopropanol) is do-crystallized with acrylonitrile(45,46). , 
Copolymerization may be attempted between isomorphous or eo-crystal-

lizable monomers. Whether eo-monoma~-,~~ other addit~ves are used, most 

binary compositions of organic compounds form eutectic mixtures. X-ray 

, ,l, ,l" .t PI , If • 'IJIII 7 Dr ., ..... '41 



! 
~ 

l , 
> 

f 

.. 

) 
/' 

J' 

11 
\ 

diffraction shows that they atr constituted by the juxtaposition of micro­
\,=,-

crystals of both components, whic~ gives more importance to boundary re-

gions and to imperfect;l.ons. Usually, a maximum 1n the rate and polymer 
\., 

. yield1is observed around the eutectic composition (50, 36, 48) • Block co-

polymerization 1s observed in the eutectic, along with homop?limer1zation 

" in the crystall1tes of the excess phase. Sometimes a sharp maximum may 
~" 

, 1/(49) 
be observed for a composition different from the eutectic • 

1 

In this context, it is interesting to remark that the polymer itself 

ia a foreign admixture that may display characteristics ~f isomorph1sm(13) 

or even eutectic formation with lts mOuomer. This eventuality may be in-

voked to account for 'the presence of distinct kinetic periods as polymeri­

zation proceeds, such as those observed on acrylic salts by Saviotti(39). 

Usually, those monomers that polymerize faster in the presence of additives 
, (36) 

also exhibit auto-accelerated conversion curves • "Dormant" radicals 

may becom~ activated by the approach of the polymerizing front (28,109) . 

In acrylamiJe, the gro~th of new islands of polymer ahead,of the living 

front was observed by polarizing microscopy. The progress of the react10n 

was not smooth but occurred in jumps. 

I-Y-5 Physical parameJers of the env1ronment 

Several physical parameters have been cited in SSP studies. 

The temperature is .of course the mat important.' 
1 

Most monomers pre-
, . 

sent a maximum in polymkrization rate just below their melting point. The 

interpretation of thermal data and of activation energies is extremely 

complex, since the temperature, besides affecting the chemical reaction 

step itself, also governs such crucial factors as average molecular mobi-

lit y, local mobil~ty at defects, diffusion rate of active species and rate 

( 
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of relaxation of the stress accumulated by the growth of an heteromor-

phous polymer (this could a1so be named rate of annea1ing, or rate of dis-

10~ation migration). Activation energies encountered range from 0.1 to . 
0.3 kcal/mole for low-temeprature in-source polymerization, 1 to 2 kcall 

mole for a first group of monomers, and 5 to 40 kca~/mole for the post-

polymerization of,another group. Chapiro suggested that these widely 

different ranges could correspond to va~ious polymerization mechanisms. 

Mechanical pressure bas been found by Bamlord et aL(Sl) ta slow down 

considerably the SSP of acrylic and methacrylic acids. Inhibition at ') 
1 

early stages coupled with enhancement at later stages, as weIl as other 

remarkable effects have been investigated subsequently by the group of Y. 

(52-54) 
Tabata,on various other vinyl monomers . The pressure applied seem~ 

ed to influence SSP via its effect upon molecular mobility in defect re-

~ions and upon stress ann~aling by dislocation.. migration. 
~ 

Magnetic and electric(62) fields have also been observed to influence 

(110) 
SSP. Experiments on several monomers disclosed complex effects . which 

are still the s~bject of much controversy. The influence of these fields 

either on the orientation and the diffusion of the active species. or on 

the collective excitation ~tate of the monomer has been invoked to explain 

the observed phenomena. 

I-4 The different types of SSP 

The solid-state polymerizations May be classified according to various 

criteria, among which are: 

1-4-1 Phase state of the reaction 

MOst of the SSP studies sa far have actually been conducted in the 

4ilil1imn- Iffif __ .. iô11ool1oilWIfII.'Ii' iliiUlfltllllill1.'_ •• " •• ________ -,IIlit-v.-Illi •• r------;-:,-:-" '".,', , ' 
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crystal1ine phase state. Several studies, however J have been carried out 

1 (55) 
in canal complexes (c1athrates) of urea and thiourea ,in the nematic 

" 

phase (liquid crystals)(S6) or in the glass! phase. The hypothests ~pat 
, "'''' 

"crystalline phase" po1ymerization actual1y occurs only in the amorphous-

1ike dislocations for some systems has prompted many authors ta further 

investigate glasses. 

However, th~ literat'fre abounds with confusion on this subject. Few 

systems appear to have been studied in which ',~he monomer itself could be 

obtained as a glass. Instead, investigators usual1y freeze solutions of 

monomers in glass-forming solyents such as alcohols or amides(57,58) or 

oi1s(68). Monomer complexes or aggregatès due to hydrogen bonding may 
;'\ 

form(68) ,Ieventually giving ,rise to the formation of stereotactic polymers 

th~t could not be obtained from the pure crystal1ine monomer(57). Kaetsu 

et al.. (59) combined these two approachJs by using polyfunctional hydroxy-

-~( lated monomers.' 
1 

Other authors froze an emu1sion of 'the monomer into a 

glassy matrix. b 
A recent study however indicates that monomers may be kept 

o in a liquid state by the supercooling phenomenon as mueh as 80 C bel"Ow 1 
, (68) 

their melting point . 

These remarks point towards the need for caution when examining the 

results of so-called "glassy state" SSP studies. 

1-4-2 Initiation and propagation mechanisms 

Initiation of SSP may be brought about by a great variety of means. 
co 

Depending on the particular system, heat, ionie or radical initiators, 

u.v. 1ight with or without sensitizers, particle or molecular bombardmen~, 

o 

ultrasonic or shock waves and electrical discharges may be used jus~ as success-

fully as radiations such as x-r~ys or gamma-rays and several other miscella-

, 
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neous techniques. Depending on the experimental conditions, the,8ctive 

species thus formed May be trapped in the 801id unti1 released ~y heat­

ing (post-polymerization) or be free to react immediately (in-source 

polyme;-ization) • 
\ 

Several of these initiation techniques are ambiguous in the sense 

that they/produce throughout the solid free radicals as well as ions of 

14 

both signs, and ge~eral electronic excitation. The high-energy radiations 

are conspicuous in his respect. By Compton scattering, an electron from 

the monomer M 18 eje ted: 

+ M + hv -+ M + e • hv' (1onization) 

or * M + hv -+ M + hv Il (excitation) 

(with v' < v, v" < v) 

The ejected ("secondary") electron usually has enough kinetic energy to 

migrate in the solid, causiOg 'furtherionization and excitation along. its 

track. ~en this energy i8 exhausted, recombination may take place, pro-
1 

ducing unstable excited species: 

+ .. 
M + e -+ M 

wh1ch decompose, forming 10ns, radical~ or neutral mo1ecules: 

. . 
A + B 

/+ * M ~\c + D 
.... 

E + F 
, , 

• 
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In a11 v~y1 sy~tems at low temperature, tn~s vartety of radio1ytic 

end-products surprisingly reduces to on1y one easi1y observable radical: 

.. 
y 

J 1 
-~ •• CR -Co 

3 1 
-radical (1) , ,/ 

X 

The orig1n of the hydrogen atom will be discussed in section !II-4-2. 

Electron Spin Resonance (ESR) has shawn that radical (1) ia 'stable up .ta 

a certain temperature Tl' at which it reacts by addition to another mono­
,'-, 

mer: 

y /- Y 

1 
CH -Co 

3 1 
.. ,~ ./ y 1 
+ CH-C -'R-CH -Co 

2 'X 2 1 
X X 

radical (1) radical (II) 

The ESR spectrum 1s simp~ified at Tl by a reduction in the number of lines 

observed. 

This transformation has been often assumed in the literature to be a 

strong argument in favor of a radical polymerization mechanism for vinyl 

SSP. However, it is necessary to make two observations: first, in many 

systems, actual polymerization has been found to start only at a tempera-
1 

'00 tpre T2 higher than Tl by lis much As 75 C (acrylic acid) to 100 C (acryla-
. . 

mide); second, the addition of radical (1) to form (II) at Tl \has been 

found to occur even in monomers which do not po1ymerize at a11 (e.g. methyl 

l 
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methac:rylate) • Thes~ results clearly demonstrate that chain propagation 

~. not governed by the sJme factors as the first initiation steps. 

\ Consequently, mechanistic interpr~tations of ESR-results are ,very 
1 \, 

delicate for SSP. Possible mechanis~s are listed below~ ~ 

- radical: believed ta be a eontributing if not the single mechan- ~---
.' 

isn éi: work in most vinyl systems. 
1 

-,-ionie: as high-energy radiations, produce ions as weIl as free 

radieals, ionic mechanisms of SSP should be at least objeetively envisag­

~: However, some systems, partieularly heter,ocyeles, are exeeedingly , 
r// 

sensitive to minute traces of polar impurities sueh as wa~er, whieh might 

~Plain whi ionie meehanisms have often esea4~ed recognition. Reeently, 

h~perdry" monomers ha,ve been studied by a. "number of anthors, with the 

result that ionie meehanisms of both signs have been found in many cas~~ll) 

~ationie(32), anionie(60,6l». 

- mixed ionie/radical: 
/ 

exclûsion ehromatography (gel permeation, 9r 

other) ~as recently been used to study molecula~ weights distributions of 

fhe SSP products. 

Many systems exhibited binoda] or multinodal distributions, whieh 
J .:- .. 

havè been linked with the behaviour of superdry monomers ta indicate'the 

(62) presence of at least two polymerization mechanisms. Bensasson et al. 

observed that oxygen sometimes aets as an inhibitor ev en on reaetions that 

are assumed ionie. 
, (63) 

In a series of art~cles, Westlake and Huang as weIl 

'as Maehi et al. (64) agreed to con~lude for a combination mechantsm (cation­

ic/radical) for styr~ne SSP. Teramaehi and U8hiyama(65) proposed a mixed 

f anionie/radieal mechanism for the seyrene-acrylonitri!e system in ethyl ,\~ 
,~ 

bromide at low temperature. ~ In aIl these examp~es, it was found that the 

ratio of, the polymer formed by ionie and by radical mechanisms i8 a func-' 

sm 

, \ 
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A - (1l~ 66) /" 
~ of thf' temperatur~ , and 0; the water content.- However, total 

inhibition even in "wet" samples was ~ obset'Ved, which ,is of particular 

significance in'" the context of the present thes'is. Finally, it is ta be 

noted that a mixed 

of the two spe,des 

mechanism can possibly result from either ~the p~esence ~ 

independently, or from a radical-ion. Morawetz(69) 
~ 

remarked that even if the number of radicals is measured ta be equal to ' 

the number of polymer chains, it does not necessarily me an that the radical 

end is the growing one. ~ 
1 

, "' 

- "electronic" mechanism: A collective molecular excitation prôcess 
1 

has been proposed by Tabata and his group, to acco~t fbr the occurrence \ 

of polymerization even at very low temperatures "in source". 
a 

'the extremely 

small activation energies, the rapid achievement of limiting conversions 

,and the'high'molecular weights attained led them to dévelop the theory and 

the implications of a very fast collective polymerization under excitation 

of the monomer crystal as a whole(llO). 

- "energetic chain" mechanisms: Using the same conditions, Semeno~70) 
// 

proposed that highly excited monomers may attack'adjacent units.- The heat 

of reaction, concentrated by the po or thermal conductivity of solids, would 

be used up for the electronic excitation required by the next 'step. This 
1 

would account for low ehergies of activation. In a modification proposed 

br Magat and Chachaty, the heat of reaction would create a local tempera-
1 

ture elevation allowing con~tional reaction aftet the equivalent of a 
,/",.J 

local "sublimation". In another modification of the energetic chain theory, 
\ 
\ ca1led the "hot track11 theory, a whole polymer molecule would be produced 

in less than 10-8 sec.. under a metastable form along the spur of a ô elec-
"-

tron. Relaxation would then occur, shortening the'.intermonomer distances 
~ 
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, from their latticè''Values to their polymrl- 1;>ond values. The details of 

these theories are exposed and discussed in a review by Tabata (110) . 

al. (71.) 
seem to give 

" -
Recent Moessbauer experiments by Goldansky et 

, 
èupport to an ionic/electronic' mechant~~ in a methacryllc glass. 

1-4-3 Polymerization types and kinetic types 

In addition to t.fe classifications according to the phase state and 
~, 

the chemical mechanism of the react+.?n, solid-state polymerization may 

be further,categorized as: 

- Topotactic ' if the orientation of the polymer chains may be related 

direetly to the crystallographic axes of the monomer. 
\ 

- Stereotactic if the pélymer chain units exhibit a configuration 

CJ 
1 
t 
1 
1 

wh1ch 1s e1ther constant or related to other neighbouring units. 

\ - Isomorphous if the polymer happens to "!:ô-crystallize. in a one-

phase solid solution with 'its host mono~er. . ------~ { 
"-r 

- Auto-accelerated,-retarded or linear according to the shape of the ! 
kinetic conversion curves. 

1-5 Specifie difficulties and means of investigation 

1-5-1 Difficulties specific to the field of SSP 

The exothermicity of SSP and the poor thermal conductivity in 80-

lids lead to the possibility that in organic crystals having relatively low 

melting points, local melting could allow the polymerization to actually 
1 

take place in the liquid state, followed by a subsequent recrystallization 

-in the mold of the surrounding lattice. This is similar to (in its prendses) 

but not ta be confused with the mechanism mentioned earlier in section I-4-2 

(Magat and Chachaty(llO». It is believed that this problem may be solved 

, 
'. 
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by the use of high-melting monomers, to ascertain a "true" SSP. 
r 

- Produet recovery in SSP experiments 1ends itself to many eriti­

ei'5ms. The firsi: danger il!! that th.e trapped ionic or radieab,r species 

might react rapidIy when one tries to melt or dissolve the remaining 

monomer avay, thus giving the illusion that a SSP has oceurr~d. This 

19 ' 

danger may usual1y be averted by operating very fast, in a divided state, 
\ 

and by including inhibitors in the solvent. The second danger is ~1\at 
\ 

the phase state, degree of crysta!linity and apparent topotacticity of 
• , 

the polymer product may be altered, reversed or destroyed at the reco­

very stage. Keggenhof and wegner(l6) have show recently that the vide-

ly c1aimed "topotactlc" SSP of oxetane-serles monqmers ls an artefact. 
0-

The inLtially amorphou_s polymer product recrystallizes during recovery 

because of the anisotr:opie swelling of unconverted monomer at the extrac-

tim stage. The apparent "topotacticity" ls therefore now believed to be 

only coincidenta! in this system. 
, 

- Traditiona! tinetic 1aws and their interpreta,tion of experimental 

results often do nat apply to SSP,or neéd ta be strongly adapted to do 
\ 

sa. Concepts such as concentrations ar:d homogeneity (whether macroscopic-

a11y or betveen the 3 crystallographic axes), and aIl the concepts based 

upon statistical probabilities of cQllision such as the idea of steady-

atate need to be properly: redefined to have a phyaiea! meaning for SSP. 

For example,' the reactivity of a chemical spec1es in the saUd state need 
r, 

not be proportiona! to its overall concentration. 

- Limitations 'L", the cholce of experiments are :lllaced upon the investi-

gators by the. inabili ty to vary concentrations by soivent dilution. The 
, f 

usual inhibitq'rs, catalysts, initiators, co-monomers and other additives 

\ 

l ' 
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are restricted in SSP to th~ very few that happen to be tolerated in the 

c.r~stal network. Many classical techniques such as U. V.', I.R. or visi-
, 

/ble spectroscopy, etc., may not ~e applied to SSP because of the lack 

of transparency of polycrystalline ~amples. 

1-5-2 Techniques of investigation in the sôlid state 

'The choice of techniques utilized for the study of SSP is limited 

by the s'pecifie difficulties discussed above. lt includes destructive 

(polymer recovery for analysis) and non-destructive methods (speétros-

copies) • 
, 

Among the destructive methods may be included the gravimetry and th( 

various an~lyses of the polymei formed: 

Exciusion Chromatography ls a most valuable tool of mechanism 
. . 

elucidation, for its ability to. disclose the molecular weights 

distributions in addition to their average values. 
1 

- Carbon-13 mm. is a powerful tool in determining the stereoc'onfi-

gura~ion of the polymer products of SSP, and relating it to 
~-----­.-----

other parameters. ~ 

Among the non-destructJ»~~ may be included Picnomet~y' (if the 
. ~~ 

"",- ~ 

change~n d~ns~upon polymetlzation i9 homogenous enough), X-ray, and 
'\ /~ 

the magne c spectroscopies suc~ as ESR and NMR. 
_.~~-'-

Electron Spin Resonance (ESR) la the most widely used techn1que. 
~----

lt gives access to such vital data as radical concentrations 

(loca~ or average), configurat1Pn, confo~tion, spacing and 

orientation, as well as to the local molecular motion and diffusion. 

Nuclear Magnetic Resonance (NMR), .sp~èially the Wide-tine NMR, 

gives information about average molecular motion ,and solid-s?lid phase" 
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transitions, specially when connected with crystallographic data. A 

narrow line is sometimes seen superimposed on the wide-line spectra, and 

i8 proportional to the polymer concentration. This makes wide~ine NMR 

one of the precious few non-destructive techniques for following polymer 

conversion kinetics. 

Very recent articlés by Chachaty!Forchioni and Latimier(40) exempli-

fy clearly (acrylic and methacrylic acids, acrylrumide) the latest bene-

fits that the three fundamental electromagnetic spectroscopies can bring . 
to ~he understanding of SSPl 

I-6 Statement of the problem 

I-6-l Previous studies in the field 
:j,. 

Several authors have studied various salts of acrylic and methacry-

-lie acids(72-75). Some have studied hydrated salts, like Ca, Zn, and ,. 
Ba(76-83). ~ut only very few have become interested in the various hydra-

tlon levels of the same s.~t1t, and their potential influence on SSP. Their ....., 

findi~gs will be briefly summarized here. 

Lando and Morawetz(77,78) first attempted to prepare various polymor-

phic and hydrated forms of calci~ acrylate and barium methacrylate, and 

to study their SSP behaviour. Unfortunately, it was shown later that they 

made a number of lerrors and omissions that severely undermine the validity 

of their conclusions (84) . 

F. Costaschuk(84) established the true hydration levels of calcium 
• 

acrylate (Ca Ac) and barium Methacrylate (Ba MA). He was the first to 
"\. 

study the SSP of these two salts as a fun~tion of a )Ont1nuous variati~n 

differentialscanning calo~imetric of hydration. His thermogravimetric, 

• , 
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and crystallograpbic results were interpreted in terms of the dehydra­
\ 

-tkn occurring in one single step with no formation of intermediate èom-

pound. Although Ba MA forms a monohydrate and Ca Ac a dihydrate t and 

although the anhydrous Ba MA i5 crystalline whereas the anhydrous ta Ac 
'\ 

is "pseudo-amorphous", both compounds exhibited,a maximum in polymer 

yield at the same hydration level of 257. of the full hydration (Fig. 1-

22 

6-l-a and b). When performed in air instead of in vacuo, the post~poly-

merization exhibited a quasi-total inhibition at this sarne particular 

hydration level (Fig. 1-6-l-a and b). Costaschuk proposed a model of 

dehydration involving 2 phases (pure ~ihydrate, pure anhydratel and a 

very ,thin boundary layer of intermediate "x" composition recessing towards 

the core of each grain as dehydration proc~eds. He also proposed a poly-

merization model, where the total rate of polymerization ls the sum of 
, 

three factors, which are the rates R and volumes V corresponding to each 

phase: 

R...... 1'" R
2
V

2 
+ R V + R V 

~Tota 0 0 x_ x 

~here subscript 2 is dihydrate; 0: anhydrate; x: boundary layer) 

and was led to assume that the small interphase volume V must have a 
x 

\ 

"sphere of influence" extending much beyond its physical boundaries, and 

varying non-monotonously with the hydration, in orderto account for the 

maximum in the polymer yield curve. His electron-spin-resonance (ESR) ex-

periments indicated that the concentration in free radicals decreased 1i-

near1y as the composition changed from anhydrate to dihydrate. From this, 

no important raIe in the he concl~ded that the i~hase bou~dary p1ayed 

. fOrmatiO~:':'ting r~dicals. 

~ /' 
':~ , 
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Fig. I-6-1-a Post-polymerization curves of calcium acrylate hydrates 

in various atmospheres ( Source'; Watine CSS ) p. 53 ) • 

o 
o Conditions : 0.87 Mrad gamma-irradiation at -78 C 

.-

. Dose rate: 3.3 x 105 rad/hr 
. 0 

, Polymerization : 9 days a't 50 C 
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Fig. 1-6-l-b : Post-polymerization curves of barium methacrylate hydrates 
\ 
1 (85) 

in various atmospheres ( Source : Watin~. p. ).30 ) 

Conditions 0.86 Mrad gamma-irradiation at -78°C 

5 \ 
Dose rate : 3 x 10 rad/br 

Polym.erizat~on g days at 50°C 
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F. ~atine(85) verified a number of Costaschuk's experiments. He 

completed the p01ymerization curves in air and vaeuo, and also investi-, 

*' gated the inhibition of SSP in the presence of nitrous oxide and iodine 

(Fig. I-6-l-a and b). The results k~pt open the possibility of having 

an ionic mechanism concurrently with the radical one. 

His ESR study of heavy-water hydrates indicated that the water of 

25 

l ""1:. 
hydration was chemically involved in the initiation step of polymeriz~' 

tion'Iand he speculated that water might also act as a radical scavenger 

or an electron trap. 

X-rays powdeT ~iagrams were analysed densitometrically across the 

hydrati~n range. Assuming a linear additive beha~our, the results were 
~~ 

interpTeted as ihdicating that the crystallinity of Ca Ac varied non-1i-

nearly with the hydration level, a large step occurring above the special 

composition bf 0.5 H20 mentioned earlier. Infra-red spectroscopy and 

-gravimetry established that the water of hydration, although hydro~en-

bonded in calcium acrylate di-deuterohydrate, was. teadily exchangeable 

with the atmospheric humidity. 

As a conclusion, F. Watine prop?sed two models for the dehydration 

and p01ymer~zatio~ mechanisms~ On the grounds of the a1leged extreme 

mobility of the ~ater of hydration and of the al1eged non-linearity of the 

crystallinity and de~sity curves, the dehydration model featured a 3-phase 
1 

system, where a-phase of intermediate composition 0.5 H20 ~eplaces gradual-

1y and totally the dihydrate phase as dehydration proceeds. As it goes 

on below the 0:5 H20 leve!, the 1ntermediate phase would then give way to 

the anhydrate phase. 
" u 

For the polymerization model, Watine proposed that the "active volume" 
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of the "intermediate 0.5 H20 composition" was the 6n1y one to be totally 

diffusible by oxygen. The anhydrate should be somehow less disordered, 

to account for the lack of total inhibition of the radical polymerization 

by oxygen. The same lack of O2 diffusibi1ity applies even more, of course, 

/ to the crysta1line dihydrate. The maximum polymerization rate occurring 

at the 0.5 H20 level would thus be a consequence of the larger monomer 

1 

mobi,lity in the maximally disordered "active volume". Ba MA exhibited a 

behaviour simi1ar to that of Ca Ac. 

Fina~ly, Watine developed a set of equations ta fit his models and 

to account for the behaviour of the three phases required by his "active 

volume" concept. 

Bowden and O'Do~nè11(81-C) studied the dehydration of barium metha-

crylate monohydrate by D.S.C., thermogravimetry, and X-ray analysis. They 
\ , 

concluded ta a strictly 2-phases system (crystalline anhydrate and mono­

hydrate), but noticed 2 peaks in 'the D.S .C. exp~riments which they attribu-

te d, as did Costaschuk, ta a phal:!e transition to the anhydrate crystalline 

form Iollowed by the desorption of the water. However, O'Donnell and Soth­

(83-b) mann made a fu~ther study in 1972, which showed that the system is' 

more complicated than was believed previougly. Their results indicated 

that although it 1s basically a 2-phases system, a metastable partial hy-

drate could exist under certain conditions. A two-steps weight loss occur­

, \d in sma11 crystalo. as opposed to the one-sœ; dehydration of fin; p~w­
ders. The first dehydration step would occur together with a structural 

~ 
change, and the second dehydr~tion step could then be a kinetic feature 

.. ;; .... 

resulting from temporary trapping of water m~lecu1es in the partly dehy-
1.. 

'\, 

drated st~ucture\< After irradiation. the Po.t~r1Z;"iOn and the, 

" r~~··"' 
, , 
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dehydration coul,d be observed separately under no circumstande. 

The models proposed by the various above authors will be discussed 
,. 

in ~eater detail during the course of the thesis, in the 11ght of the 

experimental results obtained. 

I-6-2 Choice of the calcium acry&ate and aima of the present study 
1 

The general orientation of the present study proceeds along two prin-

cipal directions: ( 

- ta acquire a siguificant gain in the knowledge of the various pheno-
~ 1 

mena governing solid-state polymerizations in general. 

ta obtain a better insight in the dehydration process itself, which 
1 

usually t!\OdS ta b~ taken for gran ted. - " 

Ta move along the first direction of research, it was felt that the f 
particular system of the calcium acrylate hydrates offered the potentiality 

of being a model of outstanoing interest, for the following reasons: f . 
- it exhibits at least two phase states, crystalline and pseudo-amor-

phous, allowing the static study of phase influence on the SSP. 
\, 

- i~s continuously variable hydration levels give an opportunity ta 

study the physical effects on SSP nearly independently fro'm the 
1 

chemical variations on a continuum, as weIl as duripg the transition 

(dynamic 'lstudy). 

- its very high melting point 1s likely ta ensure a true solid-state 

reaction by precluding "local œlting". 

- it exhibits the post-irradiation polymerization phenomenon whereby 

initiation and propagation may be conveniently investigated sepaFate-

ly. 
1 

- its extreme solubility in water allows a very fast separation of the 
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polymer Ifrom the unreacted monomer, thu~ ... minimizing the "post-

effect" artefact. 

To move along the second direction of research, a hydrate is obvious-

ly required. lt may be argued that by the selection of such a complicated 

system, the salient features. of either SSP or dehydration show a risk of 

obscuring one ano1her and confusing the Interpretation. This has certain­

ly been the case in the pasto 

However, ft was felt'that this complexity represented a challenge and 

that the very duali ty of the p~oblem could fns tead be tI# advantage, if the 

data gathered along either direction of research could' be rationalized in 

a way bolstering.the other one. 

The approach taken has therefore been one of systematic study of Many 

aspects of a single system in as much depth as possible, resorting ta several 

powerful and modern techniques,rather than a more limited study of several 

compounds. 

Finally, it was felt that the presence of the peculiar maximum of poly-

merization 9.round the "quarter hydration" level of both calcium acrylate 

and barium methacrylate was actually left incompletely explained by Costa-

(84) (85) " schuk and by Watine , as was the absence of total inhibitio~"by air . , 

for the anhydrate. Several other results of Costaschuk (D.S.e., ESR, wide-. 
line.NMRs molecular weights determination) as weIl as Watine (X-r~y densi-

tometry, D.S.e., ESR, polymerization in thé presence of excess water vapour) 

appeared to the present author to necessitate reevaluation and reinterpre-

tation. 

The present thesis was therefore oriented towards the acquisition of a 

clear physic~l understanding of the phenomena involved in this complex 
\ 

\ 
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.\ 

system, irl priority over mathematical speculations based on insufficie~t-

ly documented models. 

1-6-3 Structure of the Thesis 

The thesis is presented in five chapters. 

Chapter l is the introduction, presenting the necessary background 

on SSP and the outline of the problem~attacked. 
Chapter II exposes the exper1mental methods in sl~ghtly more detail 

thah usual, because of the particular impact that~9ample preparation and 
4" 

experimental technique have on SSP systems. 

1 \ 
Chapter III groups the experimental results gathered during the study 

\ 

of the monomer and af the initiation stages, along with the discussion of 

the conclusions derived from them. 

Chapter IV does,the same for the polymer and the propaSftion stages. 

Chapter V contains the general conclusion, the proposition o-f poly­

~ 
merization and dehydration models and the suggestions for further work. 
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II-l Preparation and characterization of a stock of monomer common 

to aIl experiments 

II-l-a Purification of ACrylic Acid 
. 

Reagent grade acrylie~cig from American Chemicals was purif1ed --------- --
according to the following proeedurè in order to remove al1 traces of 

polymer and commercial inhibitor. 

One litre of the aeid was plac~d in a flask with a quantity of 
'~ 

copper spong~ ta inhibit polymer~zation. The flask was attached ta a 
/' 

vacuum line, the acid was ~egassed by the freeze-thaw method" arid( then 
// 

vacuum distiiied. Excessive degasslng proved ta be a nui~nce, as it 

30 

allowad ~ troublesome reactions to taka place. The ~st 'one was poly­

merization of the acrylic acid vapours as they conden~d on the inside 

walls of the vacuum line. The second one waB POlymjfization of the acry­

lie acid during the freeze-thaw cycles, if the cop~r sponge was omitted. 

These seem ta be two examples of polymeri~ation induced by, or 
! 

concomitant with, phase changes. This type of phenomenon will be docu-

mented further in the conclusion (Chap. V). 

, The inhibitory effect of copper prompted the use of a test with 

the complexing lnllicator para"'aminonitrophenol (P .A.N.P.) - toi verity 

whether copper had been dissolved in the acid and was earried over by the , 

distillation. 

The test was negative for the distilled acid, but positive for 
/' ~ ~ 

the acid that had bathed the copper sponge, attesting ta the effieiency 
// 

of the distillatio~ within the limita of the P.A.N.P. sensitivity. 

o 

1 
1 

'1 \, 



31 

( l Polyacrylic aCid, which is insoluble in benzene and cyclohexane, 

was shown to be virtually absent from the disEilled acid as no cloudiness 
, 

vas observed on addition of the distillate to these solvents. , 
t· 

II-l-b Neutralization 

Calcium hydroxide powder (Fisher reagent grade) was slowly added 

to a c60led, stirred aqueous solution of 3N acrylic acid. The tempera-
\ 

ture was kept below\200 C by means of an iee jacket. ;A light brown, mtiddy 
/ , 

solution resulted. The brown colour and the cloudiness probably derive 
/ 

from impurities contained in the CaC03• At the ph,enolphtalein en'dpoint 
-

(pH 8.2 to 10) a slight excess of acrylic acid was added to neutralize 

the solution, which was checked with pH-paper. 

The solution was then filtered, with great difficulty, through 

'\ -------se~~r filters ranging from coarse to ultra-fine. This procedure 

-------------- removed undissolved materials, CaC0
3 

and gel traces. The res.ulting solu-

------------

tion was clear, but pale yellow. P.A.N.P., added to a te~! sample, turned ----- - -- -- -

pink, which su~gested that some trace contaminants were present in the 

Ca(OH)2 reage~t. Inaeed, it also turned pink when added ta the original 

Ca(OH)Z' which is stated b~FiSher'~to contain the following: "Fe=O.03%; , 
./ 

other heavy metals < 0.003%; Mg and alkalis -1- 1%"./ 
\ 

II-l-c CrystallizAtlon 

-~_~ Tlae s,aIt was crystall~zed from this solution by slow evaporation 

----------,from a dIsh cOVered-with a pap'~r towel, at room temperat1ltlre'
r 

Three portions 

were collected after 10, 12 and 30 days. The remaining greenish-yellow 

mother liquor was discarded. A carbon, hydrogen analysis having given 

unsatisfactory results, it was decided' that a recrystallization of thé 

product was necessary. The three p,ortions were dlssolved together. filtered 
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through ultrafine paper, and the recrystallizatlon procedure was \ 

repeated. The crysta1s (thin white needles l-2Omm long) were collected 

and air-dried to constant weight. 
1 

II-1-d Cha;acterization and storage 1 
, ' 

The P.A.N.P. test performed on the mother liquor proved weak1y 

positive, whereas it was negative when performed on the crystals. This , 
shows that one recrysta11ization effected an efficient purification. 

The,hydration leve~ was ascertained by gravimetry. Weight,loss 
• 0 \ ' J 

upon total dehydration was shown to match the theoretical 16.5% exactly. 
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Th~ raw crystals were crushed using a mortar and pestle, to ~orm a coarsé 

powder. The crushing is designed to get rid of occ1uded water, which may 

, (Sl-cr 
amount'to 30% of the hydration wa~er in large crysta1s • When left 

o in the open air at 21 C for 8 days, a fine1y powdered sample of th,e di-
1 

1 • 
hydrate exhibited a weight stabi1ity of better than 0.1%. / 

-- -- / 

- / 
The carbon, hydrogen analysis was performed at McGil1·on a Hewlett-

Packard MOdel 185: 

C% 

H% 

Found 

33.2 ± 0.3% 

4.54 ± o. 2%'--·~ 

Calculated " 

33.02% 

4.62% 

(Ca~cium acrylate dihydrâte) 

" 
. 

/ 

The crystals were stored in a dessicator, over a saturated CaCl2 

solution. This procedure proved to be satisfactory in a number of dehy-

dration tests made over a period of two years. ' 
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II-2 Preparation and characterization of heavy-water dihydrate 

Calcium acrylate dihydrate.C70g) was vacuum dessicated at 650 C .. 

After verifying by gratimetry ~hat the dehy~ration had been complete, 

the anhydrate ,was Plac~d in a dry box. The dry box was partially 
o 

evaéuated and filled with dry air several times to remove the atmospheric 

moisture. Dry nitrogen proved unsu~table for this purpose, since the 

!~~clusion of oxygen from the dry box :ll::owed, a fairly' rap~~ polymerization 

f of the monomer as saon a~ t~e'latter had dis~olved in thJ D
2
0. According­

ly, compressed air was passed through a dessication apparatus consisting 

of the following: a mercury safety valve, a safety Erlenmeyer trap, a 
1 

1 concentrated sulphuric a,cid bubbling bath and two glass columns (1. 20m x 

) filled with anhydrous calcium chloride and phosphorus pentoxide'res-
J / 

pectively.' A positive Jressure of dry air was maintâined inside,the dry 
"') 

J 

box at aIL times. 

The anhydrate was dissolved in l50c~3 of D20. The purity of this 

~O was ascerta1ned by high-resolution N.M.R. to be better than 99.6%. 
~ ~ 
this solution was then filtered through ultra-fine paper and le ft to crys-

>:::1 

ta~ze in a \arge dLsh. While the dr~ air was flushing the dry box conti­

nously, a crust of crystals formed on the surface of the solution, thereby 
,.; 

crust was bro~en (each day 

hydrate were collected by 

preventing further crystallization. This , 
, three weeks, wheieupon 56g of heavy ~ater 

,1 " 

for {j 
filtra . 

,tion... The fine white need1es were dried in a stream of dry air. 

\The pr~dui was\5har~cterized by its weight 10ss and by its carbon­

hydrogen content. First1y, lt was total1y dehydrated in vacuo at 630 C for 
\ 

20 hours. The weight loss was 17.95%. Thi~shows a 99.76% 
, .. 

dehydration whe compared ta the theoretica1 weight 10ss of 17.99% ca1cu1ated· f \' ~ 
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for a heavy-water d1hydrate made from 99.6% D20. Secondly, it was sent 

to the S~hwarzkopf Microanalytical Laboratory(86)for elemental analysis. 

The results are shown in tabular form be1ow: 
" . 

G 

Found Calculated 
D 

C% 32.6% 32.42% 

D% 6.18% 6.34% 

1 (ca.lcium acrylate, di-deuterohydtate) 
! '" 

The product was stored in a tightly capped container inside the dry box, 
< 

and under a positive pressure of dry air. 

II-,3 Evacuation and dehydrat10n procedures 
., 

The dehydration proC;,edures were similar for a11 the J experiments,~ 

except for minor detalls which are described in each section. The vessels 

.. used were of various types as 13hawn on Fig. II-3-1. 

The necessary amount of samp1e was weighed into the vessel. The 
i 

J walls of the inlet tube were carefully cleaned with pipe cleaners. Mind-

ful of the possibility of contaminatio~ and sample 10ss, a Pyrex waal plug 

was inserted into the neck of the sample vesse!. The sample vesse! was 

connected ta the vacuum linè by means of a rubber·sleeve whose inside wall 

was sllghtly greased. 
: 

11-3-a Di~ydrate under vacuum and air 

The pr:essure above the sàmp1e was fiiA qu1ck1:Y reduced ta 111/2 'atm. 
~~~ 

ta remove any excess atmospheric moisture. The saruple was then immeqiately 

cooled in liquid nitrogen while the manifold was very slowly gpe~ed,allowing 

J 

.\ 
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".. 

Pyrex Quartz P)11:'ex 
tube tube tube 

\ Glass'wool plug'J '"' 

""jJ, le 
" 

>,;, \ . Graded ,seal . 
\ 

Pyrex 

. General use and tiegular ESR Wide-Line NMR 
Exclusion Chromatography vessels vessels 

...... -------.~--~ ...................... ~----~~~~~~------................. ' ~ . 
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• ,/ 

-4 the pressure to fall FO la mm Hg • The samples were evacuated for 10 more: 

minutes before being sealed off at the constrictions indicated on 

Figure II-3-1. 

The "dihydrate in air" samples were sealed directly under a 

pressure-of 0.9 atm. dry air at room temperature. 

II-3-b Anhydrate under vacuum and ,air 

'" ~he manifold was very ~lowly opened to the vacuum line. The Itemp-

''1 0 0 
erature of the sample was gradua11y raised from 25 ta 60 Caver a period 

of 12 hrs. by means of a water bath. The samples were left under constant 

, -4 
pumping for at least 2 hrs. after the residual pressure fell to 10 mmHg. 

It was cOQfirmed by gravimetry that this procedure produced total dehydra-

tion. Weight losses of 99.7 ta 100% of the calculate~ value were consis-

.tently recordêd for experimenr-eonducted during a period of two years, 

showing the excellent homogeneity and stabil'ity of the Ca acrylate dihydrate 

prepared. 

For the "anhydrate in air" samples, the same procedure was followed: 

the~ dry air was admitted at a pressure of 0.9 atm. prior ta sealing at 

the ~on~triction. 

II-3-c Intermediate hydrates 

The same procedure as for the anhydrate was used. ~~owever, the 

~ -----------~ 
heating and pumping were interrupted after va~ious~lengths of time, deter-

~----
~~ ---- -mined approximat~ly fro~!9Ugn-calibration curve. To measure the exact 

extent of the dehydration, the samplé.vessel was removed from the vacuum 
1 1 

line, wiped and weighed after a short period of equilibration. The sample 

vessel was then reconnected ta the vacuum line and either frozen, evacuated 
<t"4 1/.. . , \ 

and sealed, or filled with dry air at 0.9 atm.and sealed. 

" 
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This technique of preparation and characterization of the hydrates 
• 1 

of intermediate water contents departs f'i\m that of" Costaschuk (84) and of 

-Watine(85) in such a way as to significantly affect the precision of the 

results. Those two authors sea1ed the Sâmple vessel~ at ~he constriction 
1 

before weighing them. Thus, they heeded to apply a correction for l the ' 

weight of the air lost by evacuation, which was arbitrarily fixed at the 

same value for aIl samples. 

However, a careful comparative study showed that the unavoidable-

variability in the glass-b1~wing ailowed the actuai correction for air 10ss 

to vary between 4 and 9.7 mg. Depending on the degree of dehydration and .. 
the size of individua! s~ples, such variations may then'be reflected br 

as much as 5 to 30% error in the calcu1ated hydration' level. 

Consequently, it is believed that the hydration leve1s measured in 

this thests are significantly more accurate than those of Costaschuk and 

Watine. This remark could very weIl explain the important qualitativ~J 
1 

difference between the ESR r~sults of Costaschuk and those pr~sented in 

Chap. IU. 

II-3-d Treptment of small samples 
.~ ~ 

For most studies, the typical sample size was'approximately I g. In 

such a case, total ~ydration corresponded ta a weight 10ss of 165 mg. A 

10% dehyqration would then amount to a weight 10ss of 16.5 mg which is still 
1 • -

measurable to an acceptable accuracy. However, for some'experiments such as 

the ESR where smal1 samples (0.2 - 0.4 g) were used, it was believed that 

the accuracy sa obtained was not adequate. In these cases, a larger sample 

(about 1.5 g) was processed in a dtfferent container, and an a1iquot of the 

1 1 Il TIl 
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I}/ 



r 
1 

1 
1 

J 

t 
" , " , 

powder was subsequently tranaferred to the amall ESR tube jU3t prior 

to sealing. It is known (84) that the rate of weight cpange of these 

h~rates at room t~mperature and under atmospheric pressure is negli-

gible, which justifies this modification of-the procedure. 

11-4 Irradiation with y-rays 

The irradiations throughout this work were performed by,lowering 

a dewar filled with a suitable coolant into a 60Co Gammacel1 220 of the 

" Atomic Energy of Canada. The actua1 dose rates received by the samp1e 

were calcu1ated from the following ,factors: , 

-ORo - 0.446 Mrad/hr on Sept. 16, 1968 as m~sured by Fricke.dosimetry 

and stated on the certificate of calibration. 

the electron density for the Fricke solution 1a 3.33 x 1023e-/g 

- the electron density for the Ca acry1ate, dihydrate is: 

114 e- x NA vo. E.D. - ----......;;.;;...;..;;. 

that for 

3.127 x 

Mol. Weight 

the anhydrate being 3.108 x 1023e-/g. The average value ~-
1023e-/g was used for aIL samples. Thus the relative electron 

denaity fe - 3~127/3.33 = 0.94 
"1 

, 1 

38 

- a uniform fa = ~5% factor was applied to accounOI for the absorption of 

the ,dewar and dry iee or liq. N
Z

" 
\ 

- the monthly decay factor fm,was read from the table accompanying the 

calibration. 

- and finally, the positi~nal factor fp was estimated according to the 

size and position of the individ~l samples from the fOllowing Figure 

II-4-1. 

-,&'fGiifMili1l'l1IUUIiIi .. r 1 PM P 11 111111 ..... 
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Fig. 11-4-1 Spacial isodose distribution inside the 60co Gammace11 220 

. giving the po~itiona1 facto~ f , in % , as obtained from the ABC (accuracy : 5% ) 
,P 
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1 
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v 
Consequently, the dose ~ate was calculated: 

,\ D. R. - (DR x f x f ) x \ x f 
o 0 e. a m_ p 

- 0.398 x f x f· Mrad/hr m p 

The accuracy was estimated to be no better than ± 10%, e~peCially in 

view of the errors inherent in estimating f and f. The typical dose a p 

rates ranged from 0.15 to 0.20 Mrad/hr. 
Il 

I1-5 Post-irradiation polymerization and product recovery 
1 

Uniess otherwise specified, the sealed irradiated monomer samples 
1 

o were placed in a water bath the~mostatically controlled at 50.0 ± 0.1 C. 

After a predetermined length of time had elapsed, one sample was removed, 

quickly opened and poured into a large excess of water to which a amaii 

"" amount of hydroquinone had been added. Aided by the finely dLyided state 
1 

of the powder and by the rapid stirring of the mixture, the dissolution 

took place with:Ln seconds. The high1y soluble monomer (500 g/l)Uwas th us 

1 
separated from the insoluble polymerie calcium salt. 

This procedure was meant to Quench the still active radica1s, and 

to minimize any polymerization in the liquid phase that could interfere 
1 

with the polymerization~hat had aiready occurred'in the c~ystailine·phase. 

The polymer usually precipitated as a rubbery $Wollen mass, leaving a clear 

solution. lt was separated with a spatula, washed .. an~ squeezed several 

times in distilled water against the wall of the beaker in order to remove 

any traces of occluded monomer. T~IUS~o~ chromatog,aphy results 

attest to the efficiency of this procedure; no polymer was found in the 
~ 

clear solution, and only ,traces of monomer were carried along with the 

.. ~~"'!Q"""'-"" __ 'e ___ .F __ "' _________________ ... d----__________ ~ __ =_~~ ..... .r .... 'r>'IIo..J;,c:zt __ II~~,<l ... ~. 
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polymer. This method provided a good reproducibility in the yields. 

The poly-(calcium acrylate) was then dried overnight i~ a 
, J 

o vacuum oven at 50 C, and stored for further treatment. 

11-6' 
,. , 

DifferentiaI Scanning'Calorimetry (D.S.C.) 

41 

Differential scanning calorirnetry analyses were performed on a Perkin' 

Elmer DSC-l machine, using the low-temperature plug-in. The samples~ , 

~~ (2 - 5 mg) were sealed in the special "volat.Ue sample pans" by means of 

a crimping press rather than ~n the regular pans, for reasons explained 

in Chap. III. lA pinhole was pierced through the ~over with a sharp needle. 
~ , , 

D.y nitrogen was used as a purge gas in the measuring chamber of the DSC-l. 

The instrument was calibrated by using pure water and several spectrograde-

quality organic solvents. 

For the experiments at low temperature, the samples were irradiated 
... 

in liquid nitrogen: and then placed quickly in the pre-cooled measuring 

ceU of the instrument under. the protection of a plastic "glove bag" filled 

with dry nitrogen. It was found necessary to so protect the instrument and 

the sample during the transfer, ta exclude the atmospheric moisture and the 

resulting spurious signals. 

11-7 Wide-line nUElear magnetic'resonance (N.M.R.) 
• 1 

Samples for wide-line N.M.R. measurements were prepared by the evacu-

ation and dehydration procedures described in Chap. 11-3, packed and sealed 

in 9 mm O.D. pyrex tubes. 

The temperature was varied by passing a heated or cooled nitrogen 
1 

stream around the sample and monitored by copper-constantan thermocouples 

\ 

_",Wll/lllilll ___ .,IIfOIIIM'SIàI' ... , ---------.. -,II!I" •• "._.,.~,.IIJ!I.;'!II!) .. i._l!'!Ir~.".,~III,. III! l,." .• ,., --, _4 --, -, -",-,,,-':'''' ,) ,,:,' ",. "-::-:.",;",~,:"", ----_IU.lllii1iî ll1mfll •• I .. _, ..... Il, 



placed up- and dawn-stream from the probe coils. The temperature of 
/ 

the sample was calculated fram its position, assuming a linear gradient 

between the two thermocouples. Variations during the recording of a 

spectrum were estima~ed to be ±O.SoK. 
\ 

The spectra were recbrded at 60 MH&using a spectrometer built 

42 

essentially from Varian components. The samples proved quite sus~eptible 

to R.F. saturation at low temperatures. Accordingly, saturation checks 

~were made every 40
0

K artd :he radiofrequency power was maintained 10 dB 

below the power where distortion of the spectra was last observable. R.F. 

powers thus used ranged 20 - ~3 dB below full power. MOdulat~on ampli-
\ 

tudes were kept below 25% of the line width as much as permitted by the 

poor signal-to-noise ratio. Each spectrum was acanned at least twice at 

the slow rate of l G/min, with a noise filtration time constant low enough 

ta insure freedom from hysteresis. ~ 
The expérimental second moments were calculated from the first deri- ", 

vative traces with the aid of a computer program containing a correction 

for finite modulation broadening. 

11-8 Mass spectromecry experiments 

The analysis of the gases engendered by the irradiation of calcium 

acrylate heavy water dihydrate, was carried out on an AEl MS 920 mass 

spectrometer. , '-

lt was ~ound necessary to remove the three-l expansion flask from 
~, 

the spectrometer as weIl as to reduce the dead volume above the sample to 

25 ml. This had two beneficial effects. First, it increased the partial 

pressures of the sample gases by a factor of sever al hundreds,thus bringing 

&1 nm'vr.se 
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them a,bove the dete-ction threshold of the spectrometer sensitivity • 

Secondly , it helped ~educe 'the problems of background interference 

caused by water adsorbed onto the Pyrex wall~ • 

A sample of 2.5 g dihydrate , made from heavy water , was ground 

to a fine powder to facilita te the diffusion of the gases. ,It was eva-

43 

uated and sealed as usual at S (Fig.II-8-l), and then irradiated in 1i-

q d nitrogen up to a dose of 2.25 Mrad. The vessel was then connected 
~ 

to the mass spectrometer by a B-l4 ground joint • The hammer-magnet com-
\ 

partment was evacuated until tha background analysis of the residual 
- , - - ----------------

----------------gases stabilized .. ,The seal was broken at a time t-O , and the analysis 

of the gases above the sample was performed while keeping the sample in 
"1 ... 

-~ , 

liq. N2 • The sample was subsequently is01ated by a ~alve from the rest 

of the spectrometer , and allowed ta warm up to room temperature for 20 
1 

minutes. A'new analysis was then carried out, concentrating on the peaks 

of particular interest • Periodic recordings were made over-two hours 

thereafter • .. 

ta vacuum line ta spectrometer 

oint 

Hammer-ma et 

Breàk-seal 

Fig. 11-8-1: Sample vessel for the 

mass spectrometry.experiments • 
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II-9 Electron spin resonance. (E. S. R.) 

II-9-a Teçhnique 

The E.S.R. measurements were taken on a Bruker instrument, whose 

klystron had been somewhat down-rated by reducing the filamen~ energy 

èo operate at a lower power, where its s~gnal-to~noise ratio was optimal. 

As a result, the actual radiofrequency power levels were lower than indi-

cated on the attenuator. The detecting diode was selected among several 

commercial samples for best ,signal-to-npise characteristics. The signals 

were recorded on a 60 x 30'cm X-Y recorder. The daily sensitivity10f the 

spectrometer was monitored by recording the spectrum of a standard pitch 

sample. The curves were integrated using an electrom~chanical curve 
\ 

reader interfaced to a computer, and were normalized with respect to the 

pitch standard. 

II-9-b Preparation of ·the samples 

Stock dihydrate was firat ground to a very fine powder, one'batch 

being made for all the experiments. The various pydration levels were 

attained acco,ding ta the techn~qu~,described in Chap. II-3-c an; 

II-3-d. Sufficient sample to fill the spectrometer cavity was~w~~ghed 

and transferred fnto the experimental vessels trough the funnel A • 

The quartz tube was then carefully cleaned with several fresh 

sections of pipe cleaner, until no powder could be seen clinging to the 

tube walls. This was of paramount importance in preventing the formation 

of ra~tcal-containin8 charcoals during the Btep where the qtiartz was 

flame-annealed, as well as in protecting the sample from the chemical.~nter-

'ference caused by the pyrolysis gases thus produced. 

) 

-
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1 
The samples were then connected to the vacuum line by means of 

a'slightly greased sleeve of thick rubber around the tunnel, evacuated 

and sealed in A. Vessels for the study of the diffusion of oxygen had 

their hammer compartment sealed with 0.9 atm. dry air (Fig. 11-9-1-a). 

AlI the vessels for one experiment were irradiated together up-

right in liq. N2. They received 1 Mrad in 6 hr. 22 min. following the 

regular procedure, with additional eare taken not to break the seals. 

II-9-c Annealing of the guartz and post-irradiation treatment 

After the 60co 'irradiation, the vessels were Jlaeed in a small 

dewar, so that the bottom part (with the sample) was kept in liq. N2, 

and the quartz tube was accessible. For 10 min., the paramagnetie F 

centers induced in the quartz by the y-rays were annealed by heating 

with a blow-torch, until the quartz started to glow white under exam-

" 

45 

ination through the special brown safety glasses. This procedure p~oved 

to be 1007. effective -in removing the strong quartz signal from the.E.S.R. 

,spectra. , 
After coOling\ the whole vessels in liq. N2, they were< inv~ted 

and the sample powder fell into the quartz portion, with the aid of 

gentle tapping on the tube. At this moment, the samples designed to 
" 

study the effect of the inhibitor (as on Fig. 1I-9-1~b) were placed in 
l 

a dewar, keeping the sample powder in liq. N2. An am~ was conn~cted 
-' 

to the end near 'the breakseal, then filled with a solution of 0.5% tri-
1 .. 

tert. but yI p~enol in benzene (Fig. 1I-9-l-c). This ampoule was conne~ 
:;; 

ed to the vacuum line, thoroughly degassed by'repeated cycles of freezing . -

and thawing under vacuum, and sealed off in A' • 

,n 
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Ê. ) "Effect 'of a surface inhibitor" 

\ 

Benzene solution of 
~~W--i inhibitor 

Quartz 
tube 

E. ) "Effect of a surface inhibitor" 
\ 

. \ 
A 

l' 

seal 

1 

, \. 
Fig. 11-9-1 :1 Special vesse1s 

for the ESR study of radical \ 

scavenging and oxygen diffusibn 
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II-lO Molecular weishts measurements br Viscometry 

/ 
The sample used was a polymerie calcium salt prepared from the 

l ' 

d~hydrate under, van' l t wa's the same as one,,_ of those used in the 

exclusion chromatography experiments, hâ~ng been postpolymerized a~ 

o ' 
50 C for 2 day~ with a yield of 28.6%. lt was r~cover~ in the acid 

> 

form by ion-exchange and freeze-drying. 
o 

To provide for an accurase 

weighing, dehydration of the hygro~copic poly-acid was achieved ~y 
?'" t" 1 

vacuum dessication for 2 hrs. àt BOoe. The weighing W6s checked against 

acid-base titration'to account for the eventual presence of residual 

water. , ' ,. 
The hydrochloric acid used to make up the sample solution/w~s 

standardized tw1ce. The two runs gave an identical value of 0.203 N • 
1-",. 

. The viscosities were measured in an Ubbelhode' dilution viscometer, 

in,a watir b8Jh maintained at' 3?00 or 24.00 ±0~?2oC. The solution was 

pushed up' the capillary with nitrogen .pressure rather tha~ aspiraied, in 

order to'prevent coolins and concentration ,of the test solution. 

The solutions w~re injected into the viscometer thr?ugh an~8 ~m 

filter paper~with a syringe. 

The corrections for shear rate and kinetic energy wer~ neglected 

in all cases, as the solvent.elution times wer~ very long (400-500 sec.). 

After 'each dilution, .the viscomete,r was agitated and the- solution 
~ . 

pushed qp and down the capillary sev:eral times. 'Elution times were then 
\ . 

recorded until they stabilized. 
J . 
The~ter, elution times 'were measured'two or three times, and 

, l 

the avetage of these values was recorded as a point on the gr~phs shown 

in the fourth chapter. 
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The<' individual times sa ()btained'de~iated rarel~ more than 

± 0.2 s from the Mean. 
/' 

II-ll Molecula 

1 

~surements b exclusion chromato 

aration and solubilization 

Dihydrate fr~m the common stock was ground to a powder in one 

48 

,.. 
Subsequently, the samples were treated according v~tch fo~ aIl sa~ples. 

III 
to the general procedures of evacuatian, dehydration, irradiàti~n ~nd 

post-polyllierization as described in :.the sections II-3, 4 and 5. They 
/ 1t , • 

" .., received 0:95 Mrai in 5 hr. 40 min. at -7S
o

C. .~ 

In arder to p~rform the Exclusion Chromatography experiments, the 

sample must be solubilized. The poly-(calcium acrylate) sal~ {tself 
-......... ~ l , 

provêd insoluble in anything tried but DMSO, although it swelled to de-

-( \ creasing extents in water, Methanol and ethanol. However, it has been 

reported "soluble in aCidit,ied methano1". The exp1anation for this be-
) 

havior is likely to lie in its transformation into the poly-acid. The 

, POlym\dC calcium salt was broken up. a~d proved indeed s~luble \ 1% in 

water (and less sa in T.H.F. and methanol) p~vided it was acidified. Com­

p'lete ~issoiuti~n was obtained after 2 minutes by the additi'on of 57. of 
\ 
\ 
l , 

• conc. ~Cl and overnight by 10% of ace tic acid. Caustic bases had no effect • 
, 

Consequ~nt1y, the poly-acid form was chosen for the Exclusion Chromàtography 

experiments. 

II-ll-b 
1 

Recovery of the po1y-acid 
, ' , \ ~ 

Various methods of recovering the pure poly-acid were tried with nç 

success. Saturation with NaCI yielded an unwieldy, tacky product which .' \ 

{n. fI +. "" .... ++ was mast l tikely a mixed ~a H composite. An attempt to remove the Ca 

by adding K2C0
3 

failed to pr~cipit~te CaC03 befoie 'a rea} end~oint was 
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, 
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l,. , 

,a. 
l, ., -. ',\ 

'. 

/ 

reached, whe~e a polym~r co~taining Ca++ was r~reCiPitated. il 
j " 

The use' of a strongly acidic ion-e~ChangJ~resin of the t pe Dowex 

50W-X8 proved to be an elegant method of separation. The labi~e acidity 
{ ++ 6 

contained in 0.1 g polymerie Ca salt is 1.1 milli-equivalent~. The , / , 
résin was stated t~ have a capàcity of 5.1 milli-equivalents per gram of 

dry weight. _,~ excess by a factor of at least 3 of freshly regenerated 
1 l 

resin was used. 

++ 
After shaking the resin for 10 min. with the pol~eric Ca salt 

previously dissolved in 5% HC1, tests perf~rmed by additg KOH or K2C03 ' 

in excess failed to reprecipitate anything. 
++ 

This showed that a11 Ca 

had been rem9ved and that the potassi~ salts were soluble. Indeed the . ' \ 

poly-acid cou1d be recovered from this solution by freeze-drying. It 
~ 

then proved to be readily soluble in water, weIl in methanol and only 

poorly in f.H.F."and p-dioxane. 1 
II-ll-c Bypassing the recovery 

, # 

49 

The freeze-drying technique is a tedious and time-consuming pro ce-

dure when many samples ;Jre involved. Accordingly, allo the samples were 

++ 
prepared as follows: the.polymeric Ca salt was broken into grains, 

weighed, then ag'îtated 4 to 8 hrs. directly with the ion-exchange resin in 
It, 

the phosphoric acid solution at pH 3 used as the eluant in the exclusion 
l- " .A 

-

c~omatograph. T~~'resin shifted 
(~ 

) 

the equilibrium in favour of dissolution.' 

One could thus~btain in a single 
, 

step solutions of an exact concentration 
, ( 

and ready to be injected into the ~xcluston ch~omatograph. 

~ 

in 

II-11-d Choice of the eluant 
1 1 
The difficulty in solubi1izing-the ~~~eze-d~~ed po1y-ac~y1ic aCid,\ 

T.R.F. arld p-dioxano, the o.sy t~ehri~~U~O~imUltaneous eonv~rsiônl 

1 . 
1 ---_ ... _---------""'---------

1 

13, 
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-dissolution in the pH 3 buffered solution containing the ion-exchange 

resin, and the convenience of working with aqueous solutions were aIl 

important factors suggesting the use of an aqueous system. A pH 3.0 

phosphoric acid buffer was ch~en for the following two reasons: 

(i) lack of volatility and corrosiveness of H3P04. 
(ii) buffering power ensuring a constant pH,' ,and therefore a con­

stant degree of ionization of th~ sample. 

A 25 l' glass, tank was filled with distilled, deionized water, to 

\ which phosphoric acid was added dropwise with agitation, while monitoring 

the pH with an expanded scale research pH-me~er until it read 3.0~ 0.05 pH 

units. The pH-meter was calibrated by iterative intercept and slope correc­

t dJ::ns with 2 st-andard buffers at pH 7 an'ci pH 4 • .."..This "pH 3 buffer" was used 
, 1 L~ 

to make up the samples, to wash glassware, and as an eluant in the exclusion 

chromatograph. 

II-ll-e Technicalities and injection procedures 
v 

The instrument us'; was a Waters GPC 206 with a Milton-Roy va~~able 
stroke mini-~ump~ and a differential Refractive Index dètector. The refer­

ence side of the detector was filled with the carrier fluid, then closed. 

Before this work ~tarted, the machine was fou~d to be fitted with copper .. 
tubings and brass fitçings.' To prevent corrosion by the phosphoric acid 

aqd facilitate servicing, it was necessary to completely refit the machine 

with aîl-stainless steel parts. 
d' , 

The volume of the injection loop, including the inlet and outlet 
;' 

ports, was 2.6, ml. For drawing the samples a syringe was fitted with a 

8 ~m paper fil ter to remove any unwanted particles. The syringe was washed 

and filled with a 10 ml sample which was used first to flush the injection 

, . 

1 
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100p. The syringe was then refl.lled and the sample was injected exactly 
.Ift. 

" at the instant when the chart recorder' registered a spike. Each spike 

on the chart represents 5 ml, the volume of the syphdb counter. The 
\ 

injection valve,was returned to its norma~ position on the next spike, 

thus ensuring the total insertion of the sample into the system. A pump 

stroke of 50% was used, giving a flow rate of 1.3 ml/min. For all'experi-

ments (at room temperature), this gave a satisfactory compromise between 
t, 

a \maximum resolution and an acceptable analysis time of about_ 2 hours . 

II-ll-f Choice of the columns 

Coming Porous Glass of controlled porosity, supplied by Eleetro 

N~eleonics Ine. (87) was chasen for its compatibility with aqueous and 
, 

organic solvents, lts ready availability in a broad pore-size range and 
-... 

its stability towards pressure, solvents and air bubbles. A column can 
. . 

easily be packed dry by one person ~ith1n ! an hour and prêsents nont 

of the delicate handling problems of the ?rganic crosslinked gels. 

However, it presented adsorption problems, which will be discussed in , 
Chap. IV. Pofous glasses of the following characteristtcs (Table II~ll-l) 

were tried, all' in ,120 - 200 Mesh particle size (manufacturer data). 

Nominal Mean Pore size Pore 1 Surface Area 
Pore diam. eX)" Pore Diam. (Î) Distribution Volume (m2/g), 

(± ;n "(cm3 Lg) 

75 80 13.7 
-, 

0.52 207.8 

240 255 3.7 0.96 95.5 

700 729 8.6 
1 
0.98 33.9 

1000 10iJ·6 3.7 1.02 27.6 

\ 1400 1422 4.5 L02 '17.3 

2000 2215 3.1' 2.32 27.5 
........ 

Table g-ll-l 
~ 

'conm •• 

, ~ 'J~ .' 

l 

~ , 
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~ ~ 
The co1umns were stainiess steèl'cy1inders 1.22 m long and 0.J8 cm 

internaI diameter thus having a Iength to'diameter ratio of 156.4 (3 times 
31 l, 

the usua11y recommended minimum) and an internaI vo1umn of 59 cm. Various 

packing methods were tried in tu~~ u1trasonic waves, mechanicai agitat~n 

with an eccentric' cam, ' vibrations and application of a vacuum at one end. 

AlI gave poor results. The best packing of the porous glass was obtained 
" j , 

by the simple,method of filling only 4 cm of the co1umn at a time, then ' 
, j 

tapping it vigorously wi~h a WTench for 1 minute. Tqe co1umns were capped 

with 10 ~m stainless steel fritted filters. Opening the upstream end of 
1 L :t1" 

each column after several weeks of wet use under high pressure showed that 
1 • ""'f 

there was no. further compaction. After suitable experimentation a set of 
1 

4 columns of 75, 240, 700 and 1400 nominal pore diameter was chosen for 
,,' 
b • 

~e. The 2000 A column was rejected because it decreased the resdl~ion 

of the other columns to an unacceptable extent, and a1so because it èonsi-

derably tncreased the analysts time. 

11-1l-g Dextran calibration standards 

The characteristics of the five Dextran standards used are given in 

Table 11-11-2 below as furnished by Pharmacia, along with the experimentally 
" 'fI • 

determined elution"volumes at room temperature in pH 3 phosphoric acidi , 

buffer. • , ( 

'. 

\ ['11 1_ "'~... _ Elution 
M (g) w 0 

10,500 

22,300 

39,500 

iS4,000 

476,000 

M' 

'M M lM n w n 

6,400 1. 64 

15,000 1.49 

29,500 1.34 

8W>00 1. 79 

188,000 2.53 

') 
"(dl/g) log 

Q.098 ' . 
1. 

' 0.148 

1. o. 21 

0.37 

O. 54 ~ 

Tab~~-1l-2 
\ 

, L 

(1'\ x lM) log (11 x M ) Volume 
w " n (counts~ " . 

3.01 2.80 30.7 

3.52 3.35 29.2 

3.92 3.79 27.9 , 

4.76 . 4.50 25.1 
/ 

5.41 5.01 23.2 

.~ .. 

• .. 
\ ."._Q*-

1 
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II-12 
13 Carbon NMR spectroscopy 

Five sample~of poly-calcium acrylate were prepared according to 
1 

the usual procedures outlined in section II-S. They were the same as 

. some of the samples for, the study of mo'lecular weight distribution b-y 

Exclusion Chromatography. 

They were trànsformed into the water-soluble poly-acrylic acid 

derivative by the ion exchange technique of section II-ll-b. using only 

a few drops of HCl to speed up dissolution. The resulting aqueous sQlu-
\ 

tian was freeze-drted, and the poly-acid was red1ssolved in the minimum 

amo~t of D
2

0 at SOOC to produce the high concentration re9uired by l3C 

spectrocospy. The viscous solution was then transferred to the speçial 

large-diameter (10 mm) NMR tubes. 

The spectroscopie experiments were carried out by Gordon K. Hamer_ 

of the Pulp and Paper Research Institute, in the laboratory of Prof. A.S. 

Perl~n. The instrument was a Bruker WH90 spectrometer ~ith 8000 memory 
~---

channels equipped for pulsed R-F decay accumul~tion of scans. The operat-

( ing frequéncy was 22.628 MHz, and proton~noise decoupling was applied. 
, ' "II( 

Past-Fourier-Transform was performed on the inboaTd computer to yield the 

time-average of some 2000 Bcans. 

The use of D20 to dissotve the samples was neceBsary to allow the .. 
spectrom~ter ~ lock ante the deuterium nucleus frequency, and a drop of 

dioxane was also added to serve as an interrtal chemlcal shift reference. 

The stored digital data could be displayed on an X-y recorder at any scale. 

Large-~cale recordings were made to facilitate the cut-and-weigh method 

of determining peak areas. 
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Crystailography 

11-13-a Debye-Scherrer powde~ patterns 

The treatment of the two anhydrate samples will be described 'in the text 

of section 111-1-2-a. A dihydrate sample was includad for comparison. 
, 

The powder patterns were recorded by Dr. St./John Ma~ley of the/ 

Pulp and Paper Research Institute of Canada. A circular chamber of 

57.3 mm diameter was used, and the experiment was performed at room tempe-
1 

rature. The samples received 10 hrs. expos~re of the CuK rddiation fil­a 

tered by Ni. The developed films were then analysed with a microdensito-

meter as well as inspected visuaIly. 
, 

lI-13-b Single-crystal structure analysis 

The experi~ents were perfonned,by Miss Suzanne Fortier in McGill's 
, ~;r; 

Geology~Dep~rtment, under the supervision of Prof. Gabrielle Donnay. 

"'t. A crystal of approximately 0.2 x O.' 2 x 0.5 mm was chosen, small 

enough to give negligible absorption. It was fixed at the end of a copper 

wire using a low-temperature, high-vacuum silicone rubber glue (G.E. RTV 

560 and SR 585). The wire was cooled to -90°C in air at a residual pressure 

of 10-2 mm Hg in a AC-I-lOI-A Cryo-Tlp refrigerator of Air Products lnc. 

Such low temperature was found to be required. because calcium acrylate di-

hydrate is able to polymerize at room temperature under the influence of the 
-'" ; 

X-ray beam. The results of Costaschuck(84) indica~ that -90oC was cold 

inhibit the polymetization that would otherwise ~ 

erfere with the measurements. 
J 

.. 
A 4~circles Picker-Facs l dif{ractometer was used to collect ~15 

1 

etry-independent intensities with graphi,te-monochromated Mo 'K radiation. 
a 

s 

o scan method was used at the rate of 0.5 /min. ALI reflect~ons 
'\ 

:.~ii:taiIi~IfIi?i~~"", ....... _ ... _ .. "' ............. t ___ .... ,'E"''''''''' ... .\ .. I~r-·· .... ' ."": ...... , .... ,-.. -.-. :'t"-;.~-~.?~f""} ..... ":," .• "., .. -"'----
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o Up to 29 - 45 were coll~cted in the quadrant where h and k are positive. 

The Miller indices ranged a to 15 for h. alto 6 for k'and -12 to Il for 

Z. The two reflections 

of 3.5~ from their mean 

~ed as standards 

value, confirming 

during the experiment had been minimal. 

presented a maximum deviation 

1 

that the amount of polymerization 

In order to eliminate the contribution from the copper wire and the 

glue, the crystal was removed and the intensities remeasured under the 

same conditions. The values so obtained were subtrac,ted from the previous 

measurements ;0 furnish the net intensities ~eflected by the crystal. 

590 symmetry-independent reflections had measured intensities larger 

than twice the standard deviation. 
l , 

The cell dimensions were.obtained by 

least-sqüares refinement of the angular va'lues of 9 accurate1y centered 

reflections. The similarity of the cell parameters and the identity of the 

sPac~ J~oups observed at 20 and -90oe indicat~ that calcium acrylate di-

hydra\e do es not undergo any solid-state transformation between these'two 

. 
temperatures. 
1 

The absence of any manifestations of phase changes in the 

Differential Thermal Analysis and molecular motion curves (Wid~ Line ~) 

will be demonstrated in this thesis, and further justifies the procedure 

employed. 

Intensities were çorrected for Lorentz and polarization factors, 

using the scattering factors of Hanson et al.(1964) and the DATRON progr.am 
\ 

of the X-ray 70 system. ,The calcium ion position was determined from the 'r 

Patterson synthesis of the intensity data. and was found to be analogouJ· 

to that proposed by Lando(77). The remaining ions were 19èâted b' the 

heayY atom method. Fourier synthesis followed by full mattix least squares 
, / 

and ~F syntnesis permitted to locate all the remaining atoms • 

.lJiîC"W .. .,IillIaMriliirililii'_ .. i ...... U2i1!1'~=_Tl ... &Iii: ... _-... _ .... * .. à-_______________ -------____ ""W ___ .-..-.Md .. ...",.A'~~~"_ ........ """,.,,_ ......... 
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Finally, the refinement of the data converged towards a residual 

of 6.6% on 564 observed reflections. 26 discrepant reflections with 
• 

F «IF 1 I~were eliminated from the least-squares refinement. These 
obs ca.,), 

discrepancies were attributed to accidental interference of the.tubing 
~ 

bringing the refrigerant to the cryo-tip with the X-ray beam. 
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111-1 Crystalline structure of the monomer 

l 
57 

( ) - The knowledge of the crystalline structure of the 'Ca acrylate ,di-

.(r 

hydrate monomer'is of fundamental importance if one is ~o rationalize the 

·phenomena observed during SSP. The question of topotacticity (i.e. whethe~ 

the monomer matrix imposes orientations on the polymerizing chain) is an 

obvious one for which such knowledge is required. Furthermore, the study 

of the dehydration reaction, and that of the polymerization inhibition by 

dellberately introduced fo~ign gases, also require,a precise kno~ledge 

of the diffusability of the ~onomer crystals by smafl molecu1es. 

The earlier crystallographie studies of the monomer will be presented 
, 

first, followed by a descr1ptfon of the experiments performed and finally 

by the discussion of the resu1ts. It will be shawn that crystallography 

supports the results of the other experimental techniques employed in this 

thesis, and leads to several in.eresting predictions. 

Previous crystallographic studies 
, 
\ 

The crystallographie structure of calcium acrylate dihydrate wa~ first 

studied by Lando(77). He found that_calcium acrylate is monoclihic and 

belongs to the space group PZ1/a, with the fol10wing parameters: \ 
o 0 0 0 

a\- 14.36 A; b - 6.56 A; c - 11.62 A; e - 118.9 ; Z - 4. The anhydrate was 

found to be amorphous, and furthe+ comments were made later by Lando and 
, (78) il Morawetz on the nature of the variow.; hydrates they claimed to have 

prepared. 

However, an attentive examination of the crystallographic results of 

Lando reveals ,th~ fo~lowing facts: 
o 

(a) Landols structure displays 4 internuclear distances of 1.83 A between 

the oxygen at~ms of different acrylate molecules. Su ch a short approach 

between two negative COZ ions seems unreasonable, as it would 
l' 

1 
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.mean, they are separated by a distance closer to the length ofl an 0-0 
o 

covalent bond (1.5 A) than to the length of the expected Van der Waals 
o 

approach (2.8 A). 
o 

(b) Lando found calcium-oxygen internuclear distances of 0.97 A, which 

58 

is absolutely impossible in view of the ionie radii eoneerned (0.99 plus 
o 0 

1.32 A resp.), which lead to an expeeted 2.3 - 2.4 A instead. 

The "residual" in Land 0 's atomc position measurements, which 1a. a 

measure of the mean discrepancy between observed and calcula~ed structure 

factors, was 35% for the hot data and 43% for the OkZ data ,~fter least-

squares refinement of his data. These values are unusually high compared 
? 

to the 10-12% generally considered to be the limit of acceptability for 

the establishment of a new structure. 
, 

(d) The calcium ions in Lando's struc~ure lack a qlearly defined coordi-

nation polyhedron .. 

A number of these discrepancies may be expla1ned on the basis that 

Lando carried out his m~asurements at room temperature. Calcium aerylate 
i 

9ihydrate polymerizes readily under the X-ray beam at room temperature, 

possibly d1srupt1ng the lattice to an extent sufficient to impair the mea-

surements. 

9n the ground of the above remarks, the crystallographic structure of 

Lando must clearly be re~ected., 

Costaschuk(84) built a molecular model on Lando's data, and dé~r~ed 
! 

from it a number of conclusions. Unfortuna~ely, as, Lando's data have 
;~::- -"'-

been shown erroneous, it i~~ow clear that this model and the conclusions 

based on it must be t~tally reconsidered. 

In an efrort to gain understanding of the dehydrati~n process, Costas-
~ 
i 
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l , 
cfiuk a1so ana1ysed the Debye-Scherrer pçwder patterns of the interme-

, 
diate hydration leve1s (0.95 and 0.28 H20), and that of the anhydrate, 

which was found to consist of 4 halos. 
1 

,The intermediate patterns were fo~nd by Costaschuk to consist of \ / -
~ ~-- .... 
~ 

the simple additive superposition of the dihydrate and anhydrate patterns 
o • 

at reduced intensitles. He'also measured theodensities of the various 

o hydrate levels, and found it decrea~ed some l~% rr~ the "dihydrate 
3 3 < 

(1.461 g/cm ) to tQe anhydrate (1.425 g/cm ) in a smooth linear manner. 
Ih ' "1 l... 

The dehydration reaction was concluded to proceed by a dihydrate-to-an-, . 
hydrate trans1tion~~with little or no distinct intermèd;ate compound 

~ ~ 

produced (2-phase syst~). The dehydration model of Costaschuk is depict­

ed schematiGally on the left half of Fig. 111-1-1. 

(85), d f IIi' Watine attempted ~ quantitative stu y 0 the crysta nit y varia-

tf.cn with de,hydration. He defined the crystallinity of his samples as pro- ~ 

, , 0 
portional t~ the intensity of the peaks, occurring àt 26 ~ 12.48 and 

15 '.930 in h wd t""'h 1 h f h did t e po er pat erns. 4 ese .two an~~s~were c osen or t et 
not suffer from interference'with the anhydrate halos. The percentag~ 

crystallinity could th~s b;~ea%ùred from the X-ray films with a microden-
, r, 

sitometer, assuming 100% and 0% respectively for the dihydrate and anhy-

drate. The curve obtained is presented-on Fig. 111-1-2. Wat1ne observed 

that 60% ,of the crystallinity-loss occurred over only 25% of thé hydration 

range between 0.5 and 1.0 H20 • 
. 

He concluded that tfie volume of the dihydrate phase decreased in a 

non-linear' manner~th the extent of dehydration, and that ~hcording1y, 

the 2-phase dehydration model of Costasch9k shou1d be questioned, and pos-, , 

.sibly rejected to the profttof ~ 3-phase model involving a large amount of 
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Costaschuk's/dehydrati~Jmodel 
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Watine's dehydration mod~l 

/ 

" 

·LH~ .,. 
(pure dihydratel 

, 

, ,,-

~ rom 2 to O. 5 H# : ' , / 
, 

"active volume shelll
', 

dihydrate core 

~H#.: 

....,:...:-t-- on1y "active volume" 
(dynamic structure ~ith 
CfJ1l t'inuous1 y vÀriable 
composition) • 

from 0.5 ~o O,H20 
~ , 

~H+J- na~tive vOfume'" core 

ànhydrate''she1l 

L~2? • 

(pure anhydrate) .' 

~. , 
.' r '. 

III-1~1 Comparison between the dehydration models proposed by, 

C staschuk(84,p .. S4) and bv,Watine(85,p.107) ' .. 
' .. 
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Fig1 III-1-2 Densitometric measurements of the crystallin'ity contents 
(' ,'~ ~i:~ 

of calcium aerylate hydrates , from the Debye-Sche~rer powder patterns • , 

Source' : Watine (85,p.39) • 
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an intermediate "active phase". of composition.x H20'. The two modds 

are compared schematically on Fig. I1I-1-1. 
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Several questions may be raised regarding the densitometric measure-
, ( 

ments of Watine: 

(a) the use of ca microdensitometric probe involves integr~ting the opti-

cal density of the film over a certain line width corresponding to the 

opening of the probe slit. As a result, th~ readings will be incorrect if 

the ac~ual line width of the measured diffraction li ne changes from one 

sample' to the next. On~ prac tical ins tanée where this can happen is when 

the dehydr'ation nucleation occurs abundantly by the multipli~tion of 

smalI centers. The width 'of the dihydrate 1ines will then in~ase appre­

ciably when the ~ize of the remaining crysta1lites will fall below about 
o 

. 1000 A. This results in an apparent loss of integrated optieal densi~y, 

land in a deviation of the curve below 1inearity at low water contents. 
< 

Indeed, Watine observed such a deviation at the 0.5 H20 level as shown 

on Fig. 111-1-2. It is henceforth suggested that this deviation, far from 

representing a non-linearity in the crystallinity itself, is instead indi-, . 
• eadive that dehydration proc1eds by an abundant nucleation of independent 

centers. 

Cb) . By assuming that the two lines he chose could be us~d for the measure­

ment of the crystall~ity' conte~t, Watine impl1citly assumed that the water 

oxygens did not contribute ta their intensities. 
l" 

In case the water Ishould 

1 i 
contribute tOfthese lines, one would expect their intensity to vary an~ay 

upon dehydration regardles~of the crystallinity of the surrounding matrix. 
,1 . \; 

1ndeed, calculation of the structure factors F were performed for the 

o .(011) line at 2e - 15.93 of' Watine, b,ased on the single crystal ana1ys18 
~ 

l ,. 1 . 
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to be presented in section III-1-2-b. Excellent agreement was observed 

between ~he observed total F ~60 ± 6 eiectro~s) and the calè~~ated F 

(64 ± 0.5 electrons). A stroJL contribution of the water to this factor 

was calculated CF - -49 ± 0.5 electrons). As this co~tribution is nega­

tive, a partial dehydration of x% without destruction of the rematning 
1 

crystal structure would increase the observed intensity rlbY the fatio: 
1 

x 2 
= (F - ïOO F water) .... (1 + 0.0077 x)2 q. (1) 

F 

" . 
For small values of x, this inerease ratio may b~ approximated by , 
1 + 0.015 x. Only 10% dehYdration without collapse ot._,the, dihydr te 

lattice would thus produce a 15% increase in the observed optical ensity 

of that line over that of the dihydrate. Sueh a large effect coul not 
" , 

have been missed in Watine's experiment. 

On the contrary, Watine observed a decrease in the line inten tty 

upon dehydration. This enables us to conclude that: 

(1) The amount of dehydration that the dihydrate lattice ean tqlerate 

without collapsing is )ery small. This will be shown in .ectio~ i~I-1-3-a 
to be perfectly con~istent with the ~sse~~al role of water in the stabi-

lit y of the crystal. 

(2) This small fraction is nevertheless responsible for some iner ase in 

;t " 
the observed lipe 1ntenaity. 

based on a simple additivity 

Such an increase over the linear behJv10ur 

of, tbe dihydrate and anhydrate patterns has 
, 1 1 

1 Application 
1 

been 1ndeed observed by Watine in the ranger 0.7 to 1.
0
8 H20. 

bf Eq. (1) on Watine's data allows to estimate to 2% or less the frrCtiOn 

x of dehydration without lattice collapse. 
r(: 
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Finally, ~e may conclude that Watine's observations may a1l be 
\ , 

e~ily rationalized in the light of simple c~ystallographic princiP4i;' 
crystallinity dècreases~non­

\: 
, 

As a consequence, 
'. '\ t" , ,1 

'l:f.neariy with the 

Watine's contention that 

water content of 'calcium acrylate, and the resulting 
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deduction,ss to the existénce of an intermediate "active volume" of com-

position x, should be ser~ously questioned and probably rejected. On the 

contra~y, the obse~ation by Costaschuk of a reduced but clear dihydrate 

~~tern all t~ way down to very fOW hydratiou levels; and of the linear 
'1 

dec~eAse of density upon dehydration str~mgly supp'orts the latter's two­
~, 

"1 
phase dehydration model. lt should be keot in mind'however that the~e 

, ~. 

exper~ents were all run using fine1y ground powders, and that the above 
1. 

conclusions cannot formally rule'out the existence of a metastable partial 
\ 

hydrate for large monocrystals under certain conditions. This possibility 

will be discusJed la ter in detai!. 1 

III-1-2 arystallographic experiments 
,. 

tII-r--2-a Debye-Scherrer powder patterns • 
0'Donne1 and Sothmann(83-b) made a thorough study of the de-

, l' " ! 
hydration of barium methacrylate monohydrate after the preliminary' study 

t (Bl-c) , . 
of Bowden and.O'])onnell . This materia1 is believed to be \uffici-. 
entl~ 8imil~r in many of iFs prop~rties to calcium acrylate dihydrate to 

warrant brief consideration here. 

Differential Scanning Calorimetry 

hydrate exhibited 2 endotherm peaks at 80 

of barium methacrylate mono­
Il 
o ' . 

and 110 C for small crystals. , 

On the other band, grirtding the samples to a f~~er powder produced a gra-
~ ... - _r-~ ~ 

dual disappear?nce of the second end~rm. One of the hypotheses ad-

. vanced was that the second endotherm might be ind!é,titive o.f. al allotropie 
• 1 

/, 
1 

(. 

f 

\ . 
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transiti~n after the dehydrat taken place, ~r of a phase transi-

tion coupled with a second de ydration step. ~~h transitions are not 
~ 1 0 ' .. 

,,~~~:' 

• uncommon and have beeu demonstrated to occur during or in between the 

, (106) 
dehydration steps of CuS04, 51H20 • 

Accrued interest in thi~hYPotheSiS was sparked by the finding that 

2 dehydration endotherms were also present in calcium acrylate dihydrate 

0, .... 
at substanttally the sarne t~peratures of 79.6 and 106 C. AlI th~~ re-

sults will be discussed an i1lustrated further in section If1-3-1. 

According1y, an expe iment'W8s designed to'test this hypothesis by 
i; 

comparing the powder anhydrate sample~. The first sample 

was prepared by pro long d evacuat~on of crystalline dihydrate at room 

tempera ture, the temperatures of the 2 endotherms. The 
1 

second sample was dehy rated by evacuation at 600 C, foll~wed by two days 

annealing at llOoC un er vacu,' Le. at a ,~Imperature suitable to allow 

any ~entual recrysta lization~o take pla~e. 
, l , 

Densitometric tr~ces were obtained b~/ tr. St. JÇlhn Manley of the Pulp 
l , 
l '/ 

and Paper Resear~h Ilstitute by the Debye-Scherrer method and are shown on 

Fig. 111-1-3. Both amPtes exhibited the 4 halos observed by Costaschuk. 

The outer 3 could on y be observed by careful visual inspection cf tqe ne-
t 

gatives, but were too weak to be clearly apparent on the densitometric , 
traces. No difference could be'found between the patterns of the low and 

high-temperature 'samples. 

It thus seem~ necessary to conclude that,the ~econd dehydration endo­

therm of calcium acryl~e dihyd~ate ie nct associated with a phase transi­

tion ... As 'a result, we
o 

may say tha\t the Debye-Scherrer experi~nt devised 

could nct put in evidence the formation Qf an intermediate structure nor 

" 

1 t Jf 
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the existence of a phase transition overlooked thus fa~. Neve~theless, 

some rese~a~io must be made. The observation made by O'Oonnell and 

Sothmann(83-b) t crystals to a fine powder produced the 

disappearance the second endotherm suggests that the grinding required 

h~rr~r pattern may be sufficient to obliterate,any struc-

tttre present. hermor, the same authors found that very small doses 
.\ 

of y-irradiation w s~~ficient to have the same effect. 

Consequently, is felt that the grinding and the X-ray irradiation 

of the samples, aIt bugh necessary to t'un the experiment, could be res-, 

ponsible of any sU,ch s-tructure, either directly or by 
1 p 

itliucing o.h., Theœfore we must regard the existence of such\: a 

fragile or metastab1e 'atructure as st3ill possiblt;!L,and worthy of~;;_rther 

i~vestigation. The use of larger cryst~ls and of cooling below -lOOoC 

during the grinding and the recording of the X-ray patterns seems to be 

indicated,although with no guarantee that it will work. 

On the other hand, Debye-Scherrer powder patterns may be exploited to 

yield information as to the structure of the anhydrate and the features 

retained from the dihydrate lattice after the removal of water. Costas-

chuk(84) observed, the 4 halos of the anhydrate at 2 e values of 8.3, 23, 

o 30 and 42 , 

pectively. 

, 0 

corresponding to d spacings of lO.p, 3.8, 2.9 and 2.2 A res­
'.f'II" 

On the basis of Landols crystallographic data(77), Co~ta8chuk 

concluded to the per,sistence of the; (001) reflec tion throughout the de- ' \ 

hydration. lt was interpreted that dehydration caused' a "substantial 108s 
- -1',' 

in crystalline ~rder slong the.a and 
\.0. 

b axes, out only a minor 108s alon1 
' i 

the c axis where ~e lattice 'spacing rema\tned nearlf constant". 

As Lando\s data have since'been shown erroneous, it was deemed neces-

. , 
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sary to investigate this point again. Although we used the s~(e nickel 

filtered CuK radiation, the four anhydrate halos were ofound;~ the 

current expe:iments, at 2 e angles of approximately l~" 15 20 ~ 26 0 

oorre.;onding to d' spaoings of 7.4. 59. 4.4 and 3.4 ± 0.2 ~ resPftive:y. 

These distances were interpreted as the Ca-Ca approaches.- They are quite . - ~ 

different from those observed by Costaschuk, but they were found to be 

similar to those mea~u:ed by the present authors fram the dihydrate 
o 

pattern (d - 7.2, 5.9, 6.6 and 3.9 ± 0.1 A), which match accurately the 

Ca-Ca approaches independently determined frame thè dihydrate by the single 

crystal structure analysis of section III-1-2-b. 
" 

The calcium ions will be shown in the next section (III-1-2-b) ta 

forro ribbons stretching alang the b axis in the dihydratè. The Ca-Ca 

distances are noted on Fig. 111-1-4, a10ng with the values they assume in 

the anhydrate (in parentheses). The similarity between the two indicates 

that the inter-ribbon" distances are conserved, therefore supporting their 

conrinued existence in the anhY~rate. ,The intra-ribbon distances are 

markedly shortened as a result of the necessary reorganization of the ca1-

cium coordination polyhedra. 

In conclusion, we may state in contradiction to the results of- Cos tas-
• 

chuk\, that the dihydrate lattice was found to suffer a complete 10ss of 

; . crystalline order upon ,dehydr~tion. '. The prese~vat1on of sorne interatomi~~ ~ 

distances suggests however that the ribbon-like structure is approximately -~ 

conserved, although suffering from a 33% contraction along the b axis and 

from a 13% contraction of the shortest Ca-Ca distances. These contrac~ions 

are like1y to faci1itate po1ymerization along the ribbons, whereas it-wab 

f . 
formerly more 4ifficu1t in the d1hydrate. FinalIy, the persistence"of the 
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(001) reflectlon was not ?bserved, as this reflection lS forbidden in the 

'space gro~p of the dihydrate. 

I~-1-2-b Single-crystal structure analysis 

The crystal'structure analysis of calcium acrylate 'dihydrate , 

was undertaken at McGi11 University's Geology Department. The single-cry-
1 

stal experiments were performed by Miss Suzanne Fortier, and the process­
~ 

ing of the data by Mr. Yvon Lepag" under th,~, "direc tion of Professor Gabriel­

le Donnay. This structure ~nalysis will be the o?ject of a detailed pub~ 

lication by the ab ove authors. 

'rhe dihydrate crystals are acicular, fragile and elongated along the 
\ 

b axis. The cell parameters round are presented in Table 11I-1-1. The 

52 sets of coordinat~s were generated by this author from the 13 fractional 

atomic caordinates 1isted on" Table 111-1-2-a and from the equivalent posi-
) 

tions (x, y, z), (-x, -y, -z), (!-x,! +'y, -z), (! +x" - f, z),. The 

interatomic distances derived from them are shown on Table II1-1-2-b. 

~ A projection of the structure onto the ac plane"~as canstructed. For 

clarity of presentation, the unit ce11 and,its immediate vicinity have been 
, -+ -+ 

completed by applying translations of vectors a and c, and are depicted on 

Fig. IlI-1':S. 
a * 

The structure is made of 10 A thick layers perpendicular to the plane 
t j. 

of the figure ~nd paral1el ta the (001) plane. Each layer consists of 
,\ 

pairs of combs lying with their spin~s back ta back, and ataggered along 
./ 

the b alis at a ftistance of ! b from the o~posite comb of the same pair, 

and of 1 b from the correspondin~ combs of the next" pairs above and below. 
~"~ 
~ -+ 

combs are t'ows of calcium ions, lyd.ng along, the a edges The spines of these 

of the unit cell, ~nd form the core of the layera. The teeth of the combs 

9 

, , 
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, .--'-

0 , 
"' n 

\ Space group: P2l /a 

0 i 
'. a - 14.1l! ± 0.02 A 

0 

b - 6.63 ± 0.01 A' 
0 

c - 11. 76 ± 0.02 A 

c , 
6 - 118.4 ± 0.10 

Z 4 x [ Ca (CH2CHC02) 2 , 2H2O] per cell 

Formula weight - 218.23 g ,., 
Linear absorption coefficient - 6.27 

-1 for MoKa cm 
03 \ 

V (unit cell volume) - 967.7 A .~ ,-
Dentlit~ (calculated) - 1.498 g/cm~ >.J 

~ 

Density (experimental) - 1.461 g/cm 3 (from Ref. 84) 

1 
"-

f '. , 
TABLE III-l-i 

Il .. 
Cell parameters of calcium acrylate dihydrate at l830 K 

/ , .. 
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'l 

't .. 'l 
Ir 

A; tom x y ; z' 

"" " .... '1 .. ~ 

Ca 0.4367 (2t 0.2405 (4) 0.0295 (2) 
"" \. 

Cn . "0.1728 (11) 0.0744 (23) 0.5427 (14) 

C21, 
Cl 0.2108 (9) 0.,2404' (23) 0.6185 (10) 

, 

C31 0.2662 (9) 0 

1 '/" > 

0.2249 (21) 0.7'644 (10) , 
, 
'J 

0
11 

0.2848 (7) 0.0578 (12) 0.8258 (8) 
'1 

°2~ 0.2988 (7) 0.3887 (13)' , . p.8257 (7) 

.. • C12 
If -0.0132 (12),' 0.3824 (23) 0.6424 (14) 

O.'~283 (9) 
~ 

C22 0.2293 (20) 0.7290, (11) "- J 

C32 0.0335 (9) 0.2409 (23) 
" 

0.8598~ (10) 

?12 
0.0490 (7) 0.0807 (13) 0.9240 (8) 

022 0.0208 (f) 0.40'60 (13) 0.9020 (8) 
;j 

(H20) 1 c ,p.6124 (6) 0.2632 (13) 
\( 

0.2190 (7) 
" P' 

(~O)l O.~20l (7~ 0.2305 (13) 0.1266 (8) 

t· 
\ 

" 
TABLE 111-1-2-a 

o 0 
Atomic coordinates of calcium acrylate dihydrate at 183 K (in A, with 
incertitudes over the ~a~t figure expre~sed shown between brackets)~ .. 

". 

Calcium coordination po1yhedron: Water molecu1es and hydrogen bonding:' 

2.629 (7) 2.76 (1) Ca -' 011 

°21 2.461 (7) 
\ ~2°=-intra) 2;79 (1) 

0
12

' 

0
12

, 

°22 
, 0

22
, 

.(H20) 1 

(~20)2 

2.307 (9) 
" 2.707 (12) 

2.339 (9) (H
2
0)1- 011 

2.509 (l2)~ ,\~___ - 021 

2.425 (61 

2.409 (12)~ 

TABLE 1II-1-2-b, 

Interatomic distances (in A) 
(* 

. 
"-

2.83 (1) '" , 

3:03 (l' 
Q!20-inte,r) 
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• 

are the acrylate mOlecules", and extend almost perpendiculat: -to the plane'4 

of the layers, except for the vin~l double bonds tails which stick alter-

nately above and below the plane 6f their comb. ,The surface of the layers 

1s therefore made 'of the tips of the combs, i.e. the vinyl tails, which engage 

in Van der Waals bonding with those of the adjacent layer . ... 
The water molecules are interspersed between the teeth of the combs, 

++ and are kept close to the spines by the bonds they exchange with the Ca 

and CO 2 10ns.' \~ 

The sharing by calcium ion.',\ two.oxygens (012 and 02~+belOnging ,to 

different'acr~late mo1ecules homolÔ$0us by a translation of b 1s respon-.. 
sible for the formatiOn of ribbons of wi4th a/2 extending a10ng b, i.e. 

vertically,above the paper. ~ èross section of such a, ribbon along a ver­

tical plane normal to': 1s shown on Fig; 111-1-6. On this figure, 'each 
) , 

calc1um 10n can ~e seen to be the center,of a clear c~ordination polyhedron 

of eight elements: six carboxylate oxygens belonging to four different 
1 

1 

a~rylate molecules, and two water molecule~. 
., , 

The ~9nding scheme of this structure explains the easy COOL) and (100) 

cleavages and the fragil~ty of the crystals. The structure in general and 
1 • 

the interna~ conformation of ~he acrylate molecules in particular have 

b,een found' ~o be reas~nabie. The factors contributing to the stabllity and 

the properties of this structure will be discussed next i~reater detail. 

1I1-1-3 Discussion of the results " 

The follow1ng discussion, and particularly the interpretation o~ the 

resu1ts direct1y relevant to dehydration~ di~ization an~ poly­

merization have been establ1shed by the present author with the help of ,.,. 

discussions with Dr. Yvon Lepag~. 
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in the structure 'of CaAc,2H20 ~ showing the two types of water present • 
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\ . ' 
111-1-3-a Structure stabi1ity and dehydration 

A detailed investigation of the crystallogra~hic structur~ 

of the dihydratemonomer reveal~ informatiop ~s to the stability of this . 

structure along three directions: ,the princ~pal axis, of the crystal (bYr' 
~ , 

laterallyalong the plane of the layers (alon~ a); and between the layers 
l ,') 

in a direction normal to their planes. The inter-layer}s·tability has 

been shawn to be the result of Van der Waals approaches between the.vinyl 

CH2-groups at the tips of the combs' teeth, and ne~ds no further discus-

sion. 

Along the principal/axis b stretch the ribbons mentioned earlier, 
/ 

organized around the'stri~gs of calcium ions. The carboxylate groups pte 
" 1 

attracted towards these strings, whUe the viny1 ends of the aerylate mo-

lecu1es point away from them. The forces that hold each ribbon together 

ar~ of two origins, as may be clearly vlsualised in the ~ss-section 

shown on Fig. 1I1-1-6: 
, 

(1) One CO 2 group\(01 and 01 ) Is shared between three calcium'ions 
, 

labellèd Cal' Ca2, and Ca3 on the figure. 
1 

Cal is on the same level! where-
+ . 

as, CaZ and Ca3 are.homo10go~~ by a .translation of vector band located i 

b above ànd beiow the carboxylate level. This bonding scheme does not In-

volve any water molecule, and is therefore likely to persist upon dehydra-
.,' 

tion,as has been suggested by th~bye-SCherrer experiments. 

(2) The other CO 2 (02 and 0i') belongs in particu1ar to 
. 

1 

Cal' but i8 

. linked to Ca2 and Ca3 indirectly through the H-bonds formed with the water 

molecu1es labelled ''H20-intra''. This bonding sche~e will obvious1y be des-
• 0 

troyed upon dehydration, J and this destruction ls probably responslble for 
.#, ~ 

the 33% contraction of·~~: ribbons observed a1eng b. 

" . 
, ~~ l' 

, l':;' ','4" h~ 



" 

Laterally, the different ribbons are held togetHer by thle water only . 

• The water la:bel1~d "R..,O-inter" on Fig. lII-1-6 shat;'és a bond with the cal-
;- ~, 

~ 

cium ,Cal of one ribbon, while it forms hydrogen bonds with two earboxylates 
" 

, bound to the ''calc1ums ca~ and ca~ of ~he next ribbon. 

The water contributing to the meehanical and electronie stability of 

each ribbon (H20-intra) is invqlv~d ~n two strong H-bonds of equal length 
o , 

(2.76 and 2.79, ± 0.02 A), whëreas the water which is ~he 'only link holding 

different ribbons together (R
2
0-inter) exchanges weaker H-bon~s of unequal 

o 
'length (2.83 and 3.03 ± 0.02 A): lt has been calculated that the fraction 

of bond valence exc~a~ed by R-bonds between CO 2-
J 

fraction exchanged by ionie bona-Detween CO 2 and 

and H
2
0 1s tlose ~o the 

-t+ Ca • 

In conclusion, water is seen 10, be clearly indispensable to the stabi-

~ity of the structure. Water 'fs the only strong link between the ribbons, 

and an important contributor to the stabilitylOf each ribbon. 

.. 

The existence of two non-equivalent typ~s of water has been demonstra- .~ 
ted, playing d1fferent raIes with different bond strensths. On this ground, 

it would appear that crysJallograPhY does not preclude th'e possibility'of a 

'partial dehydration~taking place under certain conditions, ~ereby the 

weaker-bonded inter-ribbon water cou Id be removed first. 

However, ev~n such pàrtial removal would require a complete modifica­

tiOn of the coordination polyh'edron of the. calcium ion, therefore leading to 

a considerable re~rangement of the whole structure. Indeed, possible in-
, 

, 
termediate structures such as a monohydrate have eluded'isolation and id-

entification thus far. The present structure of the crysta~line dihydrate 
1 

is perfectly consistent with the direct trapsitiot;. :t~ the .. ~orphous a~y-
(84) ~~ !~.i 

drate observed by Costaschuk . by means of D. s. C11,i~.:t;~À., and Debye-
"1" 

Rf Il ni 11 j 

• 
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Scherrer powder X-ray analysis. Nevertheless, anomalies in the D.S.C. 
\,. 

and T.G.A. curves of a similar ~ample were observed by o'Donfell and 

(83-b) Sothmann. , preventing the complete rejection o~ the hypothesis that 

a metastable partial hydrate cou1d existe These anomalies will be dis­

cussed furfher in sec tion 111:"3-1"'7a. 

ItI-1-3-b Diffusion of water and inhibitor molecules 

The layered structure of the dihydratè leaves a free space 

between the acrylate molecules homologous by a trans~ation of vector b 
o o 

(6.63 A). Taking in account t~e 2.0 A Van der W~als radius of a CH2 o 
group, this leaves a free, sp\ce of 2.63 A. However, two opposite factors 
l' f 

influence the availabilit'y of this free space between the layers of the 

" ,,'1,.. crystal. First, the vinyl grôups are not a'l1 at the same altitude with 

respect to the f.~ane of the combs, thereby reducing the strai8~t line 

thickness of the free channels and forcing diffusing species to adopt a 
\ 

zig-zag trajectory. Second, wagging of the acrylate molecules around 

the pivot of Ithe calcium ion is clearly possible, indicating that thermal 
,( 7 

agitation may help the diffusion by enlarging m~~ntarily the free volume 

available. 

The diffusion behavio~r of water and of oth~ small molecules such 

as inhibi~r gases may now be predicted by comparing the dimensions of 
o 

these molecules wlth the 2.53 A free space available. 

Watine(85) made such an attempt at correlating these parameters with 
'1J 

the observed inhibi tian produced by Ô2 ' 121 and N20 on the polymeriz'ation. 
, 

However, he 
l '(77,)'" -

based his reasoning on the s truc ture of Lando , ,to' which has 
1-

been,pJ:~ed 
~~l<'. , , 

erroneous. Also, he calculated the dimension~" of the envelbpes 
, " 

':J',' , 
of'ithese molecules 

..... ,tJ.,r 
"'..!: 

c 

uSing the crystalline ionie radii df the elements, where-

, . : b 1 1 , 

1 
1 
1 
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.' as the ,Van def Waals radii would appear more relevant here. 

t' 
3 lists the dimensions calculated by the two methods. 

79 

Table 1):1-1-

The Van der~~alS di~~ter of the water mOle~ul~ i8 not much dif- ~ 

ferent from that ~ an oxygen atom i tself, 1. e. 2.80 A. This' is qui te 

° . 
Ctose to the 2.63/A dimension of the c~annels. Water can therefore be 

~~ected to d1ff~se relat1vely'easily through the crystalline dihydrate 

la~tice'3 wih the help of a little't~ermal agitation of the acrylate 
(b 

tail~. A, sim ar comment cau be made for ammonia, which ia th~s predicted 
,1 

to diffus y slightly less easily than water. 

On the other hand, it is ~lear tl1at the other motecul'es sach as {'lZ.:' 

F2' N2 and NZO will )3e able to enter the lattice only if they present 

themse1ves end first or edgewise. This restrictl~h on thei~ degrees of 

freedom should greatry restrict the rates of diffusion of these molecules 

'1n the order I1sted • 

Furthermore, molecules su ch as 02 are capable of forming Van der Waals 

Interactibna with the polar acrylate molecules. The first'few surface 

layera of the acrylate crystal could thus very weIl saturate themselves 

with oxygen, blocking the channels for further penetration. 

/ 1ndeed, direct measurement of the rate of diffusion of oxygen in the 

dihydrate will be shown in section 111-2-1 to be close to zero. 
. 

As ~or iodine, its smallest dimension ls 63% larger than the thickness 

of the'channel. lt should therefore prove completely unable to diffuse in 

the perfect lattice, and should diffuse more difficultly than oxygen ~ven in 

a lattice partially disrupted by dehydra~ion. This has been confirmed ex· 

perimentally by Watine, who showed that iodine had no effect on the poly-. \ 
merization of the dihydrate, whereas it had an inhibitory effect similar to, 
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TABLE fII-1-3-a 

D1mensio~'1' .data (~) 

Diam{f~r & Leng th (~) 
us ing ionie radii 

N 2.64 

N 3.42 

!, 2 ... 64 x 3.85 

3.42 x 4.52 

4.40 x 7.06 

2.66 x 4.08 

3.,42 x 5.35 

TABLE 1II-1-3-b 
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erys'ta1 ~n de.; 
ionic . Waals 

radius radius 

O~99 

1.32 1.40' 
". 

1:71 1.5 
.. 

2.20 2.15 

1.33 1.35 

2.0 

.' 

• 0 
. Diameter & Length (A) 

using Van der Waals rad!i 

- 2.80 

- 3.00 

2.80 x 4.01 

3.0 x 4.1 

, ' 4. 30 x 6.96 

.2.70 x 4.12 

. 3. a x 5.22 

,~ 
tge enve10pes of molecules considered in the study of diffusion 
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but markedly weaker than that of oxyge~ , \ver the first thr,e-qUarter~ of 
, 

the dehydration range (Fig. I-6-l) • 

In conClUSiOn,\ it may be Md that the analysis of the crystalline 

structure h~s~,t,\s.:~9"l~rèd('~ioPS as to the diffusability of the 

system by small gaseoüS Molecules. \Whenever available. indtpendent direct 
1 

exPerimental evidence s~orts the crystallographic conclusions. On this 

basts, it ts here 'Ugget'ad t:at fluorine .hould prese~t a diffusion be­

haviour similar..., to oxygen, and that ammonia should diffus~ ne'arly as easi­

ly as water. The study of polymerization under an atmosphere of ammonia 
CI 

"wouid be of partic~lar interest, sinee NH3 1s a specifie ionie inhibit~r 

which eould be used to investigate the presence of an ionie mechanism of 

polymerization. Alternately» the synthesis ?f an ammonia substitution 

compound of the dihydrate, or of a novel ammonia ,complex of calcium acry-
, " ,... 

late,would hold the promise of fruitful comparisons between the various 
/.~' , 

j'systems formed. 

III-1-3-c Di-, tri- and polymerization 
,.. 

Ttie following i's an, attempt at predicting the possible re-

actions of the monomer inside the erystalline calcium acrylate dihydrate. 

'For the sake of simplicity, the discussion will be base~n the followtng 

v assumptions: 

- the reactions are radical additions 

- the additions are made head-to-taii 

- the initiating radical is CH3-CH-C02' which belongs to the general 
. 

type CHXZ-CY-Z that has been identified as the One responstble for S.S. 

polymerizat~on of a great Many vinyl systems including the prèsen~ one. 

The projection of the structure that has been presented on 

1 

\ 
1 

1 . 
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\ 
\ 

Fig. 111-1-5 showed that because of the v~rious symmetries present, onl~ 

two different types of radical positions ,labelled A and B are 'identifi-. , 

able. 

In arder ta interpret this result, the criterion praposed by G. 

Schmidt(2l,22) will be retained. namely that reactive double bonds must 
o 

be less than,'approximately 4 A apart for a soUd atate reaction to take 
'.- ,-

place. In these conditions, reactions alang the b axis are very unlikely 
o 

to take place because of the 6.63 A distance between, adjacent combs. 
". 

Only the reactions within a singÙ comb (i.~~ in the ac pla~­
{ 

fore be considered. l 
The nearest double bonds ta a radical placed in a type position are 

o 
3.3 and 3.8 A away. They belong to the same comb as the rad! al, ,and are 

~ 

\ 
tied to the calcium backbone of the comb by their carboxylate ends. ,Only 

30-400 rotation of the acrylate molecules around the CarbOXYlaJe pivots 

1s enough ta bring these double bonds into contact with a type-A radical. 

lt is thus evident that Schmidt's criterion is more than satisfied. arid 

that dimerizadon of type-A radicàls should be eas1ly a~èomplished with a 
i 

neighbour of the ~ comb. 
, 

The sarne case May be made for type-B radicals, although the nearest 
a 

reactive double bonds are 3.8 and 4.6 A away. The dime~ization i5 believed 

ta be only slightly more d1fficult in this case, but ls still possible 

because of the flexibility afforded by the thermal wagg1ng around the car-

boxylate pivots. 
o 

On the other hand, type-A and type-B radicals l1e 3.9 and 4.0-4.7 A 

away respect1vely from the nearest double bonds of the molecules in the 

opposite comb. No amount of rotation i9 able this time ta bring tham with-

;. ~ , ' 
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in reacting distanc~ pf the radicals. To achieve dimerization in these 
, 

. +r - • condit!ions. one of the Ca -C02 bonds must be st'retched considerably. 

which is'likely to require much more thermal energy. 
, \ 

As a result, it ls conclude~ from the crystallographlc structure 

that the firs~\reactloq to take place upon warming up from·a low-tem­
! ... 

perature irradiation éhould.be a ra~her easy dimerizatiou o~ either 
~ 

type-A or type-B, radlcals with a monomer of the other' type placed next 
) 

to them in the same comb. 

This result will be shown to be perfectly consistént with the ESR 
~" .... /;,:.'\t" 0 

and Wide-Line NHa data gathered over the range of ~lO~ to -50 C. 

Once this dimeri~at~on is achieved. the radicals becofe'much less 
i, ' • 

... 
reac tive , because they'[ are' rigidly maintained in a position 'of the matrix 

where the nearest ne~ghbo~s are farther away. Any further reaction now, 

requires the stretching of a calcium-ca~boxylate ionie bond, and there~ 
" 

fore requires,much more the~al dnergy. The breaking of this ioqièbond 

destroys the coordination polyhedron of that calcium, initiating a local 

crumbllng of the structure. This crumbling, associated with the eXQther-

micity of the polymerization, is likely to,facilitate the release of 

water and the release of more acrylates which 'are thus ~ade available for 

continuing polymerization. 

We may now conclude on the basis of the analysis 

graphie structure of the dihydrate that: 

of the 

\ 
j' 

crystallo-

(a) warming up after a low-temperatur~ irradiation first produces 

dimer radicals. 

Cb) further heating ls required to initiate tiop;: 
~;r 

Cc) " the polymerization cannot take place in 

destroys H. The polymer chains are therefor~ 

Inn 

, 

.. . 

, .... 
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) 
middle of a "disruption channel" produced by the growth. , 

\" 

(d) the polymerization is very pnlike1y to be stereotactic. as no 

lattice control can he envisaged, and much molecular diffusion is requir-

ed." 

(e) 

(f) 

~ 1 

the polymerization is likely to foster dehydration.~ 
\ , 

'j 

~onversely, dehydration should facilitate po1ymerization by 

loosening the structure, w~ich~is a prerequisite fQr polymerization. ' 
/....... (\ 

Most ot 'these conclusions will be corroborated 'by independent experi­

----------mental evidence presented and further discussed in the sections to follow. 

111-2 Oxygen diffusion in the mgrtomer 

F. Costaschuck(84) a~d F. Watine(85) have shown that the effect of 

adding oxygen (air) in ,the polymerization vessels was a partial inhibition, 

stronger for the anhydrate than tor the dihydrate, and a total inhibition 

for the intermediate 9.3 hy~rate. To aid in und~rstanding these results, 

it was decided to try to get some insight into the rates of diffusion 
1 

and reaction of ,the oxyg"E!n, as well as into the kind of product(s) form-
1 

ed by its r~action(s) in the system. 

III-2-1 Oxygen diffusion investigated by ESR 

The acrylate radicals produced by irkadiation of the monomer were , 
\ 

à ' 
found to convert readily into peroxide rad,icals of a distinctly different 

~ape upon contact with the oxygen of the air. Accordingly, it was de­

cided to use this property to monitor the rate and exten't of diffusion 

of 02 in the monome~ by the ESR technique, which i8 ~ery sensitive and 

non-destructi~e. 

Samples of dihydrate and anhydrate were prepared under vacuum in 

:'J 

~d1I' .'8 cm .... "..Ktl' •• .,.." PIfA ,.tt.'O',. 1 
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1 

\ 

vessels as described in the experimental section Fig. 1I-9~l-a enabl-

ing the experimen~er ta intraduce a quantity of dry air aver'the sam-
1 1 

. pIe at liquid nitrogen temperature wiÇhout removing the sample from 

the ESR spectrometer. In order ta measure the rate of reaction and 

diffusion of 02 at low temperature, spectra were recorded in liquid 

nitrogen for 30 ~inutes before and after the seal had been broken. 
\ • ,,.l 0 '0 

The sample was th~n quickly warmed ta 25 C, and spectra recorded for 

sonte time ta monitor the decay rate at this temp~rature, 

1I1-2-1-a Dihydrate 

The initial spectrum of the dihydrate st liquid nitrogen 

temperature always displayed a narrow group of sharp lines at the cen-

ter of the acrylate signal, Fig. II1-2-1-a. This group has been ob-

served to vary slightly from semple to sample andhad the same g fact-

or and Une width as a per'oxide signal, which ia ,shown,superimposed for 

cOmpat;ison (62)" Its origin may be found "in amall amounts of air either 

85 

left over the sample by an imperfect evacuation, or more probably occlu-• 
ded in the lattice du ring the crystallization of the monomer and thus 

unable to diffuse out upon evacuation. 

Upon breaking the seal and allowing air to en ter, the shape' of the 

central part of the apectrum was immediate1y affected, while the remain-

der re~ined unchansed (Fig. 11I-2-1-b). No more significant changes .. 
;;, 

occurred for 20 more~minutes in liquid N2• The ususl transformation in-
- W 
\ -

to the propagation tr~p1et occurred then wit~in minutes after warming up 
\ 

to 25,oC. 
J 

\.).j. ..... r 

Ver-y little chans~, was to be observed over, the next 10 hrs wit.h the 

o sample at 25 C and open to th~ atmosphere (Fig, 1II-2-1-c). 
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a) initial spectrum in vacuum , 

-at liq. N2 temperature 

b) 3 ~n. after admitt~ng 02 

at liq .. N
2 

c) 10 hrs. after' admitting 02 

after 9h30 annealing at 25°C 
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Fig. 111-2-1: Oxygen diffpsion through. CaAc,2H20 , invèstiga~ed by ESR • 

Pero xi de/ s1lmals are superimposed (in broken line) for comparison • 
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. 
Quantification was attempted by superimposing a pure peroxide 

spectrum on the acrylate composite spec.trum, making"it possible to dis-

tinguish between the peroxide and the acrylate ~omponents. The number 
, ; 

or radicals Is proportional to the peak to peak height and to the s~uare 

of the line width. The na~west central 'line (4G width) was chosen to 
;' 1 

~L ' 
measure the peak to peak h~ight of the peroxide signal because of its 

characteristic sharp shape, but a tota~ line width of lOG was used ta 
" 1 

make the estima te. The intensity and line width (60G) of the acrylate 

part of the spectrum were measured from the two lateral peaks of the 

\ . 
main triplet, which are free of interferenoe from the peroxide signal. 

Thus measured. the concentrations of'peroxide radicals relative to that 

of the acrylate radicals were approximately: 

o 
~ 1.1% for the initial acrylate @ 77 K in vacuo. 

~ 2.5%415 min after the seal was broken, at ,770 K (stablized value)~ 
" 0 ' 

3.1% after 10 hours at 25 C (stablized value). 

These figures sre to be taken asyestimates on1y, as it is difficult 

to judge with precision the fn'tensities of two ov~rlapp,ing and rap1dly 
, c. ./ --"" .. ~ 

changing multiline spectra, More accuracy could-possibly be obtained by 
. - ~ 

using a computer program desigi'ted to subtract the two spec~ra from one 

another, point:by po~nt. The coeffici~nts applied to each spectrum could 

be varied by trial and error until the difference spectrum matches that 
1 .. _ _r~ 

of the pure acrylate" Such a program has been developèd and tested by 

the author, but' the potential gain in accuracy has been' judged unreward-

ing in the context of the present study. 

The firs-t conclusion we can draw from the ,preceding data is that the 
,-

rate of chemical transformation of the acrylate radicals ~nto peroxide 1s 

, " 
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very.fast indeed. Even at liquid nitrogen temperature, 70% of the di-

hydrate radicals ever accessible to oxygen reacted within 15 minutes. 

The second conclusion pertains to the ease of diffusion in the 
j 

system. The dihyd~~te crystalline lattice appears to be stubbornly 
1 

closed ta diffusion of oxygen~ Only'2% of the dihydrate radicals could 

o be reached by oxygen, ev en at 25 C for a long time . 

• These rad~cals could reside w~n the first few surface layers of 

88 

the dihydrate crystals. However, the observation'by Costaschuk(84) that 
r 

the in-source polymerization amounted to 2% as well suggests that these 

radicals could rather be those of the polymer, through which oxygen would 

diffuse easily. This hypothesis will be furthér substantiated in , 

section 1V-l by results showing that the relationship suggested here holds 

throughout the polymerization yield range. 

11l-2-l-b Anhydrate 1 
<~ t 

'00 
The initial spectrum of the anhydrate at 77 K in vacuo also 

Î 

displaxed signs of the pre~ence of a small fraétion of peroxidè signal 

(Fig. 111-2-2-a). However, the intrinsically narrower cen~ral line of 

the anhydrous acrylate la now nearly fused wlth the peroxy line, and does 

not allow separa te quantitative measurements. No significant change in 
" 

shape or intensity ~as observed for 30 min after the air had been admi~ 

J ted through the break-seal (Fig. 1II-2-2-b). 

~ view of the quasi-instantaneous reaction of 02 with the dihydrate 

ra~icals, this appears surprising. lt seems that even though the amor-
, 0 

phous anhydrate is totally diffusable by 02 at 25 C (as will be shown 
1 i 0 

immediat~ly), the thermal energy at 77 K is tao lo~ to allow 02 in at an 
, , 

, observable rate. The 2% acrylate radlèals accessible to 02 in the dihy-

T. pn •• ". 
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a) initial spectrum in vacuum 
r 

at liq. N2 temperature 

/ 

b) 30 min.after admitting O2 ' 

at liq. N2 temperature 

" 1 

/ 

e) after 40 min. annealing at 25°C 
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Fig. III-2-2 
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Oxygen diffusion through Ca4c anhydrate,investigated by ESR 
!". Il 
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drate are 1ikely to be also present in the anhydr~e, but unfortunately, 

they cannot be evidenced as e~si1y because the spectral lines now over-

lap. 

o On1y minutes after warming up to 25 C, the propagation triplet was 

observed, wiJh a central Hne now strongly distorted by the peroxide. 

Within 40 min, the acry1ate lines'thus disappeared completely to the 

benefit of a pure peroxy line (Fig. II'I-2-2-c) which decayed slo'CJly , 

thereafter. 
1 

The central peak lost intensity faster than the lateral,one, 

and the line width increased from 9.83 to 10.67 G, which is indicative of 

some exchange narrowing being removed by dilution of the radicals. 1 

1 

l ' In summary, the study of the diffusion of oxygen through calcium 

acrylate hydrate~ has YJel~ed·th:e following information: 
/~- 1 : ,~ 

_ (1) the~; of oxygÊm reaction with the radicals 
~~ 

~.----

1 is very fast/. 

~/~) the dihydrate lattice is stubbornly closed to the diffusion by 

oxygen. This confirms the conclusions of the crystallographic study of 

the lattice dimensions in section 1II-1-3-b. 

(3) the anhydrate at room temperature i5 quickly and totally diffu-

, sable by oxygen. The diffusability of the anhydrate i9 a logica! conse-

quence of its amorphous nature. 1 -

We may further conclude chat: 

(4) the less th an 2% radicals accessible to oxygen either 'reside -

.. ,,~Mithin 'the surface layers of the dihydrate, or more probably are ·polymer 

radicals (as will be shown later). 
~ \ 

1(5) the oxygen shou+d be able to fully exert its inhibitory effect 

on the polymerization of ~he anhydrate. 

However, Watine's polymerization data(85) 

, ru g J 
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it was decided to further irtvestigate the oxygen inhibition ,of the poly~ 

merization. 

111-2-2 EffectJOf oxygenland thorough degassing on the po1ymer yie1d 

1 Experiments were conducted on dihydrate samples to study the effect 

of oxygen and of a more or less perfect degassing on the polymer yield. 

The dihydrate crystals have been shown by crystallography and ESR . .... 

to ,be alm~st to'~ally im~e~ble to oxygen ~t room temperature. Howey~r;' - -~ ::­
post-pol"!"erization may al~me 02 penetration because of 'two facto;.: ' , ' 

(1) the polymer~rrounds iJ.lf with a "disruption sleevetl of disorder-, 

ed material, where oxygen May diffuse as eas1ly as through the amorphous 

anhydrate. This statement 1s supported by evidence gathered from crystal-

lographYK (section 1II-l-3-c) Wide-Line,NMR (section IV-2) and ESR (sec~ 

tion IV-l). 

(2) 
- 0 

the higher 50 C temperature at which post-polymerization studies 

have usually been carried favors molecular motion in fhe crystal and diffu-

sion. 

On the other hànd, the anhydrate has been shown in the previous seo- ' 

tien to be rapidly and totally diffusable by oxygen. 

\ 
Indeed, a strong but partial inhibition effect of air has been ob-

served,bY Watine(85) over the "in vacuo" pOlym~r yields of the monomers, 
1 

as weIl as by the present author. The data are presented below in 

Table 1II-2-1. _ 

~ 
No significant difference could be found between the yields of di-

hydrate that had been casua11y evacuated for 5 min, or that, had been tho-
-~;: -;. 

roughly degassed for 13 hrs of high. vacuum with a mercury d'!ffusion pump. 

In itself, this means that oxygen is either able to diffuse in and out the 

" 

,-

.\ 

" 
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Samp1e, treatment , 

Dihydrate, evacuated 
) 0 

5-10 min @ 77 K 

Dihydrate, evacuated 
13 ~rs @ 77~K 

Dihydrate, under 
1 atm. of air 

Anhydrate, in vacuo " 

Anhydrate, under 
1 atm. of air 

",," 

Po1ymer Yie1d (%) 
from Watin~85) 

~ 

.;:~-
_~b ... 

29.3' 

16 

, 

26 to 29 

4 to 8 

TABLE 1II-2-1 

\ 

Polymer Yièld (%) 

from this study 

92 

34.9±1.8 (3 samp1es) 

. 34.1±1.8 (3 samples) 

lO.7±O.4 (3 samp1es) 

35 ± 15 (5 samples) 

6 ± 3 (/. samples) 
1 

", 

Calcium acrylate post-polymerization yielps under various atmospheres • 
. 0 

Conditions: 9 days at 50 Ct dose 0.86 Mrad. 

ft 

1 
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laftice extremely fast, or not at a1l. The last suggestion i9 obvious-

.ly the correct one. 
t\ 

'j 
The differences observed between the results of Watine and of the 

present autbor may be rationalized by noting that the samples were taken 
1 

from different batahes, specially regarding the powder particle sizes 

which were smaller in'Watine's case. 

Qualitatively, both studies' reveal that the inhibition 1a incomplete. 

Two reasons might be invoked to explain this: 
, 

(1) the polymerization reaction might be faster than the diffusion rat~ 

of oxygen in the "disruption sleeve". Oxygen would thus oo1y be able to 

Interfere with thl radicals after the chain has already grown fo a size­

able length. 

(2) the polymerization might take place hy a'combination mechanism such 

as radical/ionic and the oxygen can only inhibit one af the two mec,hat;lisms 

(the radical one) • 

.\lthough the first Interpretation makes sense for the crystalline 

dihydrate, it cannat be invoked for the amorphaus anhydrate because oxygen 
1 • 

has a ready access to aIl radicals from the-start. The failure of oxygen 

to bring about a t~tal inhibition in the anhydrate may therefore be taken 

as an indication that another polymerlzation mechanism than the heretofore 
1 t..: 

accepted radical one i9 aIso at, work. " / 
r. ~", 1 

The hypothesis according to which the oxygen would be chemically in-
p--/ .......... ~~- ;' 

c~pable of producing total inhibition must be rejected on the basis or 

'Costaschuk,s(84) and Watiine's(85) 'observa~~on that oxygen is able tà::'com­

yp~etely in~ibit the polymerization of/fhe intermediate 0.5 hydrate. 
Il .. 

We must therefore ,conclude that the study of the effects of oxygen 
/ 

/ 

l, 
1 

;&7111"1lII5 • __ )(ililn.7 ..... '·.-IIIIII-___________________ --~~ .... ' .. J ,., . -:-:--:O~-____ ".III-w __ ="",m ... -_~',"""" ... \-& 



j 

f 
i 

1 

94 

diffusion on the polymer yields,of the various hydrates suggests that 

the SSP of calcium acrylate hydrates proceeds by two concurrential me­

chsri\SmS,probablY an ionic as weIl as a radical one. The large variab1-

lit Y in the yields of the anhydrate samples from one flask ta the next 

May be regarded as a further indication that the second mechanism is 
, 

ionic, as ionic po~ymerizat1ons are notably sensitive ta variations in 
f 

the trace amounts of residual water. It is to be remarked that Watine 

ob~erved a similar variability between' his anhydrate samples. On the 

other hand, the intermediate hydration levels up to 2 did not display 

such variability, probably because the water is present in ~ large excess 

anyway. 

The hypothesis of a dual mechanism,will be further discussed in 

section IV-4-2. 

I1I-3 Physical and phase changes in calcium acrylate hydrates 

111-3-1 Physica1 and phase changes as a function of dehydration 

In order to exp1ain the presence of a maximum of the polymeriza: 

tknyield ara und the 0.5 hydration level, a study of the dehydration pro-

cess is necessary to diaclose the nature of the phases present. Since 

this maximum is also present in 

salt deserves as ~Ch attention 
1 

barium methacrylate monohydrate, this 

as calcium acrylate dihydrate. 

111-3-1-a Previous studies 

DifferentiaI Scanning'Caiorirnetry (D.S.e.) investigations have 
, 

been performed by Costaschuk(84) and Watine(85) on ca1éium' acrylate dihy-

,drate and b~rium methacry1ate monohydrate. Their results 'are depi~ted on 

Fig. 111-3-1. They indicate that the dehydration of calcium acrylate di-
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calcium acrylate , 2 H
2
0 

o 20 40 \ 60 

from Costaschuk(84,p.28) 

o 10 C/min. 

barium Methacrylate , 

30 50 70 90 

(84 p .105) from Costaschuk ' 

o 

95 

40 

from Watine(85,p.37) 

o 5 C/min. 
Il 

barium Methacrylate H
2
0 

40 60 80 t 100 

• f tl ti (85,p.119) rom wa ne 

Fig. 111-3-1 : Previous dehydration.thermograms Qf CaAc,2 H
2
0 and BaMa,H

2
0 

obtained by Differentia1 Scanning Calorimetry in-rêgular sample pans. 
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! 0 0 
hydrate occurs in one step around 79 C (Costaschuk found 60 C,- but Jth~ 

calibration of his instrument was shown by Watine to have been incorrect). 

A thermogravimetric analysis (TGA) by Costaschuk also confirmed the 

weight 10ss occurred in one step. 

Barium Methacrylate monohydrate exhibited a similar behaviour, 

except for a second feature in its D.S.C. thermogram in the form Of~ 

shoulder or small additional endotherm. 

Bowden and O'Donnell(81-c) carried out the sarne investigation; and 

aIl four authors concluded the first peak to represent the phase transi-

tion from the mono- to the anhydrate, while the additional endotherm 

would repre~ent the actual d~rption of the water. 

• (83-b) 
However, O'Donnell and Sothmann . made a more t;,horough second 

study in 1972, showing the system to be more romPlicated fhan previously 

believed. D.S.C. of the barium hydrate dispIayed two sharp endotherms at 

80 and 1100C for small crystals, corroborated by a two-step weight 10ss 

in TGA (Fig. 1II-3-2-a). The complexity arises from the observation that 

the intensities of the second D.S.C. endotherm and of the second TGA step 

were reduced to the profit of the first ones upon grinding the powder from, 

10 down to 0.1 mg particle size. 

No shift in temperature was observed untii finally, powders finer 

than 0.01 mg (-100 mesh) dispIayed a shoulder on the side of the remain-

ing D.S.C. endotherm. The resuiting trace resembles that obtained by Cos-

taschuk, while the trace for the 0.3 mg crystals resembles that observed 
o 

by Watine, with the two endotherms at the same temperarures (Fig. 111-3-1 
" 

~:~.\ 

and 1I1-3-2-a). On the grounds of these observations, the D.S.C. traces 

i 
obtained by Costaschuk and by Watine ~y be reconci1ed by ascribing their 

~ \ ~~ 
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t 

exo 5 ~rad 

, 

t • 
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a) as a function ~f crystals sizes b)'8S a function of irradiation 

Il 
Fig. III-3-2: Thermograms of barium methacrylate monobydrate , "obtained 

~ 

by Differentia! Scanning Calorimetry'(DSC)and Thermo-Gravimetry ( T. G .A. ~~. 
" (83-b) . 

Source : O'Donnell and Sothman "\ 
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differences partly to their using powders of differ'ent; particle sizes. 

!WO additional observations by D'Donne!! and Sothmann deserve 

particular attention from the point of view of the present thesis. 

1 
1 

98 

The first one is their observation that as !ittle as D.02 Mrad irra-

diation was sufficient to make the second D.S.C. endotherm vanish alto-

gether, and that 0.05 Mrad was enough ----------- . ta shif t the .~.~.~.i.ni~~ncto:t~ --
a ' 

10 C higher (Fig. III-3-2-b). Around 
•... -.... - ~ 

1 Mrad, the~dration endotherm 
~-.-' 

f,;'l> 
~~ Feplaced by a polYmerization exotherm at the same temperature. No 

/ '\"'!!~ 

e~pYanation was given for the disappearance of tne second endotherm, but 

D'Donne11 and Sothmann conc1uded that the post-irradiation polymerizat10n 

and the dehydration reactions eould not be observed separately under any 

circumstanees. This establishes clearly that very strong t'ies exist be-

tween the polymerization and dehydration mechanisms, which appear to be 

interèonnected by some eommon physieal factor. 

The second observation 1s that the dehydration of a partial hydrate 
1 

oeeurred more readily and at a lower temperature than that of the monohy-

drate. In view of the above rema,rk, this is of particular interest sinee 

polymerization 1s known (84,'85) ~o also proceed faster and to higher limit-

ing conversions in the intermediate hydrates than in the monohydrate. 

D'Donnell and Sothmann hJve measured the equilibrium water vapour 

pressure above the barium methacrylate salts. lt was found to be constant 

from near ° to 1 H20. They interpreted this to indieate the absence of de­

finite intermediate compounds such as hemi- or quarter-hydrates, and the 

dehydration was therefore eoncluded to proceed ~y a simple 2-phase mechanism. 

This points towards the interphase boundary as the possible-physical 

factor interconnecting the polymerization and dehydration mechanisms. The 

! 
n Sil! l'.S •• !. '" ........ 
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bepaviour of Ba-methacrylate, H20 seems to be identical to that of, Ca-
.-

acrylate, 2 H20, which will be discussed neXt. 

I11-3-1-b Thermal analysis of the dehydration 

The examination of the dehydration thermograms of calcium 

acrylate of Costaschuk and of Watihe (Fig. 111-3-1) reveals two dis-, . 

concerting facts: 
1 

99 

• (1) The traces do not return to baseline after the dehydration en-

dotherm, but seem to be at the foot of another peak, right at the tempe­

rature where the thermograms displayed have beep eut (lOOoC). This i8 

particularly unfortunate since Wat1ne's thermogram of bar!um methacrylate 

/ 
.(which is similaF in most respects to the ca~cium acrylate system) exhi-

bits indeed a second peak around llOoC. 

(2) o The line widths of the peaks are very broad (30 to 50 Cy whereas 
1 \ , 

dehydr~tion in sealed vessels such~hose used throughout 

is supposed to give rise to a sha~first-order transition. 

the SSP studies 

- , .. 7-" 

Accordingly, it was decided to investigate again the thermodyrtamics 

of dehydration in general and that of calcium acrylate in particular •. 

'" Classical thermodynamics sho~s that solid hrdrates will lose water at 

II: 
any tempera~ure provided1the vapour pressure of water abçve the ,hydrate is 

less than __ the equilibrium vapour pressure at that temperature. 1n-a iéà-
~ , , , 

- sonably unres tric ted sys tem such as we have~ wi th a standard D, S. C. sample 

pan, the peak shapes will çherefore be very broad,1 specially on the low 

temperature side. A peak maximum will be found close to the point where 

a ~igher hydrate is complet~ly converted, with the high temperature side 

mu~h steepe~ than the low temperature side of the peak. 
1 , 

, , 
The observed temperature of a dehydration maximum will therefore be 

; 
1 

..... (fRa_t'NrMt'" .... r m ' -
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, 
large1y a function of experi~ental cônditions such as: 

the flow rate df the purgé gas, , , 

the temperature scan~ing rate, 

the particle size of the sample, 
" 

, r 
- the amount and packing density of the sample, 

- the fitting tightne~s, of the sample pan cov~r. 

These considerations are be1ieved ta account for the remaining part of 

the differences noted beeween the thermograms of Costaschuk and of Watine. 

l ' Since the intrusion oL 89 many uncontrollable of instrumental para-

'\ meters deprive the thermogr~s of much of their intr~nsic thermodynamic 
. 

significance, the manufacturer of the Differential'Scanning Calorimeter 

recommends the use of special "volatile sample pans", wh~ cavera ca~ be 

crimped gas-tight in an appropriate press. A very smali pinhole needs to 
> 

be pierced through the cover to aliow for pressure equilibration, while 
-, 

" 

ensuring that the samp~e is aurrounded by its own vapour in a q~asi-equi-

fibrium condition. 

The effect of using a volatile sample pan with a pinhole versus a 
~': , 

regular pan ~s iIIustrated on Fig. II1-3-3, for the ciassicai system 

-" The differences are startling, lin the number as weIl as in 

the s~ape of the peaks,observed. The simult~neous effluent analysis (~y 

a chromatograph-type gas detector) is shown superimposed to the calori-

,metric trace, and 'was used jointly with X-ray analysis ta interpret the 

, "', 06) , 4iI 
thermograms~ • 

'. 

'" The first pè~k was ascribed to an invariant qu~druple point, where 

" no dehydration takes place, but where ~our phases coexist at equilibrium: 

..... ~---"----------~---------_-.:._-------_-.::.._-- ._---



c 

·0 

< 
\ 

---:- ..... '" 
"-
" 

EFFLUENT.· " 
ANALYSIS---' 

a) in standard sample p~ns 

" 40 60 

- ~ ~ 

; 
~ 

\ 
\ 

80 

\ 
\ 
\ 
\ 
\ 

.. _-----/ ....... " 
EFFlUENT , 

r, 
" \ 

1 \ 
1 \ 
1 \ 
1 

100 

ANALYSIS i" \ 
\ 

-., \ 
~ -, 

1 
-, 
1 

\ ' 

cb) in a special "volatile santple pan 1 

a small pihhole 
1 

with . 1 

40 80 100 

1 

1 
1 

r , , 

, 

, -, 
,~ , 
1 

".-----.--­.. 

l ' 

\ 
\ , 
\ \ 1 ______ -

\ 1 
W 

/20 

1 , 
, 

, . 
1 

/.0 160 

;.--- --~ 

, 

120 

1 
\ 

, 
J 
1 
/ 
/ ,. 

\ l ' 
\ 1 
\.J 

14(1 110 

101 

... 

Fig. 1\1-3-3: Dehvdration thermograms and simul;aneou~ effluent analyses 

of CuS04,5 H20 recorded in standard and special sample pans (Source: (l06». 
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According ~o the phase rule, the, temperature will ris~ agaJn oqly 

102 

when the pentahydrate 1s'all con~erted. The second endotherm represent~ 

the dehydration of the saturated copper sulphate solution to give'more 

trihydrate, and the th1rd 15 the dehydration of the tr1hydrate ta the 

a monohydrate, which decomposes only st 150 C (not shown). 
, 

On the basis of this information, it was decided to perform the ther-... 
mal analysis of calcium acry1ate dihydrate again, whi1e extending the tem-

perature' ange upwards and using the special sample pans wit~e. 

--------The thermogra obta1ned is presented on Fig. tIl-~ 

It is seen hat the use of the special pans resulted in a considerably 

sharper-endotherm o ' 0 only 2 C width, as compared to the 30-50 C of Costa-

schuk and Watin!. Th s endotherm was measured at 79.6PC which is the same 

Interest1ngly, it is also very close to the tempèratur~tt 

of the first endotherm in barium methacrylate monohydrate measured by 

Watine,and by O'Donnell and Sothmann(83-b). 
1 

as that of Watine. 

o An additional broad endotherm was disclosed around 106 C, which is 
" . -

also the temperature at which the ab ove authors found a second endotherm 
'./ 

in the bartum salt. This establishes further the striking similarity be-

tween the two systems. 
:i~ 

Several interpretations of the thermogram obtained may be advanced. 

o 
The first interpretation postulates that water is released at 79.6 C 

ta yield anhydrate. The broad second endatherm should then necessarily 
1 

be an allotropie phase transition su~h as a reerystallization of the an-

hyàrate, since the thermal degradation of the acrylate mol~~u1e does not 

occur until much higher temperatures. However, the Debye-Scherrer expe-
/ 

riment discussed in [section III-1-2-a has shown that no difference could 

'. -
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Fig. 1II-3-4: Differential' Scannib.g Calo'rlm,etry • 
1 

Thermogram of a'polycrystalli~e sample of calcium acrylate dihydrate • 

.Conditions : o 10 C/min. heating rate , in a nitrogen stream 

- volatile sample pan , with a pinhole in the cover 
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be observed between the X-ray powder patterns OI anhydrate prepared either 

at' low temperature or an~eJled at IIOoe. Furthermore, such a phase transi-
,~ 

tian would be expected ta give rise ta a sharp peak, Instead of t~e broad 

lone found. On these grounds, it appears that the first Interpretation 

(according to which water i8 released at 79.6oe ta yield anhydrate) should 

be rejected. 

The second Interpretation postulates that no water is released at 
1 

o 79.6 C, and that the sharp endo~herm represents an invariant quadruple point, 

as in the case of ~uS04: 
\ 
\ 

CaAc, 2 H20 (solid); CaAc (solution); eaAc (anhydrate)j H
2
0 (vapour). 

The broad second peak would then represent the d~hydration of the saturated 
\ -' 1 

CaAc solution to yield anhydrate and water vapour. Its broadness would be 

perfectly consistent'with the progressive release, of water from'the viscaus 

saturated solution and through the amorphous anhydrate solid over the 

80-l10
o
e range. lt i9 also consistent with t~article size effect observed 

by O'Donnel1 and Sothmann in the similar b~um salt, since the grinding of 
// \' 

the crystals to a very fine powder i~ing ta accelerate the,dehydration 

and allow i t to happen at a lower empera ture, resul ting in t-he s'houlder 

observed by them and by Costa uk on the side of the invariant peak. 

According ta this i erpretation, the disappearanc~of the second en­

dothe~ observed by Donnel and Sothmann in the barium salt ~~ter irra-

, d~ation may'al be rationalized by the occurrence of a rapid polymeriza­

" tion in/ e saturated ~olution formed. Such a hypothesis was tested in the 

1 -~ acry~ate system by admitting suddènly a smal1 quantity of water inta 

1 / 
1 / a pre-irradiated dihydrate sample tube. The sample became immediately 
1 ,/ 

(/'(/ very hot, attesting to the occurrence of a fast exothermicl polymeriza-

~ tion. This i5 believed to be the origin of the réplàcement of the dehydrat~ j 

, 1 
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io~ endotherm by a polymerization exotherm induced at the same tempera­

ture by irradiation of the barium salt, as was shown on Fig. III-3-2-b-. 
, 
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In summary, we may state that the second interpretation proposed for 

the observed thermogram (invariant quadruple point follawed by dehydrat-

ion) seems to ~e consistent with aIl the known properties of the two ar-

ganic systems considered as weIl as with the established interpretatian 

of the inorganic CuS04 system. 

However, some additional fomplexity arises from the observation of a 

o small shoulder around 116 C on the thermogram of Fig. 111-3-4.' This shoul-

der was found to be reproducible in position and intensity, from samp1e to 

sample tested from the same batch. 

As crysta1lography has shawn (section III-1-3-a), the two water mole-

cules in calcium acrylate dihydrate occupy different positions in the l~t-
1 

tice and engage in bonds of different 1engths. Because of this, the exis-

tence of a metastab1e partial hydrate cannot be ruled out, a1though it 

'could not~e deduced directIy from the d~hydrate structure. 

We mu!t therefore accept the possibility of the existence of yet ano-

ther phase in the system. The three endotherms ?bserved wauld thus be 

reinterpreted as fo1laws: ~ 

o - first peak (sharp, 79.5 C): invariant quadruple point involv1ng: 

CaAc, 2 R20 (solid); CaAc, x R20 (soUd); CaAc (solution); ,R20 (vapour) 
, 

- secon'd peak (broad, 80-110°C): 

CaAc, x R20 (soli~t CaAc (anhydro~s solid)j eaAc (so1uti~; H20 (vapour) 

o - third peak (broad ~oulder, 116 ): 
+, 

CaAc (solution) ~ CaAc (anhyd~ous solid); R20 (vapour). 

Unfortunate1y, the differentia1 scanning calortmeter avai1ab1e was , 
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not equipped for tne,s~u1taneous effluent ana1ysis that would be re-

quired to test for the presence or the (CaAc, x H20) phase. On the 
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other hand, a Debye-Scherrer crystallographic analysis of samp1es brought 
1 

o to various temperatures between 80 and 120 C under sealed conditions 

would prove helpfu1 to untangle the comp1ex factors involved. However, 
o 

sinee ev en the dihydrate lattiee is damaged under the X-ray beam at room 
-

temperature, and since' rapid polymerization occurs in the saturated solu-

o tion present from 80 to 110 C, the X-ray analysis should prove partieular-
1 1 

1y difficult to achieve even if 10wOtemperatures are employed to stabi1ize 
1 

the system. 

1II-3-1-c Disruption of the crystals 

Dehydration has been shown by X-ray to bring about a eonsi-

derable disruption of the dihydrate crystalline lattice. This disruption 

obviously (and experimenta1ly) favors the penetration of inhibitor gases, 

~ut may a1so be suspected of directly inf1uencing the po1ymerization even 

in vacuo. 

According1y, it was decided to investigate by means of optica1 micros-

copy under what form and how soon this disruption appeared during the 

course of dehydration. 

Fresh needles of calcium acry~ate dihydrate of sizes up to 2 mm long 

and'0.2 mm~wide were expbsed, open to the air, on the glass slide of a hot-

stage polarizing micr;Qscope. Ât room temperature, they appeared under' 

40x magnificat ion as clear glass rods, and could be complete1y extinguished ' 

by rotation of the polarizers in the crossed position. -

Heating at the moderately slow rate of 0.7oC/min soon produc~d the 

first sympto-ms of crystal dislocation. o As 10w as 40 C, a series of cracks 

( 
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or ~razes began to appear, running transversely to Ithe long axis of the 
..... 

needle (which 1s the b crystallographic axis) and sometimes running over 
..... 

the wl;1ole widtl1 of , needle. Smaller crazes branched sideways along b, 

sometimes bridging two of the main one~. 

These observations are perfectly consistent with the X-ray model. 

which predicted that the removal of the water would collapse the ribbons 
..... 

(creaUng crazes normal to b) and ,sever the ties between ribbons (creat·::) 

+ 
ing crazes along b). 

o As low as 45-50 C, the pattern became marie dense and took on the'" 
'J 

appearance of birch bark. Already then, cross1ng the polar1zers no longer 

produced a complete extinction of the needles. The same observations 
1 

1 

could also be made on a set of fresh crystals having been submitted to less 

than 30 min evacuation at room temperature. 

o At 53 C, the crazing had become so fine and dense that the pattern 
, 

disappeared to the profit of a uniform, gray appearance. 

A number of conclusions maYi be derived from the,se oPti(al observations: 

(1) the dihydrate crystals are very fragile and sensiti~e to even a 
" 

very short exposure to vacuum or mild heat, as mu ch as 40°C below the de-

hydration temperature measured under equilibrium conditions. 
li 
(2) 

,..-,-, 

the dehydration does nat seem to be uniform, but is t\l(>re consis-
,~./ ~ 

, ~1(84) tent with a multi-phase model such as suggested by Costas~h~ • 
' .. 

(3) tbe nucleation appears to be abundant, which cames to support the 

interpretation given in section III-l-l of the non-linearity observed 'by 

Watine i~ the optical density of Debye-Scherrer patterns it low levelslof 

hydration. 

'._1 ~ 
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III-3-l-d Molecular motions as a function of dehydration , 

The crystailographic study of the dihydrate has establlshed 0 

that polymerizatlon 19 not 'Possible in the perfect lattice.: The fact 

that polymerlzation is nevertheless observed in the solid dihydrate draws 

attention towards the moiecular mottons that are obviously necessary to 

bring the reactive species in contact. Molecular diffusion and reorie~ 

t~on thus assume a capital importance for the mechanistic elucidation of 

SSP. 

The existence of a 2-3 fold maximum of polymer yield at the 0.5 
1 

hydration ~evel (84,85) prompted the investigation of the molecular mobili-

ty of the monomer as a function of the hydration level. lt was hoped that 

a motional transition could possibly account for this unexplained maximum. 1 

The technique employed to investigate molecul~r motions in the solid' 
( 

state involves the measurement of the second moment of the proton NMR ab-

sorption Hne. 
, 2 

The second moment Is the mean square width (àH) of the 

normalifed line shape f (H) as the field ,\H is varied' from the center of the 

resonance line, at a fixed frequency: 

(aH) 
2 == 100 

(H - H ; ) 
2 f (H) dH aver. o 

f 

(Ref. 101). 

In ~ solid, each nucleus experlences a IOrcal field t.H w1:rlch is the 

root mean square value of the local magne tic fields produced by aIl the 

other nuclear dipoles. Eyen in a single crystal, these magnetic dipolar 

interactions resule in a considerable broadening of çh,~ resonance Hne. 

with little or ~o rJsolved structure. 

rhè second moment of the Wide-Line NMR spectra ls an indicator of 

~"\.·i !Z'ttMWUMtW 7 T' rt ,,,,,,,.,.8 1 l' 
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the amount of motion pr-esent, be~ause the dipolar interaction tensor 

averages ta zero for a rap1d and random mo1ecu1ar tumb1ing, producing 

a narrow line. Non-random ot slower motion, however, leads ta a partial 
, 

averaging only, and to a linewidth and a second moment intermediate be-

tween the rigid solid and th~ liquid. 

1d~ntical experiments were conducted on H20 and,D20-hydtates ranging 
/, 

~rom 2 to ~ wat~rs per calcium. The reason for uSillg DîO is that the 

magnetic moment of the deuteron is very small and that the dipolar inter-

actions involving he heavy wate~ may actually be neglected, which results 

in a ,smaller second moment and linewidth. Consequently, the spectra of 

the D20-hydrates are very ne~rly representative of only the acrylate mole­

cules, whereas the spectra of the H20-hydrates are representative 'of both 

acrylate and water molecules. By comparing the two sets, one i9 thus able 

to derive an indication of 1he comportment of the water 1tself. 

1 

Typical spectra of the monomer at room temperature are presented on 

o ' Fig. 111-3-5 and those at -196 C are on Fig. 111-3-6. The anhydrate line 

shape was c10sest to a Gaussian,' but a11 other samples presented 'clear non-

Gaussian features. The expected narrowing effect of the deuteratio, and 

of the dehydration on the linewidt\ was obvious. The low temperature 

spectra reflected the increased rigidity of the solids by the expected 

bro,adening of the Hnes. 

Visual inspection of the spectra cannot yield mu ch mdre information, 

but the quantitative measurement of the second moments as a function of 

the hydration leve! was performed at the two temperatures for both H
2
0 

j 

and D20 (Fig. 111-3-7), and is discussed below. 

o - 0 
At bot~ 77 K and 295 K, the H20-hydrates exhibited a second moment 

, .. -

ï 



! . 
1 
} 

() 

o 

'. 

110 

(50 Gauss sweep) 

/ 

(25 Gaus~~sweep) 

/ 

,F 

(25 Gauss sweep) Anhydrate 

Fig. III-3-5 Wide-Line N.M.R. spectra of calci~ acrylate monomers 

recorded at room temperature . , , 
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lncreasing linearly with the hydration level, with equal slopes of 

2 5.2 G IH
2
0. The Unes shown have been determlned by the least squares 

method. ' No signlficant deviation from l1nearl ty wa,s observed at elther 

temperature for any particular hydration level. The D20-hydrates similar~ 
• , 0 

ly"'exhibited two para11el !ines at 77 and 295 K. Their much smaller 

slope (0.4 G2/H
2
0) reflects the absence of the water contribution to the 

second moment, thereby giving an account of the acrylate part only. 

The most conspicuous feature of these curves is their absence of 

noteworthy features, with one exception which will be di9cussed later. 

The effect of drastically disrupting the crystal lattice by dehydration 
1 

seems to increase the mobility of the acrylate molecules very Little, as 

/" shown by the small slopes of the D20-hydrates curves. No particular 

feature was observ~d that could explain the mysterious 2-3 fold increase 

in polymer yield around the 0.5 fi20 hydr~tion on the grounds of average 

molecular mobility in the bulk of the solid monomers, as se~ by Wide-
1 

Il Line NMR. The same conclusion may be drawn regarding the average mobili-

". 

ty of the water alone, by comparing that of the D20-dihy~rate with that of 

the H
2
0-dihydrate. 

However, Wide-Line NMR ls mainly concerned with bulk properties on1y, 

and ls normally insensitive to the defects and surfaçes, which are ln low 

concentration. Renee the results of this experiment could weIL bring 
l' 

weight to the hypothesis that SSP occurs preferentially at lattice defects 

either found in the initial dihydrate crystal, or produced as a result of 
1 

dehydration or polymerization itself. Indeed, crystallography has shown 

that SSP cannot occur in the perfect dihydrate lattice. 

The only exception to the absence of ndteworthy features' or the 

i 
• J. 
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o 
" 

,on Fig. 111-3-7 is the second moment of the anhydrate at room tempera­

ture. The average of 16 determinations gave a value of 4.87 ± 0.26 
. " 

" 2 ' 2 
Gauss , which was corroborated by the 4.82 Gauss calculated for the 

intercept of the extrapolated least-squares line o~ the H
2
0 hydrates. 

, , 

On the other hand, the extrapolation of the least-squares line of the 

D
2

0 hydrates 1 (excluding the anhydrate itsÈüf) gave an intercept of 

2 ' 5.80 Gaus~ .. lt ia, therefore apparent that although th~second moment 

of the acrylat~ molécules varies linearly with the hydration level froF 

2 H2q\ dQwn to 0.2 H20, the anhydrate itself falls below linear~:l:ty by 
" 1 ~'-

more than' 3 times the error interval calculated ilt a 9à% confidence 

level. 

The sudden fall of the anhydrate second motnent below'the Hne Ot 

f' 

proportionality seems ta be connected with the final collapse of the lat-

tic~, as shown by the disappearance of the last traces of crystallinity 

measured by Watine (85) below the 0.28 H
2

0 leve!. lt is striking to re­

mark that the interpretation presented earlier ~of Watine 's "Debye-

\ Scherrer data led ta the conclusion tha~ the nuc1eation of the dehydrat~on 

" 

was very abundant. The removal of ~he last 0.2 H
2
0 will therefore multi­

ply the interfac1al boundaries until the conceq:tration of defects (where 
1 

molecular motions are necessarily easier than in the lattice) becomes no 

longer negligible as compared to thi concentration of the bulk monomer, 

and May be s,ensed by NMR. 
1 

l, 
l 

1 
In conclusion, we May state that the study of the NMR. second moments 

as ,a functipn of hydration has concluded to the absence of any phase transi-
. 

tion or ~eculiar change in the bulk monomers and water molecular motions 

that could be associated with th.e maximum in polymer yield around 

,', ) 
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How ver, the low sertsitiv1ty of Wide-Line NMR to so11d defects and th; 
J 

su den drop of ,the anhydrate second' moment below linear p,roportionality 

ire consistent w}th the maximizat10n of motion-prone interfacial defects 

at .low hydrations, that had been concluded from the Debye-Scherrer study. 

1I1-3-2 Phase changes and molecular motion at low'temperatures 

Costaschuk(84) reported that the calcium acrylate hydràtes under-

, 0 f 
went 2-3% polymerization in source during irradiation at -78 C. and very 

little more if any for 10 more days at the same température. On the other 
( 

handilraising the temperature u~ to 25 or sooe triggere~ a pos~-polymeri-
• 

zation to the extent of 20-70%. 

c:nseQUentlY, it was decided to investigate whether a ~hase or mo-
... ~ .. ~ 1 

, 1 

tj.onal transition.'was present between these temperatures that could account 

~for the observed behaviour. The investigation inJolved t~o ~ndependent ~ 

techniques: d1ffer~tial scanning calorimetry and Wide-Line NMR 

111-3-2-a Low temperature thermal analysis 
,1 

D1hydrate and anhydrate samples were analysed by D.S.C. from 
1 ~, 

-i40oC (1330~) to room temperature. Heating was applied at rates ranging 

from 1. 25 to 
, 0 
20 K/min. 

, None of t~~ samples exhibited any significant feature in the D.S.C. 

thermogr~s. In part1cular, the absence of a~y peak demans~rates that 
l,· 

there are no first-arder 'phase transitions in the raw mon~~rs. 
/ 

" ./ 

1II-3~2-b Molecular motion at low t~ierature 
/' 

/O. 
The Wide-Li,e NMR technique y-s/ used ,to study molecular 

, /' 
1 ~ j 

motions in two 8~ples: the anhydrate and the D20-dihydrate. The deutera-
/' .,,._-"/' 1" 

tion·wa~ ~~as a means fô~ ~able the comparison of the motion of the 

" acrylate molecules only, because D20 1s virtually transparent to NMR,as 

/" 
j 

1 
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exp1ained earlier. The variations of the second moments with temperature 

\ 0 
are shown on Fig. 111-3-8 over the. range 77 ta 410 K for the-anhydrate, 

o and 77 to 295 K on1y for the dihydrate, because dehydration limits the 

upper end of the range by giving rise ta an additiona1 .narrow line. 

1 

The D20-dihydrate exhfbited, a broad step over the 200-3000 K range. 
~ 

The broadness and progr\ssiveness of this step establishes that it is not 

a first-order phase transition of the allotropie type. This constitutes 
H' 

a ' 
a.justification for the 183 K used for the single~rystal crystallogra-"', . . "-
phy study, as the structure thus determined is going tô'~~ the same as 

1-
at the temperature 

'-------'--... 
where post-po1ymerization was studied. On~he other 

hand, this step represents a motional transition of the acrylate molecu1es. 

On the basis of the crystal str~c~re, it is 

~ vo1ved i8 one of oscillation around the axis 

believed that the 'motion in­-"', 
passing through both oXygèn~ 

of the carboxyl~tes and ia. adequate to bring two viny1 tails close enough 

for dimerization (indeed, dimerization was observed by ESR in the same 

temperature range). 
, ,:' 

", 

The anhydrate had a consistently lower second moment, decreasing smooth-

ly with no particular feature over the whole range of temperatu*e tested. 
i 

The greater amount of molecular mobility is consistent with the greater 

variety of motions possible in an amorphous materia1. 

The theoretica1 second moment for a rigid 1attice may be computed 

(101) from the crystallographic data with the use of Van V1eck's fprmula . 
v J II' 

pnfortunately , tne final crysta110graphic data for calcium acryiate di- 1-

hydrate have been available too late ta be used in such a calculation. 

Costaschuk(84) made such a caleulatio~ on the basis . . 
graphie data, but these have been Sh~ erroneous. 

of LandaIs crystal1o~ 

As a' resul~. the esti-
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/ 
mation of the rigid lattice second moment was attempted the fo~lowing 

way. 
~; 

nie"': magnetic nuclear dipole interactions ~y he split into their 

intra - and intermolecular contributions. The calculated intramolecular 

2 contribution to the second moment was from 6.4 ta 7.1 Gauss depending 

upon the set of bonds lengths and angles ·chosen for the acrylate mole-

~ule. Estimating the intermolecular contribution presented a problem, 

as no crystallographic data could be found for similar hydrated systems. 

(108)' 1 (40-a) " (07) 
However, based on acrylic acid , acrylamide and acrylonitrile , 

2.8 GausJ2 seemed a reasonable estimate for acrylic systems. 
1 

2 The resulting 9.2 - 9.9 Gauss estimate for the rigid lattice se-

cond moment Is believed to be a va1id comparison basis for the 10.5 

Gauss2 ob~ed for the di-deutero-hydrate (because of the transparency 

2 of deuterium to NMR) and an approximate one for ~he 9.4 Gauss of the an-

hydrate at 77°K. According to this estimate, the dihydr~te appears ta 

o 1 be rigid at 77 K, rwhereas the anhydrate 18 not quite so rigld. Indeed, 

keeping irradiated,samples in liquid nitrogen for a week showed that both 

di- and a~hydrate ESR signaIs un\erwent very little changes, but that 

these changes were more apparent in the anhydrate spectrum. 

We May now conc1ude from the study of the NMR second moments as a 

function of temperature that: 

(1) No first-order phase.transition was observed in the dihydrate 

o and the anhydrate between the irradiation temperature (77 K) and the 
, , . 

. 0 
post-polyme~ization temperature (295-320 K). 

(2) A broad motional transition sets in the dihydrate around 200
o

K. 

involving the oscillation of the icrylate mo1ecule$. 

1 0 
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(3) The agitation in the anhydrate is always stronger than in the 

dihydrate, and increases regularly with temperature. 

(4) The dihydrate is believed to be rigid at 77oK, ~hereas the an~ 
1 

hydrate is be11eved to be almost, but not completely rigid. 

111-3-3 Phase changes and molecular motion as a'result of 1 irrad1ation 

The irradiation with ionizing 'radiations su ch as gamma-rays is able 

to produce considerable damage to an organic solid, either directly or as 

a result of the chemical reactions that ensue. Very low doses have been 
1 

shown to be able to suppress one of th~ two dehydration endotherms of ba-

1 (83-b) rium methacrylate ;--

As a result, it was decided to investigate the possibility that gamma-
, 1 

rays would produce phase transitions in the irradiated monomers. The tech-

niques employed were the same as in the previous section. 
1 

111-3-3-a Thermal analysis of irradiated monomers at low 
temperatures 

, 
Dihydrate and anhydrate samples were irradiated: in liquid 

nitrogen with a stronger dose than,usual (4 Mrad) in order to make any 

effect more easily observable. They were analysed in the same conditions 

o . 0 . 
as the unirradiated samp1es (133 to 295 K, heating rates 1.25 to 20 K/min). 

- \ 

Again, no significant feature w~~ observed in the smooth thermograms, 

indicating that irradiation had no effect.on the previously established 

phase behaviour at these temperatures. Furthermore, the thermal effects 

associated with the formation of dimers ab ove l730K (-lOOoC) seem to have 

been too weak or too gradual to be sensed by this technique. 

• A" T 

\ 

1I1-3-3-b Molecular motion in the irradiated monomers 

Samples of dihydrate, di-deuterohydrate and anhydrate were 
1 

"'1 
\ 

d 
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ir~adiated (0.86 Mrad at 77?K) and studied by Wide-Line NMR. 

The spectra obtained during progressive warm-up to room temperature 
J 

were identical with those of th~fun-irradiated samples studied in sec-

tion 111-3-2-b. This fully confirms that irradiation' did not affect the 

phase and motional transition behaviour establishe4 previously over 77-

a 0 • Even at 323 K (50 C), the spectra of the irradiated ~ihydrates 

were initially ~he same as those of the un-irradiated samples; 

However, after only 12 hrs post-polymerization, the central part af 

the dihydrate spectra began to appear distarted. 

These changes in the molecular motion observed are therefore clearly 
, 1 

, associated with the polymerization mechanism rather than with the irradi~ 

don itself, and will be discussed in Chapter IV-2. 
\, \ 

111-4 Chemical effects of irradiation on the monomer 

111-4-1' The radicals formed upon irradiation 

Irradiation with gamma-ràys ia known to praduce both ions and radi-

cals in organic solids. In arder ta,get a better insight inta,the beha-

viaur of the initiating radicale and ~eir effect on salid-state poly­

merization, the ESR technique was used in a set of speciàlly designed 

experiments. 

The firat experiment was designed ,to ascertain the effect of the ra-

dio-frequency power used on the saturation of the signal. Different sam­

pIes' present dj,fferent suace~t1bilities to saturation, and therefore, the 
, 

knowledge of their saturation behaviour is required to allow an accurate 
1 

quantitative comparison between their spectra. 
, 

The second experiment studied the kinetics of radical decay upon 
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annealing at 195 and 29S
oK in order to corre1ate them with the solids 

structures and the ~ount of mo1ecular motion present in them at these 

temperatures. 

The third experiment was designed to measure the relative radical 

concentrations in the monomer as a function of the hydratiQn level, 

immediately after irradiation and at low temperature. As a maximum in 

the pOlymer conversion was reported at the 0.5 H20 hydration level, lt 
, 1 

1 

was thought to be of the greatest importance to verify whether a corres-

~ ponding maximum was a1so present in the radical concentration at the same 

level. 

Finally, the fourth experiment 'investigated the location of the ra-

dicals in the powder grains by attempting a selective sur~ace scavenging 

with an inhibitor solution. 

The samples were prepared from dihydrate and-were irrad~ated in 1i-

quid nitrogen up to 0.86'Mrad. 

III-4-1-a Saturation considerations 

Electron Spin Resonance (ESR) spectroscopy is based on the 
. 

excitation of spin transitions by a microwave radio-frequency fiel9 in 

~he presence of a strong permanent magnetic field. If the power of, the 

R.F. field app1ied is tao strong~ a saturation of the upper quantum level 

will result and will prevent the observation of the transi~on at r~so-
1 

nance, producing a weaker and distorted spectral shape. Relaxation of 

the absorbed energy to the surroundings is required before the transition , 

may be exc1ted and observed aga1n(102,103) • 
, 

Spectra were recorded at 770 K (-196°C) over the whole range of power 

avai1able on the .ESR'spectrometer. The effects of R.F. saturation on the 

1 
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spectrum of calcium acryl~te dihydrate are shown on Fig. 111-4-1, from 
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0.1 to 5 MW. 1t can be seen that excessive R.F. power dis torts the line 

shape and may ev en obliterate some of the finely resolved lines. The 

distortion is npt uniform, but affects some parts of the spectrum more 

than others. The situation 1s complex, and rather poorly understoo~lO~) • 

On the other hand, R.F. saturation seemed to affect acrylates 

samples more at some hydration levels than at otqers. Fig. 111-4-2 pre-

sents the relative radical concentrations over, the hydration range, as 

recorded att powers of 0.1, ,0.3 and 5 mW." The ratio of the apparent radi­

cal conéentration of the anhydrate, to that of the dihydrate'var1ed from 

3.9 lat 0.1 mW mictowave power to 1.9 at 0.3 mW and to 1.5 at 5 mW, for, 
\\ 

the s~e samp1es analysed in the same conditions. Renee, it ia clear that 

the anhydrate saturates more easily th an the dihydrate down to the very 

low power level of 0.1 MW, i.e. - 33 dB below'full klystron power. The 
\ 

greater saturability of the anhydrate May be exp1ained by its 100ser struc~ 
\ 

ture, as spin-Iattice relaxation is likely to be less effective in the, amor-

phous anhydrate solid tQan in the dihydrate crystalline networ~. 

Unfortunately, the limit of saturation could not be ~etermined because 

the signal-'to-iioise ratio and the stability of the ESR spectrometer used 
. 

were not good enough to take reliable quantitative measurements belo~ 0.1 MW. 

As a result, it was decided to use 0.3 mW R.F. power for the recording of 

aIl subsequent spectra, in arder ta strike a compromise between a power 

low ~nough ta minimize saturation and a power high enough to ensure a sa-

tisfactory signal-ta-noise ratio. However, the higher radical concentra-

tbns present immediately aftér~irradiation allowed some parts of this study 

to be carried out at the better power of 0.1 mW as weIl. 
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Fig. 1II-4-l : Effect of Radio-Frequency saturation on the ESR spectra 
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radical concentrations'in the various fractional hydrates. (77oK,O.86 Mrad). 
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Two major consequences may be drawn from the above considerations. 

'The first one is that nothing indicates that the samples (particu1arly 

the anhydrate) were ~ot still saturated even be10w 0.1 mW R.F. power. 

Consequent1y, the measurement of the absolute concentrations of radicals 

cou1d be inaccurate, yielding apparent values smaller than the aètual 

, concentrations by an unknown amount. As a resu1t~ only relative radi-

cals concentrations have been shown on Fig. lll-4-2, and no attempt has 
\ 

been made at calculating the number of radicals per cha~n • 

The second consequence is that the present study is ~ comparable 

with the ;esults of Costaschuk(84) on the same material. Costaschuk re-

corded his ESR spectra at a R.F. power of 20 dB below his full klystron 

power of 300 mW, i.e. at a power of, 3 mW. H~weve~, the present study es-
1 

tablished that even power levels thirty times w~aker (i.e. 15 da be10w yet) 

were no guarantee against saturation. lt must he rightful1y admitted tbat 

Costaschuk took bis measurements at 19SoK, where the saturation limit 
1 

, '0 
could he higher than at the 77 K used hera ... u~, .... ",aS, the Wide-Line 

NMR experiments'presented earlier indicatad that the dihydrate molecular 

mobility (and therefore relaxation) ls substantlally similar at these two 

temperatures. Hence we believe that the pr~sent data, although admittedly 

not totally free from saturation problems, were nevertheless markedly more 

so than those of Costa$chuk. 

This is of ~jor consequence for the study of the radical concentra­

ttonas a fuqction of the hydration levels, as will he discussed in a sub-

sequent sec tion.· 

• 
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1II-4-1-b Annea1ing at 19SoK and kinetics of decay 

Samp1es were prepared with various degrees of dehydration 

from D20-dihydrate. The reason for employing heavy water is not of di­

rect re1evance here, and will accordingly be discussed in the section 

(I1I-4-2) devoted to the chemical inv01vement of water. 

1 The line shapes recorded at "77oK immediately after irradiation at 

the sarne temperature are shawn on Fig. 1I1-4-3 for the most noteworthy 

hydration levels of 2 020' 0.3 D20 and the anhydrate. 

Subsequently, the samp1es were stored ~n solid~ cat;',bon 'dioxide, and 

new spectra were recorded weekly for one month, at the same temperature 

o of 77 K The samples were ~hen warmed to room temperature for 5 min and 

126 

d d i at 770K. spectra recor e aga n The line shapes' sfter the first week are 

shown on Fig. I~I-4-4. By comparing With the preced1ng figure, it can be 

'" o seen that the changes produced by annealing at 195 K are quite large. 

The complex multiline spectra of the monomers have nearly subsided to the 

• profit of the simple triplet of the dimer (or n-mer),' but JD.ore so for the 

anhydrate than for the dihydrate. 

Integration of the spectra gave, within the limits of the saturation 

considerations discussed earlier, a quantitative measurement of the relative 

1 
total radical concentration. The low R.F. power of·O.l mW could be used here 

to minimise saturation effects. The results are plotted on Fig. III-4-5 at 
\ 

variouS times of annealing and for the different hydr~tion levels. 

Concurrently to th~ changes in line shapes noted above, the ratio 

of the radical concentration in the anhydtate1to that in the dihydrate 

d,creased fram 4 initially down to 2.3 after one month annealing. Radicals 

"" decayed by 56% in the anhydrate, but only by 26% in the dihydrate. 

o It is evident th~ annea~ing at 195 K had a more pronounced effect 
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CaAc,anhydrate 

Fig. lII-4-3 Initial ESR spectra of calcium acry1ate samples st 770K 

o ,.\ 
Conditions : 

• 0 
tmmediately after receiving 0.86 Mrad at 77 K 
200 Gauss scanned in 500 s' at 9.21 CHz 
R.,F. power lia 0.3 mW ; mod.ampl •• L6 Gauss 
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FiS. III-4-4 ESR spectrBr of calcium 'acrylate sampleS'nannel\ted at 19S
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for one veek • aamples are the same as those of Fig. 111-4-3 
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, l:, II'fr,4-5 : Effect of annealing on the relative radical conc~~rati9n 
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as a'function of the hydration level . Conditions: 77 K,O.lmw RF power. 
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(a) 'immediately after irradiation, (b) ,after 1 week annealing at 19SoK , 

',(C) after 4 weeks.~nnealing @ 19So ,(d) aft~r warcming up to 29SoK for 5min. 
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on the anhydrate than on the dihydrate. 
,J"i 

These results may be interpret-

ed ln the light of the studies\of the crystallinity and of the molecular 

, 1 

mobllity in these samples presented earlier. The rigidity of the dihydrate 

o ,lattice at 77 K gives way to the easier formation of dimers after the on-

set of the motional transition around 190oK. ~ut even at 29SoK this ri~ 

gidity is still high enough to prevent more than 26% of the radica1s to 

diffuse within recomb~nation range. 

pn the other han~, the higher molecular mobl1ity in the amorphous 

-anhydrate at al1 temperatures exp1ains -the faster '~ate of dimerization, 

then of decay of the radicals by facilitating self-diffusion and b1mo1e- . 

cular recombination. 

According to this explanation, the 0.3 hydraté ahould present éven- -

more mo1ecu1ar mobility than the anhydrate, since its rate 1 radical de­

cay was still faster. The initial 23% eXcess radicals over the anhydrate 
,- ~ 0 

dwindled to only 8% after the annealing tre~tment at 195 and 295 K attest-
... "-~-

ing to a higher occurrence of self-d!ffusion~ However, the Wide-Line NMR , , 

study of the monomers (section 1II-3-1-d) has not.revealed any pàrticular ," 

increase in molecular motion at the 0.3 hydration 1evel. This apparent 
~ \ 

contradiction is belleved ta be a good indication that some of the radi-\ 

cals reside at solid defects, to which Wid~-Llne NMR ls generally~nsen­

sitive. This hypothesis will be discussed in the next section. 
\ . 

lIl-4-it~ Radical concentrations versus hydration levels 

The presence of a maximum ~n polymer yields around the 0.5 ,-

H20 hydrat10n level was reported by Costaschuk(84) and Watine~~5), and 
lÎ\" J.,. 

prompted the investigation of tqe corresponding concentrations in inltlat-
\ 

ing radicals. lt ia of a profound importance to the understanding àf the 
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mechanisms of SSP- in general and of this system in particular to deter-

mine whether this maximum ls the result of a higher number of initiating 

species or of ~ higher degree of polymerization. 

The relative total radical concentrations a~~ function of the hydra­
"1 ' V" , 

tkn levei have bee~ presented on Fig. 111-4-5, initially and after anneal-
\ 

ing: The general pattern of the curves was retained after 4 weeks ,anneal-
( 0 1 0 lng at 195 K,and even after warming up'to 295 K • 

• 
Initial~y irradiation produced 4 times aa many radicals in the anhy-

:- ... ·1' 

drate as in the dihydrate. This fact has been ascribed(84) to the greater 

" compactness and solidity of the dihydrate crystalline network, that favors 
1 

the recombination of the primary radical species in a "local cage". On \ 

the contrary, the amorphous nature of the anhydrate allows the primary 

radiolytic species ta migrate away from the ionizing spur, thereby l~creas-

ing their likelihood to produce secondary initiating monomer radicals in 

turn and/or reducing the ~currence of initial bimolecular recombination. 

The greate~ looseness and jhe higher molecular mobility in the anhydrate 
r"-- 1 

are therefore respqnSibl; for the production of more radicals initially, 
" 

as weIL as subsequently responslble for their decay faster than in the di-

hydrate (as discussed previously). 

But the moat interesting feàture of the curves ls the presence of a 

maximum in radical concentration at the 0.3 hydration level. This is 

similar to the hydration level where k 2.5 fold maximum in polymer yield 

w.s observed over those of the dihydrate and .nhYd~ We mayr.tionalize 

the fact that Costaschuk(84) did not observe such a maximum in radical con-

centration by considering the follow1ng three remarks: ,. , 

Cl) Costaschuk used a microwave power of 3 mW, i.e. 30 times larger 

,-' ,', ./" , ) 
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1 

than the 0.1 mW us~d in the present study. According to the saturation 

considerations presented ear1ier, it appears 'that the power he used 

1ed to strong saturation of the spectra, thus deter10rating the accurâ-

cy of his measurements. 

(2) o Costaschuk irradiated his samp1es at 195 K, where considerable 

molecular mobility is still present in the lower hydrates an~ allows many 
,1 

in-source reactipns ta take,pl~ce before the ESR observations can be made. 
i 

Specifically, the curves on Fig. 111-4-5 show that a small amount of 

o annealing at 195 K produces a considerable reduction in the relative 

height of the maximum, making it more difficult ta observe. 

1 (3) Costaschuk used fewer points ta define bis curve than in the 

't 

present study. Furthermore, the discussion presented in the experimental 

section (II-3-c) bas estab1ished that the technique he used ta measure the 

hydration levels cou1d lead ta as much as 5-30% inaccuracy. The sharpness 

of the maximum in radical concentration observed on Fig. III-4-5 suggests 

that it would be easy to miss its observation because of a smalt error on 
1 

the hydration leve!. 

As a result it ls concluded that the finding of a radical concentra-

don maximum in the present study is not put i~ question by its non-observa-

dOn by Costaschuk, and we will turn now towards its in~erp~etation. 
~-----o - ---" , ' After warming up to 295 K, where E!llymerîzation is underway, the an-

, ----
--- 1 

1 ------" ~ hydrate. still had 2.3_times~ore radica1s than the dihydrate. This appears 

surprising at f~rst, since the anhydrate yields approximately as much poly-
1 

o 0 mer at 323 K (50 C) as the dihydrate does, and since the average mo1ecular 

we1gqts of the two oolymers are simi1ar (as will be shown in Chap. IV-4). 
~ ~\ , ~ ~ 

<P 
Furth.ermore, the 0.3 hydrate produces a maximtun- in polymer yield of 2.5 

,\ 1 
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times that of either anhydrate or dihydrate, whereas it is characterized 

by<ônly 23% more radicals ~ha" the anhydrate initiaIly, dwindling to only 
t • '. 

8% excese in the range of temperature where polymerization takes place. 

lt can be seen ,that no simple correlation may be deduced between ~he 

number of radicals and the polymer yields. However, we have leafned from 

the comparison of the anhydrate and ~ihydrate systems that the lower 

number of radicals present in the latter results neither in a lower poly-

mer yield.nor in_longer polymer chains. Hence, we have ~o diduce that 
~ , 

the system is mo~e complicated than previously be1ieved. 

This complexity may derive from two factors, which are not exclusive: 

• the existence of several types of radicals and/or the, existence of two 
1 

types of polymerization mechanisms. 
, 

The large discrepancy between the number of radicals and the pol~-

mer yields produced by them at various hydration leve1s may be resolved 

- \ by assuming there are three kinds of "radicals: polymerizable radicals, 'and 

two other non-polymerizable kinds. The proposed model 19 shown schemati-

cally on Fig. IIl-4~6. 

The study of oxygen diffusiçn at the initiation stage (presented a1-
l ' \ 

ready in s,ection IIl-2}andl that made at Iater polymerization stages (which 

will be~esented in section IV-l) have established that in the dihydrate, 

the percentage fraction of the radicals accessiblè to oxygen was roughly 

equal to the percent age yield of polymer formed, and that they are be-

lieved to be polymer radicals. The ~alance to 100% are dimer radicals 

trapped 1n the perfect dihydrate 1attice, wher~ polymerization and oxygen 

diffusion have been found ta be impossible. At the limiting conversion 
/ 

stage, the ratio could be measured to be 56% polymer radicals vs 44% 
\ 
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Fig. III-4-6: S.S. Polymerization model involving 3 kind& o~'radicals • 

~ Active.".polymerizable radicals 

p ,1 Radicals doom~d to bimolecular r~combination - / 

Illllllll!l!!lllm Inert radicale trapped in th~ dihydrate lattice 
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trapped dimers. Consequently» the points Band C on the figure are 

partially defined by the relation BE/CD - 44/56. 
, 

Howaver, it must be recognized that aince the amorphous anhydrate 

is totally diffusable by 02 at aIl stages, the measurement of thia ratio 

is made impossible in the anOCydrate and in the intermediate hydrates. 

~verth,üess the D~bye-Scherrer exper1ments of Costaschuk(84).and Watin~85) 

~ave been interpreted in section 111-1-1 in terma of a simple cwo-phase 
\~ 

dehydration model. The amount of dimer radicals trapped in the dihydrate 

lattice is hence concluded to be strict1y proportio~l to the amount of 
'. 

dihydrate phase present and ta the hydrati~~evel, and has been reprl- , 
"t 

sented by a straight line from 0 ta B on Fig. 111-4-6. 
\ 

On the other hand, the study of the kinetica of radica~ decay pre-" 

sented in the previoua section has established that onl-y a small fraction " 

of the dihydrate radicals underwent bimolecular decay upon annealing ana 
~ , 

warming up to 295~K. This fraction is represe~ted on the figure by the 

length of the segm~nt Be. and has been measured to be in the vicinity of 

26%. This comple~es unambiguously the definition of the points Band C. 
\ 

The same fra.tio~ was measured to be 56~ in the anhydrate short~y after 
, 

reaching 29SoK but the high~r molecular mobility in the anhydrate is very 

likely ta foster a continuing bimolecular termina tian of the radicals 
. 

during the post-polymerization. The point A on the figure has been accor-

dingly placed ta represent an arbitrary fraction of terminating radicals 

higher than 56%. The shape of the "AC curve ia also arbitrary at this' 

point. 

lt can be seen t~at the model p~esented can easily account for the 

polymerization behaviour of the system. The presence of large fractions 
:i 
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of non-polymerizable radie aIs explains readily why the 0.3 hydrate is 

able to yield 250% more polymer than the anhydrate evtn though it exhi­

~its·onlY\23% more radicals initially, and also why the anhydrate yields 

as much polymer as the dihydrate with 4 times as many radicals initially. 
10 

However, the presence of the maximum in radical concentration itself 

remalns to be discussed. According to the Interpretation already given, 

the anhydrate produces more radicais than the dihydrate because its 100s-

er structure is less favourable.t!o "local cage re~ombination" than the 

dihydrate lattlce. Simultaneously, the higher molecular mobility in the 

anhydrate is believed to be respons1ble for its faster rate of radical 
\ 

decay by bimolecular recombination. Slnce the 0.3 hydrate presents both 

a higher initial radical concentration and a faster rate of recombination 

than the anhydrate,~we must conclude that the 0.3 hydrate 19 characterlzed 

by an even looser structure and an even higher ease of self-diffusion than 

the amorphous anhydrate 'itseli. 

lt Is here suggested that these conclusions are the direct consequence 
\ "_~, 1 

of the presence of the phase boundary between thé dihydrate, and anhydrate, 
\ 

The Debye-Scherrer experiments of Costaschuk(84) have shown that the pat-

tern of the crystaillne dlhydr~te phase ls elearly visible, attenuated but 

ïnchang~dl al! the way down to 0,28 H20. The reinterpretation of Watine' s 

crystallinity measurements(85) that was given in section 111-1-1 has es-

tablished that dehydration proceeds by an abundant nueleation of indepen-

dent small centers. 'The àrea of the resulting phase boundary is therefore t 
1 

log1ca~ly maximized immediately before the disappearance of the Iast trades 
1 

of the cry talline phase, f.e. prec1sely around the 0.3 - 0.5 hydrat10n 

level. 

! 'il'WF (5~ , 
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6 
The phase boundary is certainly charac~rized by a high interfa'cial 

strain energy, and possibly by gaps or voids resulting from the gmaller 

" 

density of the anhydrate phase. These factors definite1y contribute to 

the easier self-d:1ffusion and to the lower "cage effectIf that have been 

observed. They are also
q 
l~kelY,to make solid-state polymerization easier 

at the interphase boundary than in the amorphous (but homogeneous) anhy-

drate phase, possibly resulting in ~ faster rate of propagation if not 

necessarlly in a hlgher degree of polymerization. 
/~ 

The fact that polYID:erization occurs at aIl in the dihydrate whereas 
..,. 

it is known to be imp.ossible in the perfect lattice suggests that it pro-

ceeds either at the sprface of the powder grains or at crystal defect8. 

The ffrst po~sibility will be investigated in the next section, conclud-

ing to its rejection. The second one appears therefore very likely, 
,f< , 

espec{~lly beçause polymerization is believed to provoke a local dehydra-

don and the formation of a new phase as it proceeds. Their nucleation . -
would be facilitated by the presence of a defect. 

The proposed'model involving a phase boundary rationalizes in a sa-

tisfactory manner m08t aspects of the polymerization behaviour of the cal-

cium acrylate hydrates system. The ~hY8ical nature of the arguments in-

voked ~s believed to be sufficiently general to render the model appli-

cable to aIl other systems presenting enough similarities with the pre­
( , 

sent one. In particular, the proposed model,is believed to be applicable 

to the system of barium methacrylate monohydrate (where Costaschuk(84) 

also observed a maximum in polymer yield at the same hydration level), 

with the due modifications required by the fact that the anhydrate in this 

other ~1fstem is crystalline instead of amor,phous as it 18 here. The pro-

v 
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gressive increase in the inhibitory effect of oxygen until it is total 

as dehydration reaches 0.5 H20 i9 perfectly consistent with the model. 

However, th~ failure of oxygen t;o bring about a total inhibition 

below 0.5 H20 cannat be accounted for by the physics of the system and 

the behavior of the radicals as~described,by the proposed model. This • 

suggests again that the complexity of,this system may derive from Yet 
t; ':J • \ j 

another factor such as the existence of another polymerization mechanism 

(i.e. ~onic) in addition to the established radical one, as was already 

discussed in section 111-2-2. 

1II-4-l-d Location of the radicals in the irradiated 
monomer 

In 'an attempt to determine where the reactive species in-

~olved in 'SSP reside, an experiment was designed ~o detect the presence 

or sence of free radicals on the surface dr the powder at, a very early 

stage 01 the polymeriza when most of the radicals are believed to 

be dimers. e picture thus ob ained can be assumed very nearly to 

\ represe:t the in tiation stage of the SSP. 

\ "" 
\ 

The'basic proce ure consisted of wetting the polimerizing powder 

ith a solution of a po rful radical scavenger ln an inert solvent, 

a~\COmparing ESR spectra t ken before and after this treatment. The 
'\ 

radical scavenger was to be a very bulky molecule to ensure that it could 
\ 

\ 

not difià~ into the crystal latt~ce, theref.9re confining itself to the 

surface. Tr '-tert.-butylphenol was judged adequate. Benzene was select­... 
ed'as a solvent as it la su!ficiently Inert towards free radica~s, and 

does not appreciab affect the Q~factor of the microwave cavity~ 

The samples (one dihydrate and one anhydrate) were prepared under 

vacuum in vessels of the type shawn on Fig. 1I-9-1-b and -c as described 

, 
\ 

, ; A 

\ ' 

l 
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in the experimental section. They were kept in liquid nitrogen after 

the irradiation, then quickly warmed up to 2SoC for 15 minutes. This 
, 

delay was judged·necessary to a1low the ESR signal ta stabilize, as it 
, 

changes very rapt\:Uy from the comple~ low temperature monomer spectrum 
\ 

'\ 
to the much simpl~ propagation triplet. Spectra were recorded during 

\ 

this interval for ~urther ;eference as to the rate of radical decay. 

Because of the vapo r pressure above the dihydrate, it was necessary 

at this stage ta cao 
.,.". 

aga in the s,ample powder temporarily in l1quid N
2 

1 
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before 
~ 

breaking the s 

ment). The inhibitor 

the quartz portion of 

al (the anhydrate of course requ1red no sueh treat­

.lutian ~aS~hen'PUShed by the benzene vapour into 

t e tube, w~er~t came in contact ~ith the sample. 

Thus only 10 minutes afte the seal was~roken, -the sample, wet with the 

inhibitor solution, cou1d returned to e spectrometer cavity. 

Spectra were.tecorded for two ours thereaft r. 
The rate of decay of the ra ieala was meas re~ {rom the spectra re-

corded before wetting the sample w h the inhibito. This rate was assum-

ed to be linear over the relatively'v ry short durat n of the treatment. 
~ ~ 

Thus, the difference in signal intensit before and aft r the scavenger 

was brought to action could be compared wi h the decay tha would have 

normally 
; 

occur~ed during ~he same ~.eriod of ~~. 

'" The results can be summarized very conCiS~Y: . \ 
no effect 0 the sc a-

venger could be detected in any of the exp . Whether it 1:) an-

hydrate or dihyd te, no sudden n of the spec ra 

was observed after ~~ sample powder had been fully wet d with the in i-

bitar solutioh:~ .. \ ' 

The conclusion is that no observably significant 

, . 

fraC~ion\ 

\ 
\ 
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post-po1ymerization radicale are 10cated at the surface of the sample 

powder at the initial stage of the reaction. Hence~ we have to conclude 

that they are trapped somewhere in the bulk of the acrylate, both in the 

crystalline dihydrate and in the amorphous anhydrate. 

IU-4-2 The chemical involvement of water 

The study of the ESR spectr~ of irradiated Ba-methacrylate~ D
2
0 by 

Watine(85) has disclosed the pres~nce of lines coming from a deuterated 

radical ~n addition to the lines of the regular monomer radical. The 

interpretation given was that upon irradiation, the water of hydration 

was contributing to the generation of hydrogen (or deuterium) atoms com-

peêitively with those abstracted from the ~ethacrylate. 

The involvement of the water in the rad~ochemical events leading to 

the formation of the in:Ltiating monomer ~adicals i8 a fundamental aspect 
\ 

of the SSP of hydrated systems. tt was therefore decided to investigate 

this aspect in greater depth, to verify whether the Ca-acrylate sys~em 

behaved similarly to the barium system, and to make an attempt at mea-

suring quantitatively the extent of this involvement. The investigation 
/~--"""" 

undertaken relied upon the synthesis of a heavy-water dihydrate to make 
'\. 

the o+igin of the hydrogens involved clearly apparent in the analyses. 

Two analytical techniques were chosen for their unambiguous sensiti-

1 vit y to isotopie substitution:' ESR and mass spectrometry. 

1II-4-2-a Origins of the initiating radicals 

All vinyl monomers sub~itted to irradiation are submitted 
" 

to a variety of ionization and homolytic reaction~., However, it appears 

. that the complexity of this radiolysis is\ masked by the rap,id completion 
',-,.. / 
of secondary reactions. As a result, ooly one type of monomer initiating 
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radical (type 1) ~"generally obsetved by ESR regardless of the monamer: 

. 
(1) CH

3 
CH-X for acrylic manomer s 

.for methacrylic monomers 

These radicals are believed to be the pr?ducts of the addition of 

hydrogen atoms onto the monomer double bonds: 

H. + CH
2 

- CH - X -Jo (1) 

, 
+ (1) 

Very few authors have investigated the possible origins of thes'e 

hydrogen atoms and what would be the fa te of the other types of radicals 

from which they necessarily derive. 

Bensasson et al. (62) have calculated the theoretical line ratios in 

the ESR spectra of several acry1.ic and methacrylic monomers. The observed 

ratios were found to deviate from the theoretical ones, 'and they attribut­

ed these deviations to the superposit'hon of lines from a small concentra-

tian of the primary species: 

(II) 

, 
(II ) 

" 

,~imilarî~, Bolshakov et 

the radical: 

(II) 

and possibly also: 

(III) 

C-x 

. 
CH2 - CX - CH2 

al. (67) found in acrylic acid and acrylonitrile 

C - X 

. 
C-H 

Malt.; ... W'I&lMMSV.4 ..... 11 ... _ t 

• ~,. ~l', t • ; • • 
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The intensities of the spectra of (II) and (III) werè consi4erably 
-', 

~r' ~ 

less than Chose of the a-ddltion radicals of typ~ (1), and they were 

apparent only at \low temperature in mono-crystals, under certain orientat­
v 
1, 

ions with respect '\to the field. 

\ (102) 
Marx and Fenis.t:ein have invescigated the primary radioch~ical 

" 

events in aCrYIOnitr$.e and alpha-chloroacrylonitri~e. lt was found, that 
1 o 1 

even at 4.2 K, the H. \atoms produced by the radiolysis were able to diffuse 

in the solid and rea~t rapidly to form addition radicals of type (1). The 
,1 . , 

absence of vinyl radicals of type (II) in acrylonittile in the same condi- \ 
\ 

tions where they were observed in ch1oroacrylonitrile\~as interpreted as 
\ 

'follows: ~ 
lonization as well as dissociative capture of electrons 0 an energy 

greacer than 3.12 eV would lead to the formation of uns table monomer ions, 
• o'. \ 

~fwœ_wtttr •• , 

" 
which would SUbSeqUent~ decOIIlpose to form hydroogen atoms and ~~p the 

charge: 

+ or - + ctr -... 
(CH

2 
- CH - CH) + (C

2
H

2 
eN) + H., 

Both charges were believed to be equally rational, in keeping with mass 
1 

1 
spectrometric analysis of the fragments produced. The in-source polymeri-

• 
zatibn of acrylonitrile at temperatures be·low 160oK, where the poly-

.' 
merization radicals were not observed, p01nted towards the molecular or 

fragment ions mentioned as the diamagnetic species responsible for the 

polymerization
o 
(ionie mecbanism) ., 

\ . 
In the present st~dy. ESR spectra were taken pf the radicals produced 

J 

immediately after the irradia.tion a t _77oK of calcium acrylate dihydrate and 

di-de.,uterohydrate, and are show on Fig. III-4-7. The clear differences 

1 • 

1 ..... 'MUZY: ••• 

t' r";', ," c", - , 
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CaAc , 2 H22-
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\' 1 
., Fig. I,II-4-7 .: Radiochemical 'involveme~t of the water of hydration 

,. 
effect of deuteration on the initial ESR spectra at' low temperature 

.. 
j. 1 • 

Conditions - recorded"at 770 K immèaiately after 0.86 Mrad given at "oK! 

.r., - 0.3 mW R.F. ,!,ower ; 1.6 Gauss modulation amplitude 

.. 
C3 
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observed between the two 

of the water has become 

. radicals: \ 

J, 

s~e~~ra confirm unambiguously that the 

involved in the'format~on of type (10) 

D' + CH2 - CH - CO 2 ..... CH2D CH - CO
2 

j 

If 
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. 
d~uterium .. 

addition 

On the other hand, non-deutetated radicals ~f type (la) may core either 

from the same reactions of H20, or from hydrogen abstract~d from the acry­

late monomer by-an ionic homolytic mechanism such as déscribed earlier. 
1 

What happens to the 'OH radicals formed by scission of the water 

fl04) the light of the_studies by Fischer and Giacomett may be discus$ed in 

(105) 
and by Fische~ on acrylic acid with a 3+ 

H202:~ initiator: , 
'OH + 

.' 

CH -2 

\ 

\ 

c~;~ 
1 

OH 

'C~ 2 
\ 

(87%) (IV) 

\1 

CH - CO2- ).(13~) 
1 1 

(V)· 

OH 
\. :, 

'Besi'des the addition onto a iIlonomer. a number of other reactlonl3 may be .,. 
.j 

envisaged to explain the fa te of the'k~hYdrYI radicals: '~ 

Ori~nally, it was the purpose of the use of.heavy~water to allow a 

" quantitat~ve measurèment of the ratio of th~ two 'radical apecie~ (I .. ) 

~: Co li 
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\ 
/ 

verify and (ID) as a fu~ction of the hYdr~aon level. The J~mwas to 
J, ( 

whether the exten't of the radiochemi ,al involment' of, water. was proportion~ 

al to the amount of water present, or not. However, Fig. 111-4-7 shows 

i Çr • 
that no suitable peak could be found for a convenient measurement of 

tIH) / ,(~) (such ~ peak would ideally be rather sharp, specifie of one 

of the two species and located in a region void of peaks from the other 

1 spe~ies). " 

An attempt waà made to circumvent this difficu1ty.by subtracting the 

spectrum of Ca-Ac, 2 H20 (characteristic of 1(IH)Lfr,9m the spectrum of Ca-Ac, 

2 D20 (characteris~ic\of (~) + (~». The spec!ra were digita1ized with 

the help of a curve ~eader, normalized and subtracted point by point with 

a computer ~rogram develo~ed specially. 
\ 

\ 
The difference spectrum was plot-

\ 
ted by a Calcomp pIotter linked directly to ~he computer, and is shown on 

Fig. 1II-4-8. 

the difference spectrum, 
\ 

Some variations were noted in the shape 

depending on the 'precise matching of the ~wo spectra along the field 

abscissa. Exact matching of the field origins pro~ difficult~, because 
l ' ''', 

of/the lines were not exactly the same and'no rigorous center 
' ........ , 

the spacing 

of symmetry could be found. The use of an external field refèrence ~.,as 

envisaged, such as chromium, which gives a characteristic sharp singlet 

sUit~le-for origins matching. It was rejected however, because the po­

sit~n of this singlet interferes with the wings of the acrylate spectra. 
, ~, " 

The differe~ce spectrum shown is merely intermediate between the 
l , 

shapes of the two parent spectra, and the experiments based on the ESR 

technique wer,e therefore judged inconclusive, quantitatively \peaking • 

must lie ndted that ev en if the ESR technique had proved succe~f\.11 at 

1], 

1 Ir r n __ "'ail'fil-<t<l.'OI.~---';><~~---... 

It 

1 , 

, 

i 
1 
1 
1 



.. ~ - .... I_~, ................ ......-. ~..-...., ... "'-....._~ ~ ........ _ ... _ .. ~ .. ,.. ____ • "' ___ "' ___ "--'_-""-_--..., __ 

l 
, . 

• 
1 
1 
1 

1 146 

1 
t / , () i 

1 ., 
\ 

1 • 

1 
~ 

f 1 "-

~ 

'. 

r. 

Fig. 1II-4-8 
" 

Difference specerum cOulpueed fram CaAc,aH20 and CaAc·,2D20 

Conditions 
( 0

' recorded at 77 K , immediately after 0.86 Mrad irradfatian 
• . .,. 
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1 
measuring the ratio of the spectra of (IH) / (~) , the ratio of the 

l , 

radicals themselves would prove difficult to calculate because the radi~ 

cals of type (1) present a nodal plane go~g through the methyl group. 

The frequency of rotation of the methyl will therefore determine how 

màny of the deuterated radicals will exhibit an apparent spectrum identi-
)" 

cal to that of the regular radical, when the deuterium becomes "invisible"· 

by ESR by falling in the nodf! plane. 

As a result, it was' decided to attempt to obtain an estimate of the 

extent of' the radtochemical involvement 0t water by another independent 

method. 

1II-4-2-b Analysis of the radiolysis gases 

The mass spectrqmetric analysis of the vapours above a pre-

irradiated sam~le of 020-dihydrate was undertaken in ap attempt to measure . 
quantitatively the extent of the radiochemical invelvement of the water of 

1 

/hydration in the formation of the initiating radicals of type (1). It al-
, 

so provided an opportunity to study other chemical species associated with , 
the irradiation in a more systematic way, in the hope that this would im-

1 

prove the understanding of the initlating stages of SSP. 

-' The vapours were expected ta consist' primarily of 020' with seme amount 

o~ HDO and H20 as weIl as traces of or~nic species resulting from the 

\ 
1 

-1 
1 

1 

1 

1 , 

decomposition of the monomer under the ionizing radiations. In order ta \ 

interpret such an analysis, preliminary experiments were required, consis~- '1 
ing of the analysis of H20, 020 and of a model mixture of the two. These 

"-
preliminary, experiments are presented in Appendix A. A data treatment 

)-
methJd ~as' developed to allow the calculation of the fragmentation proba-

1,/ 

/b'fîZties of the three kinds of water. Oifficulties were encountered, 0wing ,. 

l " 
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M .. 
ta the continuaI presence of moisture in the residual background gases 

of the mass spectrometer, probably adsorbed on the walls of the vacuum 

" chambers. '1 
1 

The analyses of th~ pre-irradiated sample was performed(as described 

in the experimental section by first measuring the background spectra of 

t~e spectrometer, with the seale? sample held at liquid NZ temperature • 
.1 

The seal was then broken, and further spectra were measured at the same , 
- 1 

temperature. This allowed one ta practically lsolate the very light gases 

such as the hydrogen isotopes, while keeping the heavier Sases and the 

~ water isotopes frozen at 77 K. Following this, the sample was rapidly 

heated to room temperature, which 'released aIL the species of interest' 

for analysis. 
l 

(1) Sample at 770K 

It was observed that the breaking of the seal ca~sed no significant 
1 [ 

changes in the peak intensities of the usual packground gas~s. This 

attested to the good vacuum achieved above the sample ~hen it was prepared. 

The numerica1 data are presented in tabular forro in Appendix B-I. 

In view of ehis result, it was particular1y interesting ta observe 

t~t nevertheless, traces of O2 and OH were, distinctly present. Oe~terium 

could be clearly resolved at mie - 4\from the helium peak, and a peak 
[ \ 

appeared at mie - 3, which cou1d be unambiguously attributed ta OH since 
1 

~here exists no oÙhér isotope at mie ~ 3. Their intertsities were of thé 
1 

order of 0.3% referred ta mie 18, which is far above what could be ex-

pected to come from the natural abundance of deuterium in the background 

wafllr. 1 
\ 

These re$ults establish unambiguously that deuterium atoms from the 

• 
t' \ 

\ 
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hydration water have ?een ;ormed by the irradiation, and subsequently 

)eacted with either themse1ves or hydrogen atoms abstracted from the 

acrylate molecules: 
/ 

/' 

D· + D· + 
-

(mie - 4)\ -

- '\ . 
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- CH - CO 2 
+ DR + CH

2 
..,. C - CO 2 

(m/e-1) (II) 

~ 
(2) Samp1e at room temperature 

The sample was isolated by a valve from the spectrometer, and heated 

rapidly to 200 C until thermal equilibrium was established. The ~alve was 

then opened and spectra were recorded periodically for some ~ime. The 

numerical data are presented in Appendix B-2. 

The data treatment method developed in Appendix A was used to analyse .. 
\ 

th~ results concerning the water isotopes. d The ratios 020 IRDO 1 H20 were 
, . \ 

calculated ta be 6.2/34.0/59.97. initially a?d 7.6/42.8/49.67. half an hour 

later. As detailed in the appendix, these calculations involve a number 
~ 

of assumptions and suffer from the harmful effects of the interference 

produced by the adsorption of the background water on the walls of the. 
\ " 

spectrometer. Because of the limited amount of sample gases available, 

~ -it wasi not proceeded to ,as many cycles of f1ushing and reevacuating,'as 
f 

ideally desirable for the isotopie equilibration of the background waters 

of the spectrometer with those of the sample. 

However, the lack of major differences between the firat and the 

second analyses seems ~to indicate that theosample had a water vapour pres-

sure high enough ta partially overwhelm the background and make the .ana-
1 
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/' 
~ lysi8 practieable. 

1 
The results of the mass spectrometrie ana1ysis of the vapours above 

the irradiated di-deuterohydrate showed that they consisted of a high 

proportion of HDO and\H20 inste.ad of th~ initial D
2
0. More precisely, 

these vapours donsisted of 23% D/77% H at the first analy~is and 29% 
{ 

D/71% H at the second. The difference is believed to come from the pro-

gressive equilibration of the background waters towards the isotopie com-

position of the sample. Although it has been experimentally impossible 
1 

to make sure that this equil1brium had been reaehed, it is interesting 

to note that the observed compositions slowly evolved towards 40% D/60% H, 

wh~ch is the overall composixion ~f the solid monomer. 

'. 

As a result, we conclude that a randomization has taken place between 

'. 

/ .. -~- --., 
, 

the hydrogens of the water and those~~f the acrylate, probably.involving 

the following reactions: 

.-
(II) 

/CH2 
==C - co + DH 

2 ,/ 

CH ' .... CH - CO -D' + 2 _ 2 

~ J " 
(~) CH D - CH - CO2 2 

:-
D' + D· -+ D2 

Cl}( .... ë - CO (II) + RDa 

/ 
2 

J • aD + CH ... CH - CO 
2 2 

'\: ,H2 - C~ - CO2 . 
(IV) 

• aD ... 

'CH- - CH 
2 1 

CO 2 .(V) 

00 "', 
.-, 

If ' 

l 
/l 

~ 

.. 

• 1 
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1 CH - CH - CO 2 2 

(II) + H2, etc. 

This randomization was estimated tO be consider~ble, and possibly 
1 

total.. It Is here suggested ,that the use of a large sample could allow 

the many cycles of flushing of the spectrometer necessary to reach the 

151 

isotopie equilibrium of the background and sample waters and measure its 

value more precisely. Furt~ermore, the selective deuteratlon of the acry-

la~e molecule in the a position gnd the radioactive labelling of the water 

1 
oxygen could certainly de termine which of the many reactions involyed are 

the most important ones by performing ESR and mass spectrometrie analyses 

of the monamer, as well as making an end-group analysls of the polymer 

formed (by scintillation eounting). 

Fin~ly, further analyses of the mass spe~tra were performed and 

diselosed the presence of various small concentrattons of D2' DR, CO 2, CO, 

C
Z

H4 and C2H2 in the vapours. These results are presented in the Appendix B-3', •. 
• 1 

and give a general idea of the perturbation imposed ?n the system by the 

action of high-energy ionizing radiations. 
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'IV-I Oxygen di{fusf-0n and location of tlle radicals at the liuiiting 
conversion stàg,e 

The study of the diffusion of oxygen (section III-2) and that of 

the location of the radicals (section III-4-2) has led to some impor-

tant conclusions regarding the monamer at the initiation stage. How-

ever, a heterogeneous pqlymerizatian such as that of calcium acrylate
l 

dihydrate is certain to bring a considerable disruption to the lattic~, 
\ 

which should alter the diffusion behaviour. Furthermore, the polymer \ 
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radicals may travel until they reach gr~in boundaries, where they could -

"-remain inactivated by' the, lack of fresh monamer feed.\ 

Consequently, it was decided to investigate the diffusion of oxygen 

and the surface ·inhibi~ion by a liquid scavenger at the limitin. conver­

sion stage as weIl. Dihydrate and anhydrate samples were post-polymeriz­

ed for one m6nth at 501c in vacuo. At this time, the rates of radical 
1 

decay and polymerization had dropped nea~ zero, and the analyses perform-

ied then could safely be assumed to be representative of the lim~ting 

conver~ion stage. 

The experimental procedure was as follows: the samples were placed in 

vessels as described in~he experimental section (Fig. II-9-l-a). Air 

from .the hammer-magnet compartment was admitted by breaking the seal. The 

rate of oxygen diffusion was first monitored by fo:llowing the transforma­

tion of the acrylate radical signal into that of the peroxide. The sample 

tube was then retrieved and eut open. The powder was agitated for 5 min 

with an excess of inhibitor solution in the open ~ir, filtered out, rinsed 

with fresh benzene and air-dried by suction. The :sample was th en returned 

to the original ESR tube and to the spectrometer. 
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IV-1-1 In the dihydrate 

o ' , Under vacuum at 25 C, the simple triplet of the propagation radicals 

wa~ observed (Fig. IV-I-1-a). Traces of a shoulder werenoted symmetrica1ly on 

either side of the central 1ine. These shoulders could therefore not be 
/ 
1 

attributed to a small peroxide signal, as it had been for- the initiation 

stage, because the peroxide signal is dissymmetric . 
.. 

Immedia~ly after the seal was broken, the central 1ine of the tri-

plet began to.ohe distorted 
\ 

by the inéreasing peroxide signal (Fig. IV-1-

l-b). It was found Lmpractical ta measure the intensity of the peroxide 

signal itself, as it wàs overlapped by the central acrylate line. How-

ever, the concentration of the acry1àte radicals cou1d be safely assumed 

invariant at such a long polymerization time. lt was therefore easy to 

measure the rate of oxidation by monitoring the decay of the acry1ate tri­

plet. The peak-ta-peak heights were measured from the outer 1ines, which 

are relative!y insensitive to interference by the peroxide Hnes,,' and are 

shawn on the graph of Fig. IV-1-2. 

After 50 min, the samples were taken out of the spectrometer for the 

inhibition treatment, and then returned to the ESR cavity for further anal-

yses. lt can be seen that the treatment of th~powder in the open air 

, ,~ith the scavenger solutiop led ta a step-de~rease in the radical concen­

tration. This could be mistaken for an indication that the radicals re-

sided at the surface. However, three arguments may be developed to show 

th~t such an interpretation would be false. 
1 

First, ,the experiment done at the initiation stage (section 1II-2-l) 

showed that 70% of the surface radicals react with 02 within 15 minutes 
.1 

at liquid N2 temperature. Such rate woùld be expected to be even faster 

· . 
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(a) 

(b) 

(c) 

1 

Fig. ~IV~l-l: E~R study of oxygen diffusion at 25°C th~~h CaAc , 2,~20 

at the iimiting conversion stage . 
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aF room t~9Perature. On tne contrary Fig. IV-1-2 shows a slower rate 

of oJ\idation at t,he limiting conversi:on s.uge thereby suggesting tllat 
\ 

~he radicals reside ~eeper within the solid, and have, their s~pply of 
-.t f 

oxygen limited by diffusion. 

-
Secondly, the inhibitor treatment of th~ powder in" the open air 
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\ - 1 ' ~ 
i~creased the rate of decay again. This indicated that the amount of air 

, \~ .. 
made available to the'$ample from the break-seal compartment was unfortu-. , 

nately sto~chiometrically insufficient (if the inhibitor had been respon~ 
" '. " sible for the suddenl4ecrease in the aerylate radicals, the subsequent 

deeay would hav~ continued at a 'rate slower than before the t~eatment, 

not faster). 
~ . . 

çcTh1rdly, the step-deerease in the acrylate 

effected to the profit of the peroxide signal. 
~.' 

~ "l, 

1 

radical~eoncentration is 
~ 

Radieals the~efore have 

not be.n destroyed by the scavenger, but only transfo~med by the attend-

ing oxidatlon ,1 
, . 

t< 1 

.ttf " •. 
iurthe~ore. a small s~nglet was observed 14 G lower than the acry-

late triplet center, and much narrow (4.7 G width) than the peroxide , 
(10 G) 9r the acrylate (60 G) (Fig. IV-l"-l-c). Its intensity was only 

11-
about 0.3% of the aery1ate signal. This small iinglet was attributed to 

'f 

a ",~Xy radiea.! ,:formed upon contac t with the :!nhibitor and ~dsorb~d o~ 

the solid s~rface. 

We ean th~r~fore conalude that the "step-decreas~1 in' raÙcàl coneen-I' 
" 

trat10n observed 6n Fig. IV-1-2 upon treatment of the s~ple in theropen 
1 1 

air w1-th an inhibltor, reflec'cs the more abundant sup$ly of oxyge,n to the 
r '. , \ 

, ~~ 
sample rather than sny action of the inhibitor itself. Ultimately, 56% 

of the'dihydrate radicals got oxidized. 

. , 

, . 
1 

, 
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\, 

. 
IV-1-2 In the anhydrate 

t \, f 
The'anhyârate showed the symmetrical triPlft character~stic of 

,long'polymerization times (Fig. IV-1-3-a). Som~ifferenèes ~rom the 

dihydrate were noted: the shoul~ers on either si de of the central line ~ , 
~ 

and those on the outside of either wing were ~Ch more pronounced. 

Within the first minute after breaking the se al a, devastating effect . ~ 

"was produced on the central line, whi~h vanishea rapidly to the profit of ' . ' 

the peroxide -Une (Fig. IV-l-3-b). As for the dihydra.te, the rate of oxi­

dation was monitored by the deèay of the two outs-ide Hnes of the acrylate' ,\ 

triplet. R~sults are shown on Fig. IV-1-2. 

As in ~the case of the dihydra te, the s'ame _ argument may 'be made to show 

~hat most of the radicals'were trapped within the bulk of solid rather than l , 
st the surface. ~7% of Ehe anhydtate radicals got oxidized after 64 min, 

( 
and 100% ultimately. 

,E 

IV-1-3 Conclusions , . .. 
The 'study of the oxidation of the acrylate radicals hy ESR has esta-

hlished ear11er that the rate of the chemical t'eactionof oxygen was very 

fast even at 77oK. As a result, the r,tes of oxidation were concluded to 
,.. 

he diffusion-limited in aIl .ases. The ext~nts and rates of ox~dation can 

" therefore" he faken ,~s a measure of the openness of each sampl"e ta the pene- '. 

tration of oxygen. 

The init~al rate 
( 

of oxidation for the anhydrate at the limiting con-
, 0 

version stage was found to be '*' 3.8 times larger than that of the dihyd-rat'e. , 

_1J:~!s :f.s easily explainable" by the1r amorphous and crystalline na tUt'ES, but 
,1 l ,: 0 

~eems t~ 1nd1cat~ that ,although half of~the monomer had p~lym~riZed i~oth 

cases, enough of th,e dihyd~ate lattice was left unperturbed to pose a ~er- " 

:1" 
" 
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sisting barrier to the penetration of oxygen. 

The same conc~usion ia strongly supported by the limiting extents 

of oxidation. Alt~Ugh the :nhydrate ~;oved 100% diffusable at all 

stages, the dihydrate was diffusab1e only to the extent of 2% right after 

irradiation and 56% after 14 days. An additional measurement after 1 day 

gave a value of 14%. lt is extremely reveal1ng to remark that the frac-

tions of the accessible radicals after O,l,and 14 days,were approxim~tely 

equal to the extents of in-source and post-polymerization respectively at 

the same times. As the v1rgin dihydrate was demonstrated to be completel~ 

impermeable to oX1gen, and as the polymer was demonstrated by X-ray ta 

-
form a heterogeneoûs phase, we may safelylco~clude that in the dihydrate, 

L 
the oxidizable radicals are polymer radicalS. 

Alternately, these could be suggested to'be dimer radicals placed in 

a' "disruption sleeve" between the polymer phase and the lattice, and where 
, , 

they could be reached by the oxygen diffusing through th~ polymer phase. 

However, it will be shown later, by Wide-Line NMR, that this disruption 

sleeve is a phase of h1gh mobility. Since polymerization in such a phase 

shou1d prove very easy, dimer fadicalS should hé short-lived, and the above 

suggestion should be rejected. 
\ 

',,.. 

FinallYf the loçation of the polymer radicals wa$ ,d~termined to be in 

" the bulk of the solid samples. Only an estimated 0.3% of them were acces-
i , 

> sible to t~e inhibitor solution brought into contact with the fine powders. 

This demonstrates that 'the growth of the polymer does not terminate when' 
~' ,. , 

the living chain ends become trapped at the grain boundaries by the lack 

" of fresh monomeF feed. As the oxidizable radicals in the dihydrate are 

believed ta be polymer radicals, we must t~erefore conclude that polymeri­• 
, ri: 
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zation in this system does not terminate in the usual chemical sense of the 

term, but rathe~ that the chain ends become trapped in the polymer after 

having exhausted all the monomer molecules acc~ssible a~ the level of ther-

mal agitation available. 

IV-2 Molecular motions during polymerization 

W~ have seen in Chapt III that the study of molecular motions in the 

mOfiQmers as a function of dehydration, irradiation and temperature could 

" not offer"a satisfactory explanation of the polymerization mechânism, 
'1 

although it had been very informative in-itself. • 
t'~ 

Accordingly, it was felt that a study of molecular motions during the 
~ 

polymerization itself 'held the hope of shedding more ligh~ on its rhanism. 

The three di-H20-hydrate, di-D20-hydrate and anhydrate sample which 

1 f 
Were irradiated for the.stud~ d~scussed'in section 111-3-3 had diSflosed 

o \' ' 
Widé-Line NMR spectra identical at 50 C ~o those of unirradiated ,amples. 

1 
o However, after on1y 12 hrs post-~olymerization at 50 C, the central 

1 

part of the dihydrate spectra began ta show an obvious distortion from the 
1 ~ 

initial.shapes. After l day, it became apparent that the distortioI)"'was ., 

dué ta the p~esence of. a narrow line grqwing at the c~nter of the broad , 

li t 
monom~r line (Fig. IV-2-l). -The DzO-dihydrate showed a sharp~r and better 

separated narrow line t~an that of the H20-dihydrate (Fig. IV-2-2). 

.. 
By reducing the modulation amplitude of the sweep field below 0.35 .. 

Gausâ.- it was possible ta nearly isolate the narrow component from the 

broad one. Its line width was meas~red to be 0.86 Gauss for the H20-dihy- " 

drate, and 0.40 Gauss for the D20-dihydrate. Su ch line widths indicate a .-
degree of mobility much higher than in the solid ~tate, but lower than ~n , ; 
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the liquid state. The peak-to-paak-height of this narrow component was 

')' me~sured, and was found to increase logarithmically with time 

(Fig. IV-2-3)., The H20-dihydrate gl:lve a less accurate fit to the logarith­

~c line, because th,rh1g~ inta~olecular broadening due to the water 

imparted a lack ~resolution between the spectrum co~ponents, aspecially 
. '-----

at short and long times. The growth of the D20-dihydrate line seemed to 
• 1 

level off aft~ 300 hrs, hereas that of the H20-dihydrate only slo?ed 

down between s . 

At this stage, the e~e~ce of a sharp narrow line may be hypothesized 

as originating from three possible provenances: motions o~ the water, the 

monomer or the polymer. Tpe exothermicity of .. 
may favor either molecular motion locally and ~~~~~~ 

poor heat dissipation characteristics of solids. 

IV-2-l Mobility,of the water 
[ 

Strong support for the water as an origin for the narrow lihe appears 

to come,from the experiment on irradiated anhydrate. No'narrow ~ine was 
\ 

observed there during post-polymerization, and the spectra were identical 

with those of unirradiated anhydrate for more than 8 days at 50oC. Of 

course, the presence of a narrow line in the D2~dihydrate ~oes against 
, ., 

this first hypothesis (i.e. that th~ ~20 1s the origin of the narrow line) 

but lt could still be rationalized~â1nce, on the basis of ESR and mass 

spectrometry ~vidence presented earlier, irradiation brings about an im- f 

The \ portant randomization of the ffi20 deuterons with the acrylate protons. 

HDO present after irr~dia~ion woula thus be detectable bY.~. '! 

\ ... (40 89 90) 
However, n~roWc Hnes h\,e been observed " supe 1mposed on the 

i\radlated monom~r spectra of severaI other SSP syst~ms where water was 

.. 
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Fi~. IV-2-3 : Peak-to-Peak height ot the mm. narrow line in CllAc' dihydrates 1 

o 
. .,during the post-irradiation polymerization stage at 50 C • 
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Conditions : (a) 1.4 Gauss modulation amplitu~e ; (b) 0.5 Gauss modo amp+~tude 
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totltlr absent. In particu1ar, acry1amide and acry1ic ~id(90) exhibit 

0.7 and 0.3 Gauss 1ines respective1y, compared to 0.7 and 3.5 Gauss for' 

the corresponding pure polymers. Consequently, it appears that the ori-

gin of these narrow lines shou1d be looked for e1sewhere than in the mo-

bi1ity of the water. 

Let us n~~ envisage what happens during p01ymerizatiqn. In the case 
... 

of a heterogeneous SSP such as ours, the making of po1ymer links much 

shorter than the intermonomer distances in the 1attice resu1ts in a po1ymer 

density greater than that of the monomer. This has beeu obierved for Vit yI 

SSP in genera1 and for calcium acrylate in particular (d 1 - 1.555 g/cm~ 
1 po Y \ 

dd~hYd. = 1.461; danhyd. = 1.425)(84). The ensu!ng contraction will soon 

1eave the living chain ~nd in a "cavity", such as illustrated on Fig. IV-2-

4. At this stage, further polymerization may ouly proceed by' either one or 

a combination of two mec~nisms: the monomer may diffuse towards the reac-

tive chain end, or vice-versa. 

IV-2-2 Mobility of the monomer 

The monomer mobi1ity may assume two forms. In the first form, a monoi ~ 
", 

'. mer might leave the cavity wall and diffuse towards the redctive chain end'. 

This form shou1d be rejected as an origin of the narrow line for three 
1 

reasons: '" ~ " 

(1) the narrow l~e should then be highest at the b~ginning (where poly-

merization rate and local thermal agitation ~re maximum), whereas it was 

found to ,increase unti1 the end bf polymerization. 
... . \ \ ,. 

(2) the concentration.of such diffusing monomer is going to be of the 

order o'f that of the growing chains. As .the limi ting degree of polymeri-
", . 
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Fig. IV-2-4 Schematic represen~ation of a physical model of S.S.P. 

Eones where the mobi11ty d1salosed by the NMR narrow, line cou Id take origin - (1) : end of the living chain ( wagg1ng in the cavity ) 
\. 

- (2) macromolecule ( segmental mobility ) -~ (3) : 1nterfacial disFuption sleeve ( monomer mObility ) 
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~ 
tration in "adding monomers" is 10-4• This is far too smal] to be ob-

served.-~n regard of the low sensitivity of Wide-Line NMR. 
1 

(3), the "sublimation" ..of a monomer requires the severance of strong 

'ot 
~a-CO~ and hydrogen bonds before the heat of polymerization i8 available 

to provide the necessary ~nergy,'which is very diffièult • 

As a result, Fig. IV-2-4 presents a solid-state polymerization model where 

chain growth is achieved by wagging of the, chain end inside the cavity 

o >" until it hits a wall and a~t,actl a fresh monomer. 

In the second form of monome~ mobility, the narrow lin~ observed 

duri~g post-polymerization would .take origin in a new monomer phase located, 

at the interface bet~een the monrcrmer lattice and the polymer chain. This 

new Phasi would not be a temporary phenomenon such as local melting,' since 

the narrow line persist~d evén after polymerization had virtually stopped. 

On the 'contrary, a permaneo't "disruption sleevelt would be created by the 

• 
exothermicity of the polymerization. A destruction of the calcium coor-

dination ~OlyhedrOd, and a local dehydration would accompany the reaction. 

Such a "sleeve" could very well include the walls of the cavity men-

tioned earlier, as aepicted schematically on'Fig. IV-2-4. Whatever the 

shape of this interphase boundary, its existence may be deduced simply 
1 

from the ~stalline structure ~f the dfhydrate. Of course, the loosening l , 
of the lattice bonds along the disruption sleeve'would result in an in~ 

1. 
1 

creased monomer mobiliey and could thus very well ~~count "for tlle obser-

vation of a narrow line by NMR. 

'1;wo kinds of experimental evidence may be brought to supp0ltt ,this hy­

pothesi§. Bath are based on t~ fact t.hat if such a disruption sleeve 18 

1 • 
produced.'around the polymer chains, the amount of monomer molecules 1n-

J. 
1 . 
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volved in it ia going tO'be proportional to fhe amount of polymer formed. 

The first experimental eyidence b~s been presented in section IV-l, 
\ ~ 
wh~e an empirical proportionality between the polymer yield and the frac-

tian of monomers accessible to th.e diffusion by oxygen wss demonstrated by 

1; 
< 

The second experimental evidenc.e 1 was ob'tained direct1y by Wide-Line'· 

NMR.. A curve of the peak-to-peak height of the narrow line versus the polymer 
If ," ~. 
yie1d~was constructed at various post-polJtLUeriz:ation times, as is shown, 

on Fig. IV-2-5. They were found to follow a good proportiona1ity line up 

to the 1imiting conversion. 
dl 

The fact that the amount of this new monomer 

phase was proportional to the polymer yie1d is perfectly contistent with 
1 

the model of the "disruption sleeve" and/or "cavityH depicted on Fig. IV-

2-4. - ~ 
, , 1 

However, two objections May be opposed to the hypothesis.of the mo-
I 

nomer-originated narrow line. The first is that the narrow 1ine was nqt 

obserVed in the polymerizing anhydrate. This conspicuous absence may bé 
\, 

rationa1izeà 'by considering that the anhydrate might not require the pre-, . 
. [ 

sence of a hlgh-mobility monomer-po1ymer interphas~. ~he amorph~us na-
, 

ture df the anhydrate. and the intrinsically higher bulk monomer mobility 
\ 

in it, might ber responsible for a crumbling and packing of the monomer 

• 0 

~round the polymer as it grows,--(;~reby qu~nching the'mobi{ity of both mo<:" 

nomer and polymer by the establishment of qew Van der Waals tion~s beaween 

them. 

The seco~d~objection to the hyp~thesis that the narrow 1ine takes ori­

gin i~ the mo~omer mobi1ity la that' such a 1ine cOllld very .weIl or:l..gina:te \' 
• 1 

in the'po1ymer ~ain it'self, as will be examined below. 
\ 

( 
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component of the 'NMR spectra and the poltmer. yielt . .... 
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IV-2-3 Mobility of th.e pol:ymer • 

Ih order to estab1ish. a comparison basis, the motions in the polr,-

mer were investigated 91rectly by recording the Wide-Line NMR spectrum 

of' a aample of isolated pure pol1mer (Fig. IV-2-6). The, spectrum was , 

found to consist of a 10 Gauss broad line superimposed on a 1.2 Gauss .. 

170 

narrow component (which was measured by reducing the modulation amplitude 

below 0.35 Gauss). ,1 

The origin of the narrow line in the pure polymer i9 believed to re­

side in segmental,\obility of the chains, as when a macromo1ecule has a1-

ready grown to any ~Zèable length, it ls likely to be so embedded in the 

bulk of the solid phase as.to render global diffusion improbable • 

. " 
The width of the narrow line obserVed here 1s 30% larger than that in' 

the polymerizing H20-dihydrate (0.8~ Gau,s) and three times larger than / 

that in the D20-dihydr~te ,(0.40 G~uss).i However, a1l or part of the dif­

ference may be ascribed to a slight~y different temperature (2SoC for the , ( 
polymer instead of SOoe) and ta a different so1id environment. As a re-

suIt, ~t is quite possible that the narrow 1ine observed in the polymeriz-

ing system could come' from the po1ymer mobility rather than from the mono-

mer as suggested earlier. " 

Wbether the mobi1ity disclosed comes from agitation 'of segments in­

side a disruption s1eeve or from wagglng of ~e chain end inSi~e a cavity, 

either mechanism would be, consistent with the proportionality of the narrow 

line to the po1ymer yietd. 
! ' 

\ On the other hand, the absence of a narrow JUne in the anhydrate might 
f, 

still be rationalized with the argument developed earlier, involving a 

. l ' 
quencliing of the macromolecular segmental )llobility:by the progressive pack-

ing of the anhydrate. 

~'f! ' .. \ '1' 
7 .... _ 
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IV-2-4 Conclusion: physical mechanism of SSP 
.' 

The investigation of the molecu1ar mobi1ity by Wide-Line NMR has , ' , 
o 

1ed to the observation o~,a new phase during the'post-POlym~ization of 

hydrate~ monomers. This new Ph:S~ is character1zed by a m~tility inter-
l" -

mediate between that of a solid and that of)a liq~id: and was found to 
-~ 

grow proportionally to t~ amount of polymer formed. It was not observed 
\ 

in the anhydrat7. 

The reported existence of an identical behaviour ,in water-less Sy8-

tems was interpreted as meaning that the mobility disclosed was not that 

of the water of hydratiorl. 
• 

,The mobility of the monomer in an inter facial "disruption sleeve" 

or at the surface of a "cavity",. and that of segments or of the ends of 

the polymer chain were envisaged as an origin for the narrow line observed. 

Both mechanisms can be logica11y predicted'and explained on the basis of 

the known properties of the system, and bath are perfectly consistent '" ' 

with the body of experimenta1 evidence available. No exp~riment could be 

devised sa far ta distinguish between them. On the other hand, it is cer-

tainly possible that both mechanisms coulcl coexist. 

The absence of this new phase in the anhydrate system was rationalized 

on the basis that the amorphous anhydrate does not require such transition-

al phase as the crystalline dihydrate does, because its looser_ texture is 

more apt to collapse and fill the voids created by polymerization, thereby 
\' 

quenching any unusual molecular'mobility. 

Practically, the proportionality observed between the polymer yie1d 
-, . 

and the height of the NMR narrow line makes it the basis for an attractive 

~' 

'" 

,e b 111" L , 
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non-destructive methed for· measuring the.extent of mJnomer conversion. 

This analytical"tool ia novel, and one of the very' few availab1e so 
J 

far to the solid-state polymer scientists inte~ested in kinetic studies. 

"-
F1nally, a solid-state polymerizat1on model was proposed, where 

( • 1 

chain growth occurs by wagging i~side a cavity until it abstract~ a new 
... 

monomer from the ~all, Such an abstrae'ion would inerease the range 

à~cess1ble to the wagging chain end fast~r than tt would increase 'the 

average diameter of the eavity, thus providing for a rapid polymerization ~ 

to high molecular ~eights. This model fits the polymerization data 

available, and prediets that control of the stereotacticity of the polymer 

" by the crystalline lattice shoul~ not be observed. Indeed, the 13C_NMR 

experiments support this model, as will be developed in the following • 
section. 

o 
IV-3 Stereotactieity of the polymerization 

For a full understanding of the mechanism of SSP, a knowledge of 

the stereoregularity of the polymer i9 required. The possibility that 

the strict o~der of the monomer crystal could impart a preferential con-
\ 

figuration to the polymer by imposing a special orientation to the 

adding monomer units must be investigated. 

Because of the dependence of t~e chemieal'shifts upon the sterie 

environment" the NMR signaIs lend themselves to a stereotacticity ana1ysis. 

13 C-NMR ls more powerful in this respect than proton-NMR for the following 
1 , 

reasons: 
/ 

... 

. ..... 

l ' 
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'13 C chemical shifts cover a range Qf! 300 ppm compared to only 

12 ppm for protons. .... , 1. 
l3c shifts are mueh more~sensitive ta sterie environment than 

, 

proton shifts. 

13C speetrarare simpler ta Interpret because a11 spin-spin inter-

actions can be removed by heteronuc1ear decoupling. 
t / \ 

- dipolar broadening of peaks ls very much reduced in 13C polymer 
'fIA , 

spectra compared to proton polymer spectra. 

The sensitivity of 13C spectrometry Is 5720 times lower than that of 

proton-NMR, however, because of the low natural abundance of l3e (1.1%) 
• • and of its lower magnetic moment. FO,rtunately; this serisltivity prob1em 

may be offset bY,the use of larger samp1e tubes 1 of the Fou~ier-Transform . , 

method and of a time-averaging computer accumulating thousands of free-

induction decays of the pulsed R.F. field. Thus, the availability of mo-
, 13 ~" 

dem fast Fourier-Transform spectrometers has made. Ç-NMR a ;pre-ferred 
-' ~[Ilti"'<t "'l\. ~ ~ ... :/ ,. 

'~r,"~ -/j 

method for the stereoregularity analysis of macromolecules. 

Five polymer samples were prepared as described in section 11-12. 

They were: 

- Early 

yield 

polyacrylic acid (15 hours 

of 14%) from a Ca aCryl~te 
post-p01ymerization time givlng a 

di-hydrate under vacuum. 

- Late p~ly-acid (14 days, yie1d of 50%) also from di-hydrate under 

vacuum. 
1 

- Poly-acid made from anhydrate under vacuum. 

- Poly-acid made from di-hydrate in air. 

- Poly-acid made from anhydrate in air. 

The effects of the pH and of the temperature of observation :were 

, ", ,;-, -:---:-:------I ... w .............. III.ilUl_iW,' 
". 
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fstudieq,on some samples, and the optimal conditions thus det~rmined were 
~ \'. . 
l Jused for the recording of a11 other spectn. 

~f~lV-3-l Effect of the pH of observation ~' 
~', 1 

The pH of the sample solution was 1. lt could be adjusted by the 
\ 

addition of a few drops 0f KOH to pH 5 and 9. Changes in the chemical 

sh"tfts and the shape -of the spectra were ,immediately apparent, as shawn 

on Fig. lV-3-l, but were more drastic for the CH and C~ groups than for" 

the CO 2-., The c~emical shifts measured are listej in Table IV-3-l, .in 
,1 

parts per million relative ta the internal reference standard of d'ioxane. 
1 1 1. (91) 9 

The assignments were made after Schaeffer • 
~ 

CO'2 CH . '::' CH2 "" 
:.~ "' .... 

pH (Singlet) syndio hetero iso syndio hetero rSo 

1 111.5 -25.0 (singlet) -31.9 -32.3 -32.7 

5 broad broad singlet singlet 

9 117.8 -19.6 -20.4 -21.4 -27.8 -29.4 -30.5 
[ 

TABLE lV-3-l 

l3c chemical shifts (in~ppm) of poly-acrylic acid, relative to dioxane 

,., 

The CHZ signal chartges from a poor triplet at pH 1 to a better re­

solved triplet at pH 9. The law-field peak (left-hand side) i9 barely 

perceptible at pH l, but' grows more intense at pH,9. The high-field peak 

remains partly merged with the central line at bath pH. On the ather hand, 

the CH signal gO!S from a sharp singlet at pH 1 ta a triplet at pH 9. 

, ',;j 

J, ....... ,~ ( 1 ; , :.~ f 
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Fig. IV-3-1 : Effect of pH on the C-NMR qs,pectra of pol!(acryl1c acid), in D20 

at 3530 K • Sample : tI-;lrly polymer tl made from CaAc, 2 H
2
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These changes are bel1eved to ',be due to confo,r~~)ional ChangeS) 

lt is known that poly-acrylid, ,a cid in water approaches a random 5011 at 

acidic pH; whereas its being neutral1zed extends the chain py"inèreasing 

the coulombic repulsion~ between the pendant carboxylBte groups. This 
-, . 

is consistent with the observed sharp increase in the viscosity of the 
i 

solution'upon neutralization. 
1 

As a rrult/i( the analyses have been made at pH 9, la the .spectra th us 

recorded d~SPlay much more information about the tacticity of the poly­

'sc1d. 

~ IV-3-2 Effect of the temperature of observation 

As the temperature of thè sample wfls, raisf~d from 300. to 353
0 K, no 

change in the chemical shifts was observed. The behaviour was similar for 

pH land 9. ,The CO2 peak intensity somewhat decreased relativè to the 

,t 

others. The resolution of the CH. and CH~iPr~ts was noticeably ill!proved, r 
with the iso ahd syndio peaka increas#ng on either side of the central 

1 

hereto peak of each triplet. 

The improved resolution 1s thought to be due to the decrease of the 

viscos1ty of the sample. At pH l, the poly-acid viscosity changes sharply 
l ' 

with temperature. At pH 9 however, the v1scosity of the extended chains 

of the high molecular weight poly-sait de~ds more on segmental mobility 
i' 

':.1 

than on newtonian behaviour, and decreases on1y slow1y upon 'heating. The 

mictoviscosity is still much reduced, and the best spectra were thus re-

corded at pH 9 and elevated tempetature, which were chosen as the conditions 
\ 

for the rest of this study. 

IV-3-3 Analysts of the results 

The spectra recorded at pH 9 and 3530 K, i.e. in the best conditions 

" . " , 
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.' . 
found, were identical within the accuracy of the experiment for a11 five , 

samples regardless of the -level of hydration, the presen'ce or âbsence of 
~ l . 

oxygen and the eXtent of polymerization (Fig. IV-3-2). 

With the help of Schaeffer's work(9l) on l3C of poly~acrylic acid, 

observation of the ratios of the syndio/hetero/iso peaks could yie1d . 
information on the triad sequences of the polymer. As these ratios could 

be measured from either the CH or the CH 2 signals, an attempt was made to 

de termine which one would give the more consistent results. 
1 

One may think of using e~ther the peak heights or the peak areas to 

measure these, ratios. However, it was ascertainecd that the peak heights 

were not a va1id approximation of the peak intensities. Indeed, the in-

tensity of the iso peak'relative to the syndio peak ranged from 1.1 to 1.9 
.\ 

times larger when measured from peak helghts than when measured from peak 

areas. Thi~ shows no consistent correlation between the two methods. 
j ; 

The peak areas wére used from thelon, and the relative percent'ages 

of occurrence of syndio, hereto and iso triads were determined from the 
- ! 

CH and CH
2 

parts of each spectrum; Un ertainty arose in the drawing of 

the peak wings and baseline for three~~ifferent reasons: 
,. '\ 13 

- the lnherently noisy baseline of the C spectrum. 

- the occasional presence of spinning sidebands on eithe; side of 

each peak. 1 These could not always be suppressed because of the 

high viscosity of the samples. 

- the presence of ill-resolved components of sequences of a higher 

order. Both CH and CH2 groups showed signaIs that were partly 

sensitive ta tetrads and pentads sequences, although these have 

a much lower intensity than the main triplets of the trlads. , 

- , . /. , 
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" Late dihydrate Oihydrate 
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in vacuo in air 
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o ,. Fig, IV-3-2 13C_~ spectra of pol~(acrylic acid) samples made by SSP from 

èa1c1um acrylates under d1fferent co~d~tions ; recorded in 020 at pH 9,3530 K, 
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In order to solve these difficulties, the fO{loWing tests were'~~d~. 
\ 

!WO determinations of the syn/het/iso percentages were made on the CH of 

t,he "early pol~er from 'dihydrate under vacuum" whil.e drawing broad }l7ings 

encompassing the afo~~mentioned spinning sidebands and higher order com-

ponents. They ylelded an average of 24.8/44.5/30.7%. !wo more determlna-

tions were then made on the same sample, but this time drawing wings that 

,excluded the interfering components. They yielded an average of 23.7/ 

46.6/29.8%. The d1fferences between these two methods of measurement 

appear small and within the normal range of scatter on repeated seans. 

lt was thus decided to draw arbitrarily and eonsistently the wings midway 
\ 

between these two extremes. The USé of electronic lntegration would ob-

viously prove of no value in alleviating aIl these problems. 

In order to check for a possible systematic difference between the 

measuremehts derlved from the CH and CH2 groups, the following test,was 

run. Six determinations of the syn/het/lso percentages were made on the 

CH group from three different samples, and yle1ded 23.3/4~.7/31.0% with • 
Four more de-a standard deviation of 1.87, 1.06 and t:08 respectively. , l i) 

\ terminations were made on the CH2 group from the same samp1es, where the 

res01ution a110wed it. They yie1ded an average of 21.3/55.9/22.8% with 

standard deviations of 3,97, 1.88 ana 3.41 respective1y. 

!t appears that the determinations made from the CH2 peak areas show 
\ 

an excess of 10 points for the hetero trlads,at the expense of the syndio 

fo~ two points and of the i90 for 8 points, over· the CH-based determina-

tions,' The standard deviations for the CH2 were nearly dO,uble those for 
, ' 

the CH groups. lt seems possible to explain these results with the ob-

serv.ed shapes of the two groups of 1ines: shoulders on the side of the 
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syndio and hetero peaks regularlyappeared in the 1eR group, ptobab~ 

. manifesting some sensitivity to tetrad sequences. Close scrutiny re.-
1 

vealed that although the iao peak,appeared to be-a pure singlet, the 

..,1 ~ \ 

syndio and hetero peaks of the"'CH signal seem to be in fact near1y coa-

lesced doublets. \ 

tqe situation is similar for the CU2 signal, although aggravated 

by a poorer resolution. The broader and more over1apping peaks result 
l 
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here in a more arbitrary drawing of the wings and a more inaccurate mea-

surement of their relative areas,' than in the case of the CH signal. 
1 

1 
J 

In conSideration of a11 the.preceding arguments, it was finally . \ 

judged that a systematic difference could not be established between the 
\ , 

measutements made from the CH and CH2 signaIs, and that accordinglY,J aU 

• 13 determinations mad~ from theu;, should be retained and averaged in, the . ~ 

':J 

hope of minimizing the influence of arbitrary choices. A confidence level 

of 95% and a ,"Student' s t l factor'! of 1.77 were used to calculate the 
, 

means, standard deviation~ and error limits shown below: 

p - syndiotac;re: 22.9±1.37.; cr = 2.6 

heterotactiè: 48.8±2.5%; cr = 5.1 
\ 

- isotactic 28.3±2.l%; cr - 4.3 

IV-3-4 Fit with Bernoullian statistics 

A macromolecule 1s said to follow Bernoullian statistics when the 

isotactic placement of the next monomer to be added onto a living chain 

ca9- be described by a sin'gle probability. We shall caU this probability 

P in accordance with the notation of Bovey (92) . 
ln 

To say that a polymer is 

Bernoullian: fs equivalent to saying that the addition is influenced only 

by the end-unit of the grow1ng chain. Such a statement should not be 
1 

.,.1 

.' 
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\. .. \ 

understood to me~n that ~dition is 1nflu:nced by the 8t~t"eo-chemistry 

of the end o'f the growing chain'. for one Îiionomer unit co.nsidered alone 
1 

has no stereo-chemistry, but can of course exert· a s terie influence. " 

Aècording to this scheme, the probability to Und an isotactic triad 
~ l" 2 " 2 

will be P ,that of a synd10tactic triad (l-P) and that of an hetero-
m m \ 

tactic triad 2 P (l-P ). m m 
, \ 

Therefore; experimental results should lie on 

a single vertical lina-, on the\ graph of Fig. IV-3-3. lt can be visually 

ascertained that the above experimentally measured probabilities comply f. 
with this requirem.ent. Another way t~ check the fit wi~h ~ernoul1ian 

~ 

trial is to compute the theoretical ~etero and syndio percentages from 

the isotac tic one. The P was calculated to be 0.532, which gives syndio m 

and hetero probabil1ties of 21. 9 and 49.8%. These match very well the 
1 

expeimental average values of 22.9 and 48.8% 'l?espectively, within the 

estimated error limit. 

o 
lt can thus be concluded that in a first approximation, the poly-

. acryliC' acid obtained from gamma~initirted Bolid-state post-polymerization 

v follows Bernoutfian statist'ies regard!ess 'of the lever' o'f hydration (0 or 2~ 
.<; 

J 

of the monomer, of the presence or absence of oxygen, and of the extent of • 
\ 

conversion. 

According to Fordham (93), the kinetie rate constants for the addition 

of a monomer in the syndio and isotactic placements obey the e~uat10n: 

" . * AS -AH 
èkp (R ) exp (Rï) 

~. , 

where the starred deltas represent t~e differences between the correspond-

~ng free energy, entropy or ,enthalpy for the syn /:lnd !SO placements. 
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Fig. IV-3-3 Triad pro~{fy ( % ) for a Bernou11ian 'Ro1ymer , as a 

function of the placement probabi1ity P of the last adding monomer • 
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• e~erimental values measured by 13C_NMR 
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" (94) 
Matsuzaki et al. , uaing proton NMR"measured an average P of 0.525 

m 

for several samples/0f poly-methyl acrylate polymerized at various tem-

peratures, in various solvents or in bulk, and initiated by either UV 
1 

or gamma-rays. None of their samples exhibited,signiFicant deyiation 

from the mean, showing a remarkable insentivity of the polymerization 

mechanism towards the traditionally important environmental parameters. 

Fo~dhàm's treatment of Matauzaki's data gives a 

. / 

and a AS s ASi - -0.20 entropy units. 

Bovet92) also states that most alkyl acrylates polymerize by a free-radical 

mechanism, and show a A(AH) near zero and a very small A(AS) regardless of 

the t~mperature, of the ester group and of the solvent. 

It appeared therefore justifiable to assume in a first approximation 

a A (AH) of zero for ~he c~cium a~~ylate system as well:: Fordham' s treat-

ment then leads to: 
l, 

If 
I-P __ m_ ... 
p 
m 

0.880 

AS s 
ka 

ASi, - R Ln(-k-) - -0.26 

i "'" 

-
entropy units, 

~ , \ 
which is, consistent with Matsuztki's and Bovey's finding\\ 

J 

Upon closer scrutiny, however, it ia possible ~o enVi~ge the ionized 

nature 9f the acrylate salt 'altering the activation energy of the inter-
", 

mediate'addition comp[~ to give ~inO~~ero A(~H) in contrast to the 
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behaviour of aIl the acry1ate esters. On1y a study O~oSSible 
temperature dependence of P for the solid-stat t;-acrY1ic salts 
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could èstablish beyond doubt whether ~(~ is zero or not in, thia parti-

cu1ar system. 

lV-3-S Fit with hi der atatistics 

l~ has now been est ished that po1y (calcium acrylate) obeys 

Bernoullian stitistiC. This means t~' probability Pm is neces­

sary to describe t system, because the placement of th~ addlng~onomer 

ia on1y influencéd by' the last unit added. However, Bove/92) states 
j/;, >/ ""'" 
that mechanisms of a higher order than can be tested can never be ruled 

"1 .r-'" 

out;~ li. e. those involving the influence of the p~nultim,ate or antepenul-
\ ' 

timate link. Such mechanisms require more than one probability t6 be 

cribed, as for example the Markov or the Coleman-Fox statistics. 

An attempt was made at testing the fit with su~h highe 
~ " 

statis'" 

scat ter-tics. Assuming the 13 determinations of syn/het/Iso 'were r","""'WL.I. , 

ed, a fuller application of the laws of statistics enablé one ta 

reject those data that fal1 outside a reasonab1e err interva1 defined 

from the standard deviation. lt turns out determfnations would 

thus be rejected. The average of the 10 remaining w~uld then,be (applying 

the same 95% confidence level): 

_. 'syndiotactic: 23. a±l. 0%; cr 1.7 

,- heterotactic: 46 .4±l. 5%; r:J '2-;rrr 

- isotactic 29.a±1.8% ; cr 3.30 

': f 

These probabilities are ~light11~'different from those determined in 

section IV-3-~ but their standard déviation sigmas are 40% lower which 

indicates a greater homogeneity in th~ data. 
/ 

'Ii r __ .1 i._' 7I2R ml , ,/" " .0,' ." ' 7. /-:'; '., " -----;;;;;:-.. n° W.l_ 
" , -.:: ~~)i:{;f)~Ç~~~t·:~~~ ,:, :';::~~h,-.'(:.', '.;L(>,;'~':~.::~/lLL\>:~~::/:,;,Y-,,<·;:,~, :""" 
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A placement proba~i7ity Pm of 9,J545 was deri~ed and used to check 

the fie'with Bernoulli' s statistics. The resulting syndio and hetero 

obabillties were 20.6 and 49.5% respectively. These calculated values 
/ 

fall out~i~e of the above e~perimental ones by one to two sigmas. This 

" 
constit~~è9 a deviation from Bernoulilan behaviour which i8 apparently 

signllicant. As a result, the calcium acrylate polymer may thus be pos-

tulated to follow some higher or~er statistics such as Markov and Coleman­

Fox. Alternately, lt could·be argued that these statistics were aIl de-

rived for liquid-state polymerlzations and that possibly, factors speci-

fic to the solid~state could dominate the traditional parameters in such 

a way as ta obey a new type of statistics of lts own. 

However, due caution must be exerted in the interpretation of these 

results. lt tums out that the three determinations rejected on'~he basis 

of the so-called statistical arguments were aIl made from CH
2 

signaIs, and 

that the only other ~H2 determination was also right on the borderline of 

rejection. AC~O)çlinglY. the non-rand~~"nature of the scattering of the 

data do not jus tif y a bÜnd application of variance analysis. 

Ih conclusion, we may state that the tacticity analysis of the CH 

signaIs Indicates a slight deviation from Bernoullian statistics and sug-

g~sts that poly (calcium acrylate) made in the solid-state may fol,low a 

higher-order statistic. On th~ other hand, the analysis of aIl data from 

the CH2 together with the CH signaIs does follow Bernoullian statistics. 

The choice between these two hypotheses relies entirely on the arbi-

trary drawing of the wings of the peaks and on the resolution of the spec-

tra. Unfortunately, higher accuracy in this field i8 difficult ta achieve. 

as it would require excessively long times ta accumulate more scans in the 

,~ 
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spectrometer, and a painstaking multiplication of experiments to broaden 
---"~. 

the statistlcal basi~ of the variance analysis.-

IV-3-'6 Conclusion: Tacticity control ~n SSP 

The above discussion has established that poly-ca1cium acry1ate fo1-

,. lows a Bernoullian placement statis1;:ic in a -flrst approximation, even , 

" 

though higher-order statistics may not be ru1ed out at the present time, 

owing ta 'experimental limitations. 

Regard1ess of which hypothesis ana chooses to accept, a probabi~ity 

P of isotactic placement of slightly above 0.5 reveals that the;orienta-
m 

tion of a new adding monomer unit ls nearly-~~ndom. This, together with 

the fact that the values of Pm and ~(~~) are the same fQr the solid-state 

polymer as for the polymers made in solution or in bulk establishes clearly 

the absence of topochemical control over the tacticity of the polymer. 

. Because a highly ordered crystalline lattice such as that of the ~i-
, , 

hydrate monomer fails ta bring about any degree of observably signifiçant 

ordér, and because local melting of the monomer 1s precluded by Its e~-
, ~ .. 

tremely high melting point, one ls led ta envisage a sublimation-like dif-

fusion of the monomer towards the growing chain or Vice-versa, resulting 
. 

in a random orientation of the a~ding monemer., 

This polymerization model is supported hy the crystallographie results 

(which show that polymérization cannat proceed ln. the perfect lattice) and 

hy the Wide-line NMR results (whith show the presence of a high-mobility_ 

phase in the po}ymerizing monomer). 

Iv-4 The molecular weight of the polymer and t~e chemical mechanism of 
pc)lymeri za tion 

The knowledge of the molecular weight of the polymer produced by 

) 

," 

"'\ . 

0' 
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1 
/ 

1 SSP is vital to the understanding'of the polymerization mechanisms. 

1 
However, mo~e than the absolu te value of the molecular weight irsélf, 

lts distribution and its relative variations as a function of time, tem-

perature and hydration level are likely to hold the clues 

mechanisms involved in SSP. 
f,} 

Accordingly, an investigation of ~e maLecular weight 

leading to the 

di'~~bution. w~. 
undertaken by exclusion chromatography. However,'this technique is only a 

method of separation,d and gives by itself no measurement of the molecular 

weights. Exclusion chromatography needs therefore to be calibrated against 
f , 

samples whose moiecular weights have been independently determined by other 

methods such as light scattering or viscometry. 

1 
IV-4-1 

1 
Molecular weights measurements by viscometry 

In an attempt to obtain a calibration curve for the exclusion chromato-

graphy experiments to be presented in section IV-4-2, the vfscometri~ ana­

Iyais of a sample of pOly-acfYlic acid was undertaken. Th~ sample was pre'­

l?ared fram pol Y (calcium acrylate) as was desc~ibed in the experimental . [, 

section (II-lO). 

the viscometry was done in two solvent systems, p-dioxane an~ 0.2 N HCI, 

which have been reported to be Theta-solvents for poly-adrylic acid. 

Unfortunately, the relative scarcity of the data available in the literature 

and their questionable reliabllity will be se'en to leave some degree of 

1 1 
uncertainty as to the absolute value of the molec~lar weight found. 

!V-4-l-a Viscometry in p-dioxane 

Newman et al. (95) have found that poly-acrylic acids ranging 

o ' from 134 to 1220 kg molecular weights exhibited a Theta-point at 3Q.C in 

p-dioxane. 

II • ! 
. " 
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A Theta-point is encountered in a polymer solution when the tempe-
~ 

rature and the solvent system are such that the interactions between the 

macromolecu1es and the solvent molecules are balanced with the int~ractions 

between the macromolecules themselves. As a result, the polymer chains y 

assume a random coil conformation in a !~~a solvent, and are characteri~d 

by an unperturbed dimension which is theoretically the same in all possfble 

Theta solvents. / 
The Mark-Houw1nk viscometric constants were reported to be a - 0.50 

(as expected in a Theta solvent) and K - 85 x 10-S'dI!g, Bowever, Brand­

rup and Immergut(96) as weIl as Kurata and Stockmayer(97) quoted the value 

-S ' 
, of 76 x 10 d1/g-for K, although citing Newman et al. as their source • 

• 
No explanation could be found for this discrepancy. 

, 0 
The dissolution of the sample in dioxane at 30 C was difficul't. The 

swel1ing of a 0.26 g/100 ml suspension occurred easily, but even after 
, . 

stirring for one week, an apparent1y large quantity of ,in~olub1e gel had 

deposited on the wal1s of the flask. Upon Ctose examination, re~ractive 

index irregularities ~ere observed throughout the liquid, even though no 

individual particles could be distinguishe~; In an attempt to find a 

better dissolution temperature, it was found that'the turbidity of the raw 

o ' solution increased shkrply outside the 20-40 C range, and that massive 

• 0 
precipita~ion occurred outside the 5-55 C range. The sol~bility gap at 

/ 
this concentration i8 thus quit~/narrow. 

'. , 

T1tration of the poly-acrYlic acid by a standardized solution of so-

dium hydroxide was perfor~ed' in order to measure the actual amount of un­

dissolved polymer. The ~henolphta1ein end-point was found usable, a1-

though not very sharp. In order to improve the accuracy and the repro-

1 
/ 
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, 
! 

ducibility of the titration, two colour standards were made up with the 

same concentrations of aIl constituents as those used for the titration. 

One was left colourless and the other was an over-titrated pink sample. " 

The end-point was assumed to have been reached when a colour intermediate 

between the two comparison standards developed and remained stable for 

one minute. This technique yielded very reproducible end-points. 

It was used to titrate first 10 ml of the, solution drawn in a syringe 

through an 8 microns paper fiiter, and subsequently to titra te 10 ml of 
1 

the whole shaken gel suspension. Adding water to the titration vessel nad 1 

no other effect than suppressing the milkiness resulting from the insolu-

-bility of the sodium salt in dioxane. The same concentration of 0.260 g/dl 

was found in either case~ 

This result indicates that the visual observation of a "large amo\unt 

of gel" had been misleading, as the actual amount was not detectable with-

in the 1% aceuraey of volumetrie titration. 

This gel is thought to be due to either ........ &. erosslinking, or 

i'onic interactions. Crosslinking ls unllkely, since one would expect a 

crosslinked gel 'ta be equally insoluble in dioxane and in the other Theta-, 

soivent (0.2 N Hel aq.). However. it has only been observed in dioxane. 

i+ On the other band, a very small fraction of Ca ions remaining from an 

incompiete ion-ex~~ange cou Id easily accou~t for the fo~mation of a gel in l 
1 

dioxane and its solubility in the more, polar aqueous solutions. 

The relative viscosity of the unfiltered solution decreased markedly 

upon dilution (30% over one de cade in concentration) and gave very scat ter-

ed points. 

The results of the vi~c,osity ~easurements made on a filtered soluti~n 

" 

\ 
.t , 
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! \ 
are shown on Fig. IV-4-1. 

1 • \ 1 

A atraight horizontal line ia obtained, ahow-

ing that the polymer is indeed at a Theta temperature. The limiting 

viscosity number was 0.691 dl/g, which corresponds to M - 661 kg accord­
v 

ing to Newman et al., and 827 kg according to either Brandrup and Immergut 

or Kurata and Stockmayer. 

IV-4-1-b Viscometry in 0.2 N HCl 

Silberberg, Eliassaf and K~~tchalSk/?8) have studied po1y- l' 
'" , 

acrylic acid in 0.2 N aqueous HCl by v1scometry and light scattering over 

00' a range of 20-30 C. They found a Theta-temperature of 14 C in this solvent 

and reported the dissolution to have been difficult. 

However, the dissolution of the solid-state post-p01ymer was quite 

01' easy (20 min at 25 C). ~he clear and homogeneous solution was filtered 

through an 8 microns paper fil ter before injection. The viscometric re-
1 - 0 

sults at 24.00 ± 0.02 C are shawn on Fig. IV-4-2. The points give a good 

straight line fit of smaii positive slope (7% over one decade in concentra-

" tion), showing the proximity to the Theta temperature. By extrapolation 

ta infinite'dilution, the limiting viscosity number was found to be 

0.688 dl/g (it ia interesting to note how close this value ia to the pre-

vious1y measured 0.691 d1/g dioxane). 

The concentration lof the initial solution was found to be 2.292 g/l 

\ 
by two methods, gravimetry and titration. Silberberg et al. stated that 

1 

gravtmetry gave an 8-10% excess i~ conçentration, because the very,strongly 

bound water çoul4 not be removed by dessication. However, it was found 

o that the evacuat,ion of the freeze-dried poly-acid at 80 C for 2 hours gave 

a concentration vaiue identical within experimental error to that measured 

by titration with sodium hydroxide to the phenoiphtaiein endpoint. 
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, 
In order to derive the molecular weight of the solid-state polymer 

from, its limiting viscosity number, the data of Silberberg et al. were 

used. In so dOing, three problems arose. 

First, these authors measured the degree of polymerization of their _ 

sample (D.P. - 6000, Mv ..... 4~O kg) as a Na+ salt in 2. N NaOH, ~Sing visco- - ~~:~ 
sity constants derived from a 1933 reference. The trustworthiness of 

~onstants determined in these indi~ect condit~ons ia at least open ta 
• l, \ 

question. Indeed, it is ta be noted that their molecular weight measured 

by light scattering was Mw -.1.1 Mg. As it is known that the viscosity 

molecular weight M is usually much closer to the weight-average molecular 
l ,v , 

weight M than to the number average molecular weight M , a rougfi esti-w n 

mate of the M of Silberberg et al. would give a value between 10 kg and 
n 

50 kg. 
, 

The polydispersity M lM of their sample would then have been 
TIl n 

between 110 and 22, which Is unheard of for poly-acrylic àcid synthesized 

by any known method. 

Secondly, the viscosity data of Silberberg et al. show a rather large 

amount of scattering (± 7%) leading ta a somewhat arbitrary extrapolati~n. 

Thirdly, the reported difficulty in dissolving their sample might 

possibly be blamed on a crosslinked, ........ or somehow impure sample. 

Interpolating the limiting viscosity number between 20 and 30°C 

for 'Silberberg f s sample gi';;es a value of 1. 58 dl/g. The value of K. need 

not be known in this case, since it may be eliminated between the two 

Mark-Houwink equa\tions: 

1 
1 

p 
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( 

, 
a - K x ~ for Silberberg 'let al. 

( a 
(n2]- - K x M2 for this study 

240 C 

M2 r~~) 
l/a 

-Ml '" 

• 1 

Only "a" needs to be estimatetl. To a fir~t approxtmation, a value of 

0.6, may be used to account for the fact;~hat the system iS(somewhat re-
l. \ 

moved from the Theta condition. The 'câlculated value for the solid-

state polymer would then be around 108 kg/mole, which is unacceptably 

1 low when compared to the values inferred from the viscosity in d10xane / ' 

1 / 
and from Exclusion Chromatography. 

, 
In v1ew of the severe limttations 

"jr'22f , :;:~ 
Silberberg et al. it 1s suggested that 

in the cred1bility ~f the data o~ ( 

unfo~tunately, although the resul\t~ 

1 

\ ' 
of the viscometr~ in HCl appear to be experimentally satisfying, they 

should not be taken into f~ither consideration until reliable Mark-Houwink\ 

\ 
coefficients can be found • 

IV-4-2 Molecula~ weights distribution measurements by Exclusion 
Chromatography 

Exclusion Chromatography (E.C.) 1s a separation technique involvin~ , 

the sorting of th~ solute molecules according to their g4~s. lt involves 
, .... ,?;!,'; 1 

the pumping of the solution at high pressure through ;oiumns filled with a 

"-
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,\ 
, 1 

t-

highly porous mate rial similat to molecular sieves, or with an organic 
o ) 

crosslinked pol~er gel (Gel Permeation Chromatography). 

The quançity actually measured by E.C. is the Stokes radius of th~ 

Macromolecules. Large Molecules cannot enter the pores ~n~ are quickly 

flushed by the eluant stream, whereas small molecules spend "some time 

,inside the pores and elute later. The Stokes radius depends on the mole-

cular weight of the Macromolecule and on 

Because of that, the E.C. technique 

its coefficient of expansion a. 

r~uire~ a calibration Wi~: 
/ 

samp1es of known molecu!ar weights determined by anoth~r method, 'and 

the experimenter: either standard samples 
, 

the same chemical class as the un own and 
, 

, . places an al t~~n ve be~ore 

must be found hat belong to 

which May safely _ e assumed to have the same expansion coefficfent, or 

--- the expansion coeffirients of both standards and unknowns need 0 be '-', 

known, in order to apply the suitable correction., 

Unfortunately, neither of these two methods COU~d bi successf ly 

followed in the case If aqueous poly-acrylic acid, for ~he following jrea­

sons. First, well characterized sam~les 'of po1y-acrylic acid to be us d 

as standards for the ptesent study could not be found anywhere in North 
\ 

America. Secondly, the values of the expansion coefficients in the 

aqueous solvent system selecled were not availab1e for the poly-acrylic 

acid and ,the standards chosen. 

\ 
\ 
\ 

The selection of an aqueous solvent was regarded as mandatôry at the \ 

time this study was i~itiated, in order to share the E.C. chromatograph 

with another member of this department whose po~ymers were insoluble in 

organic sol~ents. This person was planning to st~dy the molecular weights 
1 

distributions of several-;SSP systems similar tp calcium acrylate, and the .. ' 
" 
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1 

comparison 'of aIl these resutts would have been highly informative • 

Unfortunately, he abandoned the project after it was underway. 

In order to 'circumvent the calibration difficulties mentioned above, 

one May take advantage of a "universl;ll calibration method" developed by 

Benoit, and which is explained below. This method allows the use of 

standards and solvent systems different from the samples and solvents under 

an~lysis, by correlating the~r viscosity and molecular weight. 

IV-4-2-a Benoit's calibration 
1 

" 
For work in aqueous solutions, on1y two kinds of sta~dards 

appeared to be avai1able: biologieal material and Dextrans. A great,many 

globu1ar proteins, enzymes or viruses such as ribonuclease, myoglob1n, 

,a1pha-chymotrypsin, ovalbumin, tobaceo mosaie virus etc. exhibit a good 

correlation bet~een their moleeular weights and Stokes radii. However, 

the MOst eommonly employed standards are the Dextrans, polysaccharides 

from Pharmacia Laboratories. 

The characteristics of the five Dextran standards and the E.C. co1umns 
.f 

used have been described in the experimental chapter (II-l1-f and -g). 

/ .--------The best attempt that can be made at using the Dextrans as standards 

for the poly-acrylic acids involv:~~s the use of the "universal "èalibration 

method" 'develoP~ by Benoit ~t al~'(99) and reviewed .by C~'l1and GildiJIOO): 

This method makes use of the fact that the hydrodynamie v~lume of a maero-
1 

moleeu1e in solution is proportiona1 to [n]x M, product of lts intrinsie 

viscosity and molecular weight. A plot of lOg([n] x M)versus the elution 

volumes gives an empirica1 linear re1ationship for data obtained from a 
1 

great Many different types of polymers. Such a plot is shown on Fig. IV-4-3 

J for the Dextrans, using the data given by the manufacturer. 
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The manufacturer"s d~ta were checked by measuring 'the intrinsic 

viscositY'of the 35 kg Dextran. The value found agreed perfect1y with 
1 , 

/ 
.' 

the value' given. 
l ' 

Some"amhtguity arose when constructi~g the 
." 

gr.p~ of Fig. IV-4-~~ 
r', / 

,1' 

because thepextraos exhibited brbad·molecular weights 'distribut:f,'.6~s. ' 
,/ .r-

E.C. measures esseotia1ly M , whereas ooly M 
v w 

and M were gi,~~n,. and ~l 
n i 

they were different by as much as a factor 2.5. 
... 

--01 

These three m01ecular weights averages are defined as follows: 

M ... 
o 

Number average 

-----------
... 

2 
(1: 

, 
M Ni Mi )/ENi Mi' == Weight average 
w 

---~ 

~E 
l+a . rIa 

M - Ni Mi ) / 1: Ni Mi Viacosity 
v / 

, 

average 

where Ni is the number of molecules of m01ecular weight Mi' and a ia the 

exponeot in the Mark-Houwink equation. 

The value of M ia nearer to M th an to M , and accordi~gly, the 
v w n 

viscosity-average m01ecular weigh~ve been represented in a H .. rst appro-
--- ....... ------

__ ~- matioo, on Fig. IV-4-3 by points dividing the segments PwPn in a ratio of 

1; 

J. 

one to three. In accordJnce with Benoit, log (11 M ) was found to be per­
v 

fectly linear with the E.C. elutioo volumes. 

1 
The viscosity of the poly-acrylic acid sample (P.A.A.),already mea-

sured in dioxane and 0.2 !t HCl, needed to be measured again in the phos-

phoric buffer at pH 3 used throughout the E.C. experiments. The results 
. 

are shown on Fig. IV-4-4. 
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The ~ntrinsic viscosity in this solvent was 2.19 d1/g campared ta 

0.69 d1/g in the other twa. This three-fo1d increase is believed to 

reflect a more extended conformation Qf the macromo1ecu1e. Indeed at 
~ 

pH 3, the acidity of the solution is much 1ess than in the 0.2 N Hel 

.(pH - 0.7) and this probably allows sufficient ionization of the poly-

acid to provoke cou1ombic repulsion between adjacent carboxylate ions. 

Usiag the "Benoit calibration plot", the apparent ;olecular weight 
, 

of the P.A.A. sample was then calculafied: 

M - (lin) x 106 •72 - 2.4 Mg v 

"'t' 

/ 

/ 

This is much larger than the M previously measured in dioxane. v 

This surprising resu1t is thought ta be possibly due ta interference 

fro~ adsorption of the Dextrans onto the Qighly divided glass surface. 

A series of tests were performed ~o verify th!s hypothesis. 
~ 

In or der to 

determine the "total 'permeation volume" of the coll;ltnnS, light monomeric 

substances were sUitablY dilute~ and injected. Thr retent~on times were 

soon found ta vary enormously with the, chemical nature of these compounds, 

1 as is shown diagrammatica11y on (Fig. IV-4:S). It is c1ear that the elu-

tian order does not follow the arder of decreasing sizes, but that the 
~~~ :.. 

presence o~_~ëbhol and particularly of ether f~ctional groups tends to 

de1ay'the ei~tion because of surface ad$orption. 

This effect caused a delay ranging between one and five counts com-

pared ta -the elution volume of calcium acrylate. The oxhydryl- and ether-

rich Dextra~ could thus be delayed b~ adsorption onto the glass substrate, 

and artificially shlft the calibration durve so as to give apparent mole-
i 

cular weights anywhere between 21 and 17 Umes lieavier than the true ones. 

Pl Il li ; '. '* 
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As a consequence, the use of Dextrans in the conditions of this study seems to 

be able to yield deceitful results when the traditionar procedures are follo-

wed . 

In arder tu circumvent this difficulty, a~ attempt was made at modifying 
\ 

Benoit's method the following way • The log(~) of the Dextrans were derived v 
" 

from the Benait's curve af Fig. IV-4-3 ;and plotted on Fig. IV-4-6 as a func-

tion of the elution volumes . A straight line was abtained, which was linear-

1y trans1ated unti1 it passed through the point P defined by the observed e1-
/ 

ution volume (18.5 counts) and the molecular weight of the P.A.A. sample mea-

sured ear1ier • This molecular weight was ·derived from the dioxane viscosity 
\ 1-

dat~ only, and arbitrarily taken as the ~v.erage of the Mv's calculated using 

Newman's consta~t (661 kg) and Brandrup 1 Kurata's constant \(827 kg),i.e.744kg. 

A justification of this procedure may be fo~nd by noting how. close the 

resu1ting calibration curve passes to the point obtained experimenta~ly for 

the monomer •. Consequently, ;i.t ls believed that the curve on Fig. IV-4-6 comes 

as close to a true calibration curve as cquld be obtained, and is ev en qUite, 

accurate for molecular weights ratios and relative comparisons, although the 

accuracy of absolute values read from it should still be considered with some 

caution for the reasons explained above . 

IV-4-2-b Mv distributions of polymers from dihydr~te in vacuo 

and in air 

, .The curves of the po1ymerization yields versus time are first 

shawn on Fig. IV-4-7 for the samples in vacuo and in air • They illustrate 
1 

1 
Il the absence of anomalies during these two runs, and revea1 the 70% inhibi-

tian achieved in the presence of oxygen • 

\ ' 
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The exclusion chromatograms o~ the same samples are shown on 

Fig. IV-4-8 in vacuo and Fig. IV-4-9 in air, and exhibited notable \ 
1 

differences of considerable'lnterest. Little variation was observ~d 
" 

1 

from 15 hrs to 14 days post-polymerization, and the pattetns comprised 

basically three features. 

(1) 
/ 

The very smalt peak around 32 counts is probab1y due to a 

sma!l quantity of oligomers, or of impurities re1eased by the resi~ during 

the ion-exchange processing'step. 

(2) , The main peak of the P.A.A. samples in vacuo shifted only little 

with time, as illustrated on Fig.\IV-4-l0. 

Over an initial p~riod of two days, the molecular weight increased 

slightly with time (200 kg to 600 kg). The curve then leveled off abrupt-

1 

ly, witp little change being observed for the remaining 12 days.\ lt is 

to be noted that this abrupt bend bears no resemblance to the smooth cur-

vature of the yield plot over the full 14 days period, and that th~ mole-

cular weight extrapolated to zero time is not zero, but instead a high 

" . value of 200 kg. The polymer made "in-source" could not be analysed, 

b~~ause the yield was too low tO,be practically usable • 

, From this, it can already be concluded that for the dihydrate in 
1 

vacuo: 

- The propagation step proceeds very rapidly unt!l 200 kg Molecular' 

Welght is reached. 

- Until approximately 50% of' the limitlng conversion is rea~hed, 

the growth of the polymer is limited by a combination of initiation and 

propagation kinetic factors. Howeverp the disruption of the lattice may 

pl~yjan important role as propagation proceeds during this phase, influ-

,,' sùII"'ioYts1iiJ,lprsunrmrm 
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encing the initia tian ra te. The resulting tinetie equations are 1ikely 
.. 1 

ta be very complex. 

- The last 50% of the limiting conversion are accomplisheâ sole1y 

by increasing the number of chains, but not the!r 1ength. The growth 

ia then initiationlJlimited, wlth the attending simp1er kinetic scheme. 

(3) On most chfomatograms disp1ayed, a shoulder or a sharp peak 
• 

May be seen at 16.5-17 counts. This ls an artefact due ta the sharp 
~ a 

" 
Even the largest pores used (1422 A) exclusion 1im!t of the co1umns. 

1 

Il 
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were sUU too narrow to separate the highest molecular weight fractions. 
1 

All macromo1ecules 1arger than about 2.5 Mg (16 caunts) lY'ere thus total-

ly excluded from the pores, and massed up arbund 17 caunts. The use of 
o 

a larger pore column (2000 A) effective1y suppressed this artefact, but 

degraded the resolution 'of the other co1umns so much that it was abandon- .. 

ed. 

However, by comparing the chromatograms for the one-day old dihydrate 

in vacuo and in air, it ls obvious that the afol;'ementioned "exclusion 

artefact ll cann~t exp1ain a11 the difference between the two 1ine shapes. 

Both main peaks are centered on 20.4 counts (302 kg). and the "in air" jp 

curve is a symmetric Gaussian with' a normal, very weak artefact shou1der 

around 17 counts (1.5 Mg). ~ Beçause the exclusion artefact peak on the 

"in vacuo" curve ls stronger by a factor 10 than in air'i it indicates 

that there i5 a non-gaussian distortion of the main peak on the high-

'molecular weight side. This is believedto come from an unresolved 5 

gaussian component in the "in vacuo" curves, centered around 16.5 - 17.5 " 

counts. and of an intepsity approximate1y 1/3 of the main component~. 
\ . 

On the other hand, the dihydrate' in air exhibited a behaviClur di~ 
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ferent from that in vâcuo. Thé initial chromatografus show~d a single, . 
sYmmetrical Gaussian.,main peak. The exclusion artefac-t ;~as only a ve~y 

small shoulder on the far end of/the winge This Indicates the absence 
1 

of the second Gaussian component observed in vàcuo. 
1 

J 
The overail distribution is thus actually binodal in Vàcuo, répre-

senting two different mecpanisms at work in the solid-state polymerizatlon. 

The 8ele~tive inhibition of the higher Mv node by oxygen i~ a ,stron~ 

argument in favour of the 'existence of an ionic mechanism for the l~wer 

node, in:~ddition to the tradition~lly accepted radical one,and will be 

~cussed~further later (IV-4-3). 

Contrary to the in vacuo dlhydrate, the peak(maXimum did not shift 

appr'eciably with t~me, but remalned constant at 20.6 counts (260 kg). 

Rather, aIL the lower molecular weights down to the oligom~rs gFadu,lii 

~: increased thei~ concentrations with time. !wo shoulders developed, pro­

gressively at 22 and 26 counts (100 and 20 kg resp.). 
, " ') 

'" It is no't clear yet whether the 11l'esence of oxygen t1romote$ the for-

'~-~t;i~ low degree ~f polymerization components b~ a chl,lin transfer 

[l, 

----------mechanism, or whethe~~are produced~uring the post-recovery stages. 

~-----------lt ls very possible that heavy macromolecllles containing one or more 

peroxy-ether internaI links could be hydrolized into smaller fragments-

during the ~on-exchange acidic treatment or in the pH 3 buffer solution. 

To distinguish betweentthese two posS1b~lit1es. experiments should be 

conducted by carrying_but a deliberate. controlled, hydrolysis 'with radio~ 
'~. ~ , 

labelled reagents before ~he ion-exchange, and then counting the activity 

----------incorporated into the entl-groups. ~--

,< - . ' .-----.-' 
However, the fact that the molecular w~i~~of all these samples

o 
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were found to increase very Little if at aIL with time suggests "that 

there should be no reason to have more peroxy-ether hydrolizable links 

per chain at 'long times than at short times. Therefore, the i~term7diate 

molecular weights appear to have D~en actually formed during the S~ stage 

itself. 
:e 

Finally~an informaI analysis was made of a polymer formed from hea~y-
,-, 

water dihydrate at the occasion of the Maas Spectrometry experiments. 
1 

The 
! , // 

conditions were different (2.25 Mrad irradiation, 8~daya post-polymeriza-

tion at 22°C in vacuo), but neve~th;less, the results were found to be 
,\ 

similar to those of the regular samples. 

IV.-4-2-c ~'distribu~ions of polymers from anhy'drate. in _ 
l 'Xcuo and in air 

1 

.--"""', 
The exclusion chromatograms obtained were found to be q~ 

tatively very similar to those of the dihydrate samples, but with remark-
~ 

able quantitative differences. 

The anhydrate in vacuo (Fig. IV-4-11) gave a binodal dis.l;ribution, 

'toas in the case of the dihydrate.' However, the tw41 nodes were much better 

resolved and of comparable intensity. The lower M node was found around 
v 

22 counts (138 kg), and the higher one around 17.5 cOunts (1 Mg), but ito 

was difficult to measure accurately because of ~he exclusion artefact. 

The anhydràte in air (Fig. IV-4-12) gave a monodal distribution, as 

did the dihydrate. lt yas centered around 22.2 23 counts (126~86 kg), 

excep~ for the in-souree sample which stood apart at approximately 17.5 

counts (1 Mg). Again, as for the dihydrate, the shape of this distribu-

tion waa Gauasian at short times, and became distorted by the presence 
'\ 

of an increasing amount of ~w-mOl~cular weight fractions at times. 
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Fig. IV-4-11 : Exclusion chromatograms of polyacids from anhydrate in vacuo , 

o after various times of p08t~irradiation polymerization at 50 C 
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() Fig. IV-4-11 (cQntinued) -: Exclusion chromatagr'ams of po1yac'ids from: 
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anhvdrate in vaFua ~fter various times of pdst-irradiation polymerization . 
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In source 

Fig. IV-4-l2 : Exclusion chromatograms of polyacids from anhydrate in air , 

after various times of post-irradiation Dolymerization at 500 e . 

continued •• / •• 

l' 

[ 

" , 
. "f \0< __ ,: . 



o 

Fig. IV-4-12 (continued) 

u ...... 

o 
N 

216 

5 days 

11 days 

13 days 

Exclusion chromat'ograms of polyacids from anh. in air 
\ 

• t', 



217 

The two small sho~lders observed in the dihydrate were absent in the anhyd-

rate , however • 
1 

The evolution of the molecular weights with time is illustrated on 
l '" . 

Fig. IV-4-l3 • AlI peaks maxima remained at the Bame position during the 

whole polymerization time, except at zero time (in-source), where the mole­

cular weight was markedly higher • This constancy of the ~ held to a much 
v 

greater extent than,for the dihydrate samples, where the Mv were seen to 

completely stabilize only after, two days' • 
, \\) 

Contrary to the dihydrate samples, the anhydrates gave rise to an un-

usual variability in the polymer yields (Fig. IV-4-l4) and in the shape\of 

the chromatograms (Fig. IV-4-ll), • An explanation for these inconstencies 
1 

will be proposed below, along with the Ipterpretation of the molécular 

weights distributions • 

IV-4-3 Conclusion 
parameters 

IV-4-3-a 

" 
chemical polymerization mechanisms and kinetie 

Chemical polymerization meehanisms 

One feature of the exclusion chromatography results emerges 

as being of capital signifieance : the presence ofjbinodal distributions. 

In vacuo, both the dihydrate and thelanhydrate samples exhiblted two peaks, 

rèpresenting molecular weights differing by as much as an order of ma'gnitude.­
"-

In itself, this finding is considered a very strong indication that at leâst 

two different mechanisms of polymerization are a~ work in the CaAc system • 

B~t the observation that air inhibited s'eleetively the higher Mv peak 

in both samples strongly supports this conclusion as well, and points towards 

an ionie mechanism as the one responsible for the lower M peak, which re­v 

mained little affected by oxygen • 
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Fig. IV-4-l3 : E.C.e1ution volumes as a function of post-po1ymerization times. 

Mol~ular weights estimated from Fi~.IV-4-6 are shol{o on the right-hand scale. 
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Further support comes from the fact that oxygen, although able to dif-

fuse totally and rapidly through the anhydrate, failed to provoke a total in­

hibition (Fig. ry-4-14) whereas it was able ta do sa in the 0.5 hydrate(84,8S~ 

Furthermore J Watine(85)has observed a surprising effect of N
2
0 (which is an 

ionie inhibitor) whereby the polymer yield of the dihydrate was enhanced 25% 

over the yield in vacuo • 
1 

The unusual variabi1ity in the yields "and M distributions shapes of 
<t;,v 

the anhydrate samples is also 'c!onsidered to reflect the existence of an ionie 

mechanism . Small dlfferences in water content between regular dry and care-, , 
1 

fully prepared "super dry" monomers are known to profoundly affect ionie po­

(32 60-65 Ill) lymerizations' , • The absence of these inconsteneies in the di-

hydrate 15 perfeetly logieal, sinee water is present there in a large excess 

anyway • This remark suggests that further experiments should be performed to 

compare the behaviour of "dry" and "sûper dry" anhydrates • 

o In source at -78 C, the molecular weight of the polymer was found ta be 

an arder of magnitude 

time • Costaschuk(84) 
/ 

~ 

cf • 
larger than that of polymers made at 50 e at any later 

also measured that the yièlds in source at -7Soe amoun-\ 

ted ,0 2-3%, whereas no additional polymer was formed even after 10 days at 

• the s,me temperature . These two observations tend to show the possible exis-

\ 

tence of a partieular meehanism under the irradiation conditions , but nothing 
1 

yet allows us to dist1nguish whether 1t 19 a part1cular case of the already 

known radièal or Ionie mechanism, or yet a third one such as one of those 

ment10ned in the introduction, i.e. a collective lIelectronie ll or "hot track" 

meehanism (1-4-2) . 

It 1s therefore eoncluded that at least two polymerization meehanisms 

are at work in the S8P of the calcium acrylate system • The presence of an 

1.;..... ~~tee1b ... ·.WttM1S*iml rr III .*IM 
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ionie as well as of a radical mechanism appears to be clearly established by 

the several independent types of experimental evidence available • A third 

special meehanism might also exist at low temperatures under the irradiation, 
1 

but other experiments are required ta de termine its exact nature • 

IV-4-3~b Kinetlc parameters 
. 

The pr~sence of high molecular weights fract~ons in samples ha-

ving been post-polymerized for only very short tlmes'indicates that propaga-

tian is not the rate-limiting steB~ but that'it takes place on the contrary 
\ 1 \ 

quite rapidIy • r 
This statement gaes against the conclusions of Costaschuk(84) , but he 

reparted hav·ing made his st~dy of .the moleeular weights by dissolving his 

poly(acrylic acid) samples in benzene • However, P.A.A. is known,Ç96) and has 
\ 

been verifi~d here to be insoluble in this solvent. As a result, it ia be-

lieved that aIl his conclusions about chain transfer, branching and kinetic 

equations of polymerization were unfortunately unfounded • 

No evidence for chain transfer couid be found in the present study , 

exèept possibly in the presence of air . On the other hand, bimoiecular ter-

----------- . mination is believed to be virtuaIIy absent in most SSP systems"because of 

the low probability that two macroradicais embedded in a Bolid,phase would 

encounter eaeh other . In this particular system as weIl, the ESR study of 
, , 

radical axidation, coupled with the NMR study of molecular motions at long 
\ 

palymerization times, concluded ta the virtual "immortality" of most polymer 

-
radicals (section IV-I-3) . 

By elimination, we may therefore conclude that -it ls 'the "initiation" 

which is the rate-controUing step of the r,adical part of t'h,e nlechanism • By 

"initiation", it is here understood the thermal uniocking of dimers trapped 
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in the solid, the heat of po1ymerization being subsequently sufficient to 

promote the monomer diffus10n or chains motions necessary to aliment propa-

gation . Such a kinetic model is entirely consistent with the frequently 

observed "reanimation" phenomenon by which a SSP system, having reached its 

limiting conversion, may be activated kgain by raising the temperature • 

\ 
This model a1so accounts for the fact that the last 50% of the limiting COn-

o \ 

version are accomplished by increasing the number of macromolecules without 

increasing their length (Fig. ~V-4-10 and IV-4-13) • 

However, during the first 50% of the polymerization, the heterogeneous 

polymer growth will interfere with the "initiation" rate b'y acct\11lulating 

s,tres$es in the dihydrate 1attice, which will certainly resl!lt in a more 

complex kfnetic scheme • :Ind.eed, dual-range kinetics have recently been re-. 
ported in other similar acrylic SSP systems (39). 

) , . 
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V-l Summarizing discussion, 

Owing to the multidisciplinary nature of this thesis, it was ~elt desir-

able to gathe~ in a summarizing discussion the main points'pertalning to the 

three mechanisms investigated (dehydration, chemical and physical polymeriza-

tion mechanisms). Short conclusions will be presented in section V-2 • 

'V-l-a Dehvdration mechanisms 

Previous authors have presented two dynamic dehydration mechanisms,that 

were compared on Fig. 111-1-1 • Costaschuk proposed a model invol~ing tw~ pha­

ses (crystalline dihydrate,amorphous anhydr~t~) and a thin boundary, while Wa~ 

... " ~, .', tine Ih'opose!ld a three-phase model • In this model, the dihydrate would lose 

water ta the profit of an intermediate "active volume phase" of constantly va-

rying composition x , until around 0.5 H20 where this "x phase" would permeate 

the wqsle volume of each partic1e • Upon fur,ther dehydration, thï "x phase" 

would then progressively give way to the anhydrate • 

conC1USionthat The reinvestigation of this problem led to the Watine's 
1 

,~adel should be rejected for the following 4 reasons 
1 
/ ~ 

1 

,~ Cl) The finding that the water's oxigens lent a strong ive contribution 

~ . ta the intensity of the diffraction lines chasen by Watine 
~, 

\ 

measure the per-
~ 

\ / 

centage crystallinity as a function of the hydration level ,led ta the concl~ 

sion that the non-~inearity observed by Watine in t~/e 0.7 /to 2 H20 range was 

actuàlly an artefact. On the basis of Watine's own measurements, it was esti-
, 

mated that the amounts of dehydration the lattice could tolerate without crum-

bling was limited to less than approximately 2 i. • 

(2) Costaschuk's observation of a reduced, but clear dihydrate X-ray pattern 

a11 the way dawn to the very low 0.28 H20 level' goes dire'étly against Watine' s 

o 

't 

1 
\ 
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contention that the last tra;e~ of dihydra~e disappear below 0.5 H20 to the 

profit of an "active volume" x phase • 

(3) The fall of the crystallinity percentage below linearity, observed by 

may be simply reinterpreted as an 

indication that the dehydration of small 

cent~rs • Another artefact results of this, since e 

o 
diameter below 1000 A broadens their diffraction lines and thus leads to the 

misleadlhg observation of a red~ced intensit~ • 

(4) The acc~ulation of the sfturated solution and vapour phases present du­

ring equilibrium dehydratlon conditions (such as encountered during differen-

tia1 scanning ca10rimetry in-a sea1ed sample pan) was concluded to be very 

unllke1y under dynamic dehydration conditions, because water ls be1ieved to 

diffuse relatively easily through the dihydrate (and very easi1y through the 

anhydrate) at these temparatutes 0, 

o \. 

, 
According1y, it was decided to retain' the dynamic dehydration model of 

Costaschuk, involving the dihydrate and anhydrate phases, abd a thin boundary' 

susceptible to play a ~rucial role in the physical polymerization mechanism ... 
The existence of such a boundary was further suoported by the finding of a 

maximum in radùal, concentration at the 0.3 H2'O level, since the abundant nu-

~leation logically leads ta ~maximization of the interfacial area at this 

composition, and sinee the higher local mOleCUlar~' 0 ility at the interface 

decrea;es the "local cage ~ecomb{nation" of the i tial radicals 0 \ 

lit , 
: 

On tRe other hand, equilibrium dehydration was concluded from the ther-
'9 

mal anaty;is experiments (in 
. , " 

a- sealed sample pan with a pinhole) to present 
- ~ "-

an invatiant quaftruple point at 
o 1 

79.6 C, invol v,~ng 4 phases (sharp endo therm) : 
'- ~, .' . 

~ • ",-<,"'), 
,dihYdritè, anhydràte, saturated solution and water vapour 0 The 10ss of water 

~-··-"'-''''''''_.F ________ , .... , •• ___ ..... _ .... ..--
_'. "~~' .. _ 'l ~ -;._~._:_,-_T_mllll., ... lIIiilllilil.-jq.-.iIii'}iIi.\ijQiiI~ 
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! 
- \ occured only at higher temperatures, and progressively (broad endotherm) 

'\ 

J~ " 

Finally, although no direct evidence of its ex;stence cJuld be found s~ ~ 
far, the existen~e, of an unstable' intermediate hydrate under certain s~ecial / 

conditions cannot be totally d1sco'Unted • The presence of two slightly dif,te-

rent ~pes of water molecules in the dihydrat~_lattice and of a small Unex­

-------p1~~~eatura in the DTA dehydration endotherm are indicat~ons to th~s effect. 

V-I-b Chemical polvmerization mechanisms 
1 
1 

Up t~ this da:te, the SSP mechanism of ,calciUlll acrylate .had always been 

assumed ta be a free radical one . Ho~~ver,l~he' existence of at least two po­

lymeri'zation me~hanisms ,was indicated by ,the fai~ure of oxy~en to provoke a 

total inhibition in the anhydrate, although it was demonstrated to be totally 
\ 

diffusible by oxygen . 

The existence of ~ second mechanism was C~cIUSiVelY est~blished by the 

finding of a binodal molecular w~ights distribution by exclusion chromatogr~-

phy, and it'was demonstrated to be ionic by the observation that oxygen inhi-

- il, Il 

bited selectively the higher M node . The poor l reproducibility of the polymer 
v 

1 
yields and ratios of the two ~1 nodes in the anhydrate was taken as a further 

v 

a~gument in favour of an ionic ~echanism, since the actlve i~iC species are 

known to be very s~nsitive to the differing amounts of residual moisture tra- ~~ 

Il Il Il ' Il l' (32,60-65, U\) ces found in dry and super dry samp es . 

The coexistence of ionic and radical mechanisms is not alrare occu~nce ~ 
• l , 

in the solid state, but has been reported along with binodal M distributions v 
" f (63-65) , 

for a few common vinyl mop~ers • The inhibiting action of polar mole-
, 

cules such as water on the ionie sp~cies, usually total in the liquid phase 
,,1\ -

polymexizations, has been reported ta be sometimes sharply curtailed or suppres-

i\ 

) 
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sed altogether in the sol id state(63,64). Indeed, large differences can be 

found in solids between average and local water concentrations, and ca~ easily 

account for this behaviour • 

As regards the acrylate radicals, the study of their concentration as a 
\ 

:i" 
function of hydra~ion levels and that of~~eir decay behaviour upon annealing 

and oxvgen inhibition di~closed the presence of three chemicallv equivalent, 
, , '1 

types of radicals, to be distinguished according to thei~ fa te during- the polst-

,irradiation solid-state polxmerization 

active radicals, leading eventually to polymerization ; 

- inert radicals, trapped in the dihydrate lattice under the form of dimers 

- radicals doo~d to bimolecular recombination and disappearance • 
\ 

The observation of a small maximum in radical concentrations at the 0.3 H20 
-----<...;~ 

level is the second most important finding of this work, and will be related 

to the physical pol~erizati?n mechanism in the next section 

,. 
1 

Finally, two observations have been made, that indicate the presence of 

a special polymerization behaviour at low temperatures under the gamma rays 

- a small percentage of cpnversion to polymer was observed "in source" at a 

temperature too low for post-polymerization to occur 

- the M distribution o'f the "in source" polymer was found in. ,one case to be 
v 

monodal and ten times heavier than that of post-polymers made under any other 

condi tions • 
\ 

This appears tQ leave open "the possibility of finding yet a third polymeriza-

_-0. "tion mechanism • Whethet it be a particular case of ionic br radical, or still .., . 
'" ~nother one among those suggested by Tabata (110) (1. e. "collective electronic" 

'" or Ifenerge,~ic chain"), the particular behaviour taking place trin source" war-

ranes further investigation • 

~v1be){:>·"""dIh*<;·= tWWW!!,MV',. l_ 
I 

a , Tt 

.( 
, J, 

o' - ;' •• ~.; 
, , 



, 

~ 
" t 
f 
f., , 
" f 
~, 

~ 

Il 
t 

<A 

o 

.. 8_ , ''t1'"b 

\ -

l, 
227 

V-l-c Phvsical polymerization mechanism 

(l) In the dihydrate, the polymerization was shown by crystallography 
, ' 

to be impossible within the perfect lattice • Since the ESR study,of,oxygen 

inhibition and the surface scavenging study have shown that the initiating and 

propagating species were entrenched in the bulk of ,the so~id, we must conclude 

that propagation takes place at lattice defects, at least iniÙaIIy 

The polymerization itself, being heterogeneous, will engender and a~cu­

mulate stresses'in the latt!ce'. Attention must be drawn ta the possibility 
,·l~ - • " 

that the water of hydr~tion could,play a raIe in relieving those stresses by 
i 

acting like a plasticizer in the ~igration of dislocations, or,by being,invol-

ved in a concerted vacancy d:J,ffus:ion process • 

The ESR study of radical o~idatioh at,the limiting conversion stage con-
1 

l ' cluded to the "immortality" of tfe majority of the polymer radicals • As a re-

suIt, pol~rization was conclu ~d ta terminate physic&lly 
, 

by the exhaustion 

of aIl the monomers accessible t the level of thermal agitation available • 

rather than chemicallv by bimo cular recombination • The study of the mole-

cular weights distribution as function of time also, led to the conclusion 

that the propaRation occured ite rapidly, and was initiation-limited' over 1 
most 0; the range (initiation as the thermal re,lease of trapped 

dimers rad;l.cals)",. Suc~ 
/ has also been reported!or other vinyi SSP 

~--

, (64) 
systems, • 

---

The interplay between-- -he' generation of stresses by polymer-ization and ~ 

~ - ----------
~heir relief by a thermal a nealing process which tends to initiate more chains 

in turn" i8 certainly conducive to complex kinetic schemes • 

The hase • of molecular mobility intermediate bet­;;.;.r"---"== 

ween ,that of a sol~and t liquid, was observed by Wide-Line NMR in 

the polymerizing-dihydrat • This phase was found to he permeable by oxygen, 

, 1 
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and ta grow proportionally to the amount of polymer formed • According1y, a 
, 

physical polymerization model was proposed in which the macromolecule grows 

inside a "disruptio~sleeve~' or a "cavity" by such motions as wagging the 

chain end unti1 it abstracts a monomer from a nearby wall (Fig.lV-2-4). To 

date, no direct evidence could be fourtd to distinguish whether the mobility / 

observed stemmed from the motions of macromolecular segments or fro~ those lof 
l , 

the monomers 1ining the disruption sleeve or the cavlty . 

However, it must be stressed that polymerization and dehydration are 

inextricably connected in the ~ihydrate, which may lead ta some clues as to 

what the new phase Is . Not only does dehydration help polymerization by pro-

viding inct?ased mobility at the boundaries, but polymerization convèrsely 

promo tes dehydration by !estroying the coordinàtion polyhedron of the calcium 

ion, and liberating water molecules from the lattice bonds with the help of 

the reaction heat • 

"'-lt i5 therefore suggested that the new "intermediate mobili ty phase" is 

- -:made up of po1vmer swollen~ith either water or a saturated monomer solution, 

which would explain why this phase was not observed in the anhydrate • The si-, 

milar observation of such a phase in other water-less systems can be rationa-

lized by noting that some polymers are capable of swelling in their own mono-

J mers • J 

(2) In the intermediate hydrates , the interphase boundaries are, of 

course, the,most obvious of the defects to be considered • Although the study 

of the average molecular mobility disclosed no particular increase at the 0.5 

': H20 hydration, the presence of a maximum in radical concentration at' that level 

was exp1ained in the light of the dehydration model propo~ed, as follows • 
[ 

The abundant nucleation of the dehydration centers leads logically to 

the maximization of the surface are a of the interphase boundaries between the 

" 
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dihydrate crystailites and their anhydrate sheIls, just before total dehydra-

tion • The greater looseness in these regions certainly provides for an inc­

reased local mobility, which esc~pes'detection by NMR becausr th~ir molar con­

centration is below the sensitivity Iimit of this technique • The mobility 

and looseness at the interphase boundaries are the keys to a reduced "cage. 

effect recombination" (resulting in the radical concentration m~imum observed) 
\ ' 

às weIl as to an easier polymerization • Both factors combine, of course, to 

increase the polymer yield in the form,of the maximum observed around 0.5 ,H20. 

The great similarity of the partially dehydrated system with a eutectic 

mixture must be reco~ized, for ~oth are constituted by the juxtaposition of 

finely divided phases, and as such exhibit a maximal boundary are a at certain 

compositions . !ndeed, a maximum in yolymerization rates has often been repor­

ted around eutectic compositions (36,48-50) , 'Probably for the reasons expounded 

above 

(3) The above physical fOlymeriz~tion model is perfectly consistent with 

the finding that the average stereotacticity of the polymers made under any 
"­

SSP conditions tried was the same as the tactic~ty of polymers made in the 1i-

/ quid phase, i.e. the solid state imparts no preferential orientation to the 

adding monomer . 

, . 
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V-2 Short conclusions 

a)The main conclusion pertains to the chemical polymerization mechanism, 

which was found to consist of at least 2 elements, radical and ionic , whose 

proportions vary with the degree of hydration and the"effect of inhibitors • 

b) The seconp most imporiant conclusion pertains to the physical polyme-
\ 

rization mechanism . 

In the dihydrate, polymeri~ation was found to be impossible in the per­

fect lattice, but to proceed by the creation of a n~w \hase of intermediate 

mobilit;.y, either in the form of a "disruption sleeve" or of a "cavity", and 
" 

involvlng motions such as the wagging of the chains ends to aliment the growth. . ~ , 
"Initiation" occurs by the thermal release of trapped dimars, and was 

concluded to be the rate-limiting step over most of the polymerization range. 

The rate of thermal stress annealing and stress generation by the polym~a-
Cf / 

tion itself will be the principal factors of the initiation, rate • 

Termination was concluded to occur primarily by entrapment and exhaus-

tion of monomer, rather than by chemicàl recombination . 

At al1 hydration levels, the polymerizâtion was found to proceed in the' 

bulk of the solids rather than'at the surface, and without any stereotactical 

control 

c) The dynamic dehydration was concldded to involve 2 phases (dihydrate 

and anhydrate) separated by a thin boundary • 

The equilibrium dehydration was concluded to proceed via an invariant 

o quadruple point at 79.6 C (involving dihydrate, anhydrate, saturated solution 

and water vapour) followed by a subsequent loss of water at higher tempera-

tures . 

d) Finally, aIl the above conclusions were used to explain the heretofore 

puzzling maximum 'ln pol ymer yield {tround the 0.5 H20 hydra tion, and which had 
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been the prime motivation'behind the undertaking of the ~resent wark . It was 

concluded to be the result of a maximum in the concentration of initiating ra~ 

~cals, and of a local increase in malecular mobility at the boundary 

th\se factors are directly associated ~ith the pr~eminent role played 

. Both 

by the 

, interphase boundaries, whose areas are maximized shortly before total dehydra-

tion . 
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V-3 Contributions to original knowledge 

a) The crystal structtire of calcium acrylate dihydratè was reinvestigated 

in coopera,tion with Drs "G.Donnay and Y.Lepage, and S.Fortier • Dimerizat~on 

was shown to be easy, 'but polymerization impossible within the perfec't latti'cè 

since the latter destroys the coordination polyhedron of the calcium ions • 

The existence1
0f two'different types of water molecules was demonstrated • , 

The anhydrate was confirmed to be amorphous, but to have nevertheless 

retained some interatomic distances from the p~nt dihydrate • 
, 

b) OXygen w~s found ta be unable ta diffuse through the dihydrate, but 

ta hav~ an easy access inside the anhydrate • 

1 
c) The locati~n of the radicals produced by gamma-irradiation was deter-

mined to be in the bulk of the dihydrate and anhydrate solids, bath at the 

initiation and at the limiting conversion stages • 

d) The water of hydration was found to be radio-chemically involved in 

the formation of the initiating species, and to a large e~ent • 

• e) The average moleèblar mobilities af water and of the manomer over the 
" . 

hydra~ion range were found to be unrelated to the presence of a polymeriza­

tion max~mum at the"o.5 H20 level,.\A new p0f mobility intermediate be\­

ween that of a solld and that of a liquid was discavered to form during post-
jt. 

polymerization • rts amount was found to be proportional to the polymer yield, 

which led ta the dev~lopement of a non':',destructive analytical technique for 

measuring polymerization kinetics • 

f) The presence of a radical concentration maximum was discovered at the 

same hydratio~ level,where a polymer yield maximum occurs • The existence of 

three chemically equivalent types of radicals wa,s derived from their decay 

characteristics, depending on their fa te during post-pofymerization • 
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1 

g) The existence of a dual polymerization mechanism (ionie/radical) was 

established by the finding of a binodal molecular weights distribution and of 

the selective inhibition of the higher no de br oxygen 

h) ~e stereotacticity of the polymers produced uridet various SSP cond­

itions was measured to be Bernoullian, and ~~entical tq that of the p~ly(acry­

lie acids) made iu the liquid phase • The absence of tO'potactical control by 

the solid state was thus demonstrated in this system 
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V-4 Suggestions for further work 

a) The nature of the chemical mechanisms of polymerization should be in-

vestigated further • 

In particular, the ~ of the ionie mechanism-involved s~oula b,e de ter-

mined . Practically, a ~e thoro~gh study of inhibition should be undertaken; 

if possible with specifitt inhibitors sueh as NH3 • 

AlI inhibitors should be introduced by a break-seal after irradiation~to 

prevent their degradation during this phase • Their effect on the polymer 

yields and Ml distributions should be evalqated, and the same applies to a ...,... v 

comparison between "dry" and "super dry" anhydrates 

o The polymers made "in source" at 77 and 195 K shoul~ be prepared in quan-

13 -tities large enough to allow C-NMR and M distribution analyses v 

AlI exclusion chromatography experiments are now believed to be best 

conducted at 300 e in p-dioxane, which corresponds to Theta conditions foc po-
l • " 

. , 

ly(acrylic acid} , and would allow the use of the accurate and easily available . 

, () 

polystyrene standards • 

b) The physical factors of SSP .should al~o be the abjects of deeper study,: 

- the effects of particle size ~nd defects concentratioR~on the polymer yields 

an~ Mv distributions should be measured • Dihydrate samples should be prepared 

as large monocrystals, and under widely varying conditions such as slow or fast 

crystallizs.tion, seeding, co-crystall:lization and addition of "inert additives" 
,"" 

(carbon bJ.ack, JSilica, a~m.il1.Ëi etc ••• ) • 

- a "reanimationff experim~ould be/attempted • 

- since SSP and dehydration ~re so tightly linked together, a dynamic dehydra-
-2 

tion should be undertaken on irradiated dihydrate, in ~Àe hope that it would 

result in extreme conversion rates as the interphase'boundary sweeps through 

the soUd • 
( 
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1 

c) The dehydration mechanism should be further investigated by perfor-

mng al •••• __ thermal analysis of CaAc,2 H
2
0 samplès cave ring a broad 

particle size range, with simu1tane~us effluent analysis, and by recording 

X-ray patterns at intermediate temperatures . 

18 Tagging with OH2 should be used ta determine whether the fast exchange 

of the hydration D20 with atmospheric-moisture at Ioom temperature, results 

from the diffusion of the watermolecules themselves(85) or from a fast chain-

exchange of protons • 

d) The Wide-Line NMR spectra of samples of a saturated monamer solution 

as weIl as of polymer swollen in water should be recorded, in erder to compare 

their linewidths with those of the dry polymer and af the new phase discovered 

in this thesis • 

.... 11.1 __ ... ------------------------'----""" ."- ---
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APPENDIX A: Preliminary mass spectrometrie experiments 

The vapours above irradiated calcium acrylate di-deuterohydrate \ 

were expected to consist primarily of D20 and possibly of HOO and HZO 

a~ well. Consequently, preliminary experiments were devised with 
", 

water, D20 and a model mixture of the two. in order ta gain the ex­

pertise nec~ssary ta perform the experiment, and to develop a method 

for the tre~tment of the data and trreir interpretation. 

A-l Analysis of water 

Fir~t, th!! exact- positions of mIe = 4,3,2,1 were' ascertain by 

admitting He in the spectrometer. Secondly, a sample of degassed dis-

tilled water was analysed, and the spectra compared ta the background 

spectrum. The average of the intens1ties measured on 3 successive sp~c-
" 

tra are shawn ~n Table A-l. The variations in the intensity ~f the 

same peak measured on successive Scans or on different 1ines of the spec-

~. tra were of the arder of 107.. 

Particular attention has ta be pai~, ta the Argon peak (40). lt is 

" apparent from thia experiment that the introduction of a large quantity 
1 

of ~ater vapour does not affect the intensity of the Ar peak. As no 

"mas king" was apparent, this peak wa/3 chosen as a reference for the sub-

sequent studies. 

lt can also be seen from this table that the relative intensities 

of the water peaks agree with ,those found in the literaturd. The slight 

incre~se in the air gases (mIe = 3~,28,l4) ~nd thè doubling of the'C0 2 

peak are be1ieved ta be due to residual traces of air disso1ved in the 

water. l ' 
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! Species mIe 
i ... r '( ~ 1 

i ... l 
r 

COz 44 

Ar 40 

°2 32 

N2 28 

Ethylene 27 

Acetylene 26 

18 20 H2 0, D20 ,!1!' 
t 

RDO, H180 B 

-H2
0 18 

HO+ 17 

++ 
Oz ' 

0+ 16 

N++ 
2 14 

Be,t '.! 4 

DH 3 

H2, D, He+!- 2 

H 1 

\ 
Mass 

1 

C oZ 'the ions. 

, ' 

, .' 

\ 
)r; 

... /' 

background 

80 

110 

1200 

3500 

5 

3 

6 

4 

2100 

420 

37 

70 

3 

Water 
(Ave\'age of 3) 

TABLE A-l 
, 

170 

110 

1400 

3900 

14 

16 

83 

58 

510 

\ 
\ 

i 

'\ 

1 

, , 
l 
1 

1 

\.-,. 
\ 
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Water 
Relative Abundance (I) 
Experimental, Literature 

1-

0.20 

1.64 

Reference 100% 

20." ~ 21.1 

0.74 

0.041 
<f 

0.35 • \ 

\ , \ 

water: Peak ~ntensities and relative abundances 
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" A-2 Analysts of D~ 

The analysis of a sample ~f freshly outgassed D20 was performed 

in order to obtain compari~on data for the later analysis of the gases 
, 

above the irradiated heavy-water dihydrate • 
, "-

Due to problems of adsorption of the three types of water, itwas 

- found necessary to remove the 3 l Pyrex expansion flask. Th:'s~ectro-
) , 1 

! \ 
meter was then flooded with D20 vapour and re-evacuated several times. 

A(247) 

This procedure bore two consequences: the background air had been flushed .. 
away ~r, 02 and N2 were reduced 8 ta 12 times), and the water,'as measured ~ 

'-" ... -'" + ' 
by the peak (17) of OH -was reduce.d more than 2.1 times •. This makes it , ,. 

. i 
meaning1ess ta subtract the backgroun1d spectrum, as usua11y done, from 

Fhe sample spectrum. 

Table A-2 presents the experimental resu1ts. The analysis of these 

resu1ts is somewhat comp1icated by the presence of 15% HOa (as referred 
1 

ta D20 - 100%). The presence of HOa seems to be inevitable, as it per-
-

Ststed after more than six cycles of flooding the spectrometer with P20 

vapour and re-evacu,a ting . l t is believed' tha t tUs HDO 18 the resul t of /! 

a chemica1 exdhange takirig place on the walls of the spectrometer between 

the adsorbed b ckground H20 and the passins D20 vapour. Assuming that 
, -

+ the 1% of OH co es ~otally from H20, the 1at~er could be present to a 

maximum of only 5 , which shows that the' background H20, is negligible as 

compared to D20, a nearly so in comparison ta RDO. The consequence i8 

that OH+ is formed f am HOO ta the extent of 6.7% or ev en less if we a1low 

fôr some traces of wat r. 

, ) If we now assume t at the sum'of the proôtfu11iti:s of forming an OH 
o 

\ anq an OD fragment from 0 is' nearly equa1 ta that of forming an OH 

\ 
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Species+ Backgroun~ D20 °20 
> 

\ 

mie sensiti- lx 5lx lx SIx Relative Abundanees (%) 
vity+ 1 

'c 

, 

22 D 180 - 8 47 2400 1.57 2 1 , 

HD180 
. 1-

21 - 2 11 600 0.38e 
, 

* 20 D20 1 80 3000 153,000 100% 'Refere'nce) 
c' 

.. , 450' 
." 

15.0 ,19 HDO 19.5 1000 22,950 

~7, 800* 18 H20 350 - - 19.6 from D20 
IF (Total: 21. 7) , 

' ." 
18 OD, - - 1 650 33,150 2.1 'from HDO 

17 OH 10 3000 30 1600 1.0. , 
lô 0 4.5 250 13 700 9. 45 

4 D2 - .... 2.5 140 0.09 
\ 

3 HD - 0.25 0.5 40 0.03 
\ 

2 H2,D - 1.5 16.5 700 0.45 

1 H+ - 0.25 0.25 19 b.014 
,. 

* / ~ca1culated with the SIx sensitivity factor). 

TABLE A-2 Mass spectrometrie ana1ysis of heavy water: 
t • ...... 

peak intensi~ies and relative abundances of the ions. 

l 

, 
H20 Hoo , D20 

OH+' OH+ 
0 

20:7 "6.7 - 1 -
: 

- - OD+ j)14 OD+ 19.6 -

TABLE A-3 Fragmentation probabilïties (%) of the three isotopes of 
~ , 

water intthe mass spectrometet. 

" 

-\ 

! 

\ 
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. 
fragment from H20 (which is 2Q.7%}, we can deduce that the percentage of 

00 formed from HDO ls greater than or equal ta: 20.7 - 6.7 - 14%. We 

can then split peak 18 between 14% x 15% =- 2.1% OD coming fram RDO, and 

21.7% - 2.1% - 19.6% Op coming from,020. 18 Oxygen contributions ta th~ 

• peaks 18,19,20 were neglected. 

To summarize, this experiment has yie1ded quantitative data ~n the 

fragment~tion probabi1iti~s of the three isotopes of water, which~re 

shown in Table A-3. 

These results fo11ow the expected pattern because of the isotopic 

effect of deuterium. The deuterium requires mo~e kinetic energy than the 

lighter hydrogen ta be ejected, and the 0-0 bond vibrational ground state 

1s lower than that of the O-H bond. lt 1s therefore logical ta expect 

~he 1onization efficiency ~f 020 tO'be, s1i$htly lower than that of H20, 

and also RDO to give mo~e 00 than OR fragments. 

A-3 Analysis of a model mixture H20/02Q 
Ji, r 

A ~gdel mixture of SO% H20 and,SO% D20 was 
..". 

ç' 

allowed to equi1ibrate 
/ 

for 'two d~ys, outgassed by repeated freezlng and thawlng under vacuum, 
-. 

and then ahalysed. The results are presented below in Table A~4. The 

firat analysia was ~erformed 5 min after the first background, then the 

spectrome~er ~as evacuated and flooded again with the vapours (6,times). 
\ 

After a thorough evacuation, an "intermediate background" was recorded, 

t 

followed by the second analJsis . 

. The species ~nalysed being aither the same as, or readi1y exchange-
• t ' 

abl_~'-with the' background water in the spectrometer, it is agai~ meaning-

1ess ta subtract the background spectrum from the sample spectrum. As 

18 in the case of O2°, we can ~eglect the contribution of 0 to the peaks 

J 

, 

,. 
, \ 

~ . ' . 
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Spec,ies-I-

mIe sensiti-
vit y .. 

1 

22 D 180' 
2 

--
.' 

21 HD180~ D 

20' D2o' 

19 lIDo' 
. 

18\ H2o'; aD 

'17 OH ~ 

16 a 

4 D2(He) 

3 DH 

'2 H2,D 

1 H 

First 
Background 

lx 52x 

a 7.5 

a 3.5 

1 las, 

31 ,170'0' 

* 315 16,400' 

65 30'0'0' 

4 240' . 
'a 7 

a 0.5 . 
,a 1 

a 0'.5 
, 

" .-

Ist Analysis 
0 

lx 0 52x 

5 380' , 

13 90'0' 

'" ,80'0 41",60'0' 

1400' 72,800* 

'" ~-

900 46,80'0 

ibo 10,4Qo'* 

10~ 500' 

0.5 34(2) 

1.5 80 

6~5 320' 

0.5 47 

~~ca1cul~ted with the 5~-sensiti~ity factÇf) 

TASLE A-4 

A(250) 

Intermed. 2nd Analysis Background ~ . 
lx 52x lx 52x 

\ 

() 
~ 

9 3.5 - 290' 

-
1 

\ 46 13 750 

49 2400 * 650' 33,800' 
, 

210 * '" 10,90'0 1400' 72,80'0 

* '" 310 16,10'0 1000 52,000 
' , 

- '" 58 2900 230' 11,960' 

" 

4 250' 9.5 500 

0 1(7) 0-.5 30'(2.5) 

a 3 l 85 
, 

0 2 5 290 \ 
t 

a ° 0'.5 47, 

-

\ 

" 
Mass spectrometrie analysis of a model mixture of 50% H2P + 5a%b

2
0: 

\ 

relative peak intensities at equilibrium 

. ' 

\ 

\ 

/ . 
\ 

11_ 

, l' 

\ ' 



.' \ 

(; 

, 
r , 

t .... 
, , . , 

, . 

'. 

c. ·c . . 

". , 
A(251) .. 

. , 18, 19 and 20. 0.20 and lIDO abundan~es are then given by the peaks 20 
Il 

and 19, respectively. 
, 

0\' 

,.. 
'. Usfn

g the fragmentatiop probabilities measured previously (see 1 

Table A-3) we can calculate' the fra~tions of the aD fragments coming . , \ 

. fro~ D20 land r. 
, ' 

By subtracting these from th~m/e = 18, we can cal­
t' 

lts intensit~ due to· H20 alone., The 'abindances oi 

.. 

culate the part of . .., 
, , 

the various water is~topes relative to o~e anotqer are shawn on Ta~le A-J . 
• 

A good test of . the validi7y of these assum~tions and, ot. the e~actne8s 
, 

of the· results clin then be made by ~omparing the calculated and experi-
.' , 

mençal intensity of peak 17 (OH+~. They were 207 and 200 respectively , 

, for the first analysis,'and 234 and 230 respectively for the second analysis. 
1 -, 1 

. This excellent agree~ent justifies lia post~r1or~" , the method used. 

However sat'is}actory th~.,numerical method ls, one?should be ,awate 
'1~1 " < " 

CI • 

of the shqrtcomings of the experimen~al'method, whlch is undermlned by 
t ' 

two lllain, sourc\es ~ error. The firat one ia the great sensitivity of 
, 

the D20/H20 ratio ta reiatively mirtor changé~'in the neighta of peaks 
f 

20 and 18, as, evidenced'hy com?aring the tirst and ,econd analysis. 

The second shortcoming is the p'res~nce of a baêkground signal due 

'" to water on the w~lls of the spec,trometer. This water can be neither , 

fûlly removed, nor fully exchanged with the isotopes of the sample~ nor 

simply·deducied from the sample spectrum. The only hope 11~s ~n flood-
.J: . P ~, ) 

.~ ... , 
\ lng the sp:~ctrometer ~ith an overwhelming amount ?f the aample vapour. 

" 
Faillng t~i~, the ratios of D2n/HDO/H20 will be shifted towards the iso-

. ~ , 
tope, last present in the ion chamber, usually H20. 

\ . 

'.' 

') 
/ 

( 

.. 
'0'.' - • ... ~r~"i.l.~ 

"l' l , j 

,}., - • i 1 . \ . 
+ • lA! 
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Theorétical (*) 

1 

\ 

47-.2 

26.4 \'.,. 

• TABLE A-5 

Relative abundances of the 3 isotopes of wate~ at eq~ilibrium in a mod~l_ 
'. 

- -

C*)Théoretical la1ues calculated with an e~uilibrilim èonstant K - 3 .. 2 @ 200 e t 
, -, . 

. (88) . 
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APPENDIX B: 
/ 

V,., /' 

The data presented in Appendix B ref~r to the analysis of the 
1 

vapours above calcium acrylate di-deuterohydrate. pre-lrradiated at 

B(253) 

l'nox to 2.25 Mrad. The experimental technique has been described in 

. . 

section II-S. 

B-l Analysis" 'at nOK 

/ 
The ))'ackground spectrum was recorded after prolonged evacuation \' \ 

. 
of the hammer-magnet compartment. The seal was then broken, and spectra 

If 
\ l' 

recorded again with the sample immersed in liquid nitrogen. Table B-l 
~ . 

pres~n~ the numerical data ga~hered. by order of decreasing mass numbers. 
~ ~ . 

No change was observed in the concentration of the usual background 
• 1 

gases, within the accuracy of this typ~ of measurements (variations of the, 
.. 

order ~f 10-15% were frequently registered among successive spectra). 

This attested to the guod vacuum achieved above the sample, and to the 

fact that the waters were effectively frozen at this temperature. 

+ + As a result, the appearance of traces of D2 and DH may be concluded 

t~ demonstrate the presence of molecula~ D2 and DH in the vapours, since 
/Y O , " 

tey could not possibly be frl:1gments of the frozen watèrs. 

B-2 o Analysis at 20 C. 

o ~ 
Following the analysis at .,77 K, the sample was isolated by a valve 

. 0 
from the spec trometer and heated ,rapidly to 20 C un,tH thertlij:1l equili-

brium was established. The valve was then opened and spectra recorded 
, ",'_''V~ .;' r~ 

per~od~ally for some time. 

Table B-2 presents ~he numerical data gathered, by orde. of decreas­
" 

lng mass numbers. Spectra were r~ordeB with various sensitivities, in 

.. 
L 
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l 
! li 

1 
O~ 

Bàckground 
Species mIe relative intensitie~ Afte'r breaking " 

... of eeàks the sea1 

1 
;t- 44 56 47 

1 2 
Ar+ 35 35 -33 

.. 

! 
, 

O2 
+ 32 600 600 

fi Co+, N + 28 ,2100 "" "2000 
\t "2 

Ethylene 27 15, 9 
~ ~ 
b 

Acéty1ene t 26 9 5 
1 

t ". , ", 
f 25 2 1.5 -"1 

, ~~ • 1., ~' ,~~~I 
~ 24 l 0 .jO 

o 0+ 20 'J- 2 2., 2 ~ 

BDO+ 19 ,0 \ 1 0 ~ 

00+, H 0+ 
#, 

18 300 iBn ~ ,,2 

OH+ 17 8"0 80 
l ~ 

o ++ 0+ 
2 ' 16 

'" 
60 60 ...... 

N* 14 120 140 - \ 
2 , 

'. 

II 4 -II 2 
> 

D+ 
l' 

.' 
4 0' 0.9 J .,~ 

2 \ 
~ ~. 

He 4 '320 310 
l 

'HD:r" 3 0 l 
+ ~ He++ 2 Il 50 52 \ H2" o , 

(,'jp~ . . , 
"'+ H L 1 1.5 

" - II-

TABLE B-l , 
"' 

C " , 

a;lnoK 
1 

irradiated Mass s~ee trome tr ie analysis of the gasses above ca1oil!lIi 
1 

acrf1ate di-deuçerohydrate. 1 
\ 

" • 

, 
----:::--;;~ ... 

1 , 
! , t!i. - - -, '.~"'t~~ .. ~ Il 

,111l'j111i'!I,MfFIM0fI1. , 
" , ;;/:':.;l"iJj'~,:" 1 .. l' ~',~.5~1 ~{~i ''''. (\(;,~~ < '~. ;,' " ~1:0<~I:, i ~\7,:,';~' >'~";': _:::~",~_!_, .. n.·:., - /1. :, "'~''''~~'f,.. ! ,~~,.~_.~.b~Ë'.ht .. _ .• d. , , .. ..! ..... ll1H- ._, 'J'lG!,. . .. 
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C -t 
.j Time after warm-up-+ Initial 20 min. 24 min. 26 min. f Multiplier gain setting-+- 5 S 3.5 2.5 fr 1 
" ) Species mie Background 

Samp1e at 20°(; • 

t 
~alysis l>- e' 

r",'#!I.)' 
, AI 

CO + 
1 

44 56 2100 46(:))' 1I0 
2 

" } "+ ; Ar 40 35 170 22 5 ~ 

1 o + " , 
~ 2 32 600 1500 190 41 

CO+. N + 
2 28 2100 >4000 650 230 

1> 
-" ~ 

l' '. Ethylene 27 15 , 170 , 23 5.5 ) 

.., 
Acetylene 26 9 320 35 7 

25 2 .rf . 53 6 1.5 

.. 24 0 16 1 0.5 <e 
'"/~ .... 

" D 0+ 20 2 750 290 2 f , . Il 

HDO+ 19 0 1600 
< 

" i,. 
00+, H 0+ 18 300 3100 2 
OH+ 17 • 80 2300 650 

l} ++ 0+ 
°2 ' 16 60 500 120 30 

t . ++ r 
N2 14 120 180 24 .0\ ~ t 

13 4 - 16 ~ 1.5 0.5 
;l 

D + 
2 4 0 \. 5 0 

He+ l' 

4 320 80 1 

HD+ 
, 

'3 0 16 0 
+ 

H2 ' 
+., ++ 

D , He 2 50 150 8 

H+ l 3 27 . 

0 J ., 
~ TABL! B-2 

.' 
Mass spectrometrié analysis at 200e of the sasses above irradiated calcium . . 
acry1ate di-deutero hydrate. 

, 
" ...J~1;l:r.Q!".~. TI • W' .... , .,RI 4l ' ~ ',1 

'" '~i ", , ... 
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order to ~ncompass the totality of the extreme range of concentrations 

present. The muJ.tipl,:I.« detector gain settiIl.g is mentioned at the head 
J 

of each column. Unfortunately, this gain control operates in a non-

linear manner, and some adjustments of the collector slit width were 

required from time to time to maintain the resolution. As.~ result, 

it is best to make comparisons of the relative intensities on1y (peak 

ratios) rather than of the absoiute intensities, which would be mis-

1eading. i 

The pre~ence of larger amounts of n/, HD+, H2+ and n+ th an at 
1 • 

770 K cannot be interpreted'the same was as they ~ere then, sinee these 
, 

ions are a1so fragments of ,the three kinds of water which are present 

in abundand~ at 20
0 C. 

As the vaeuum above the sample had been shown to be very good by 
1 

o the analysis at 77 K, the apparent large increase in the air gases was ., 
interpreted as ref1eeting the higher efficiency of ionization which 

1 
results from the sample pressure 

.. ~ """ being much higher than the residual 
1 
1 

~ \ 
background pressure. To account for this èffect, aIl subsequent calcu-

lat ions were refer~ed to the intensity of the Ar peak which was taken 

as a standard for relative comparisons. 

\ 

B-3 Miscellaneous irradiation products 

The data already presented in Table B-~,were analysed to determine 

the presence of several mtscellaneous irradiation products. tAs mention­

~ ad,. earlier. a11 peak intensities were normalized by referring to the 
, 

Argon peak serving as a standard. 

B-3-l Car60n dioxide and N2Q 
!<"''' , 

The intensity of the CO2 peak (mIe - 44)'felative to that af the Ar 

t fI' 
• , Q 

~ 

.~'~_."._""""_""."i!'''''''_~' , ... ,_F ____ ~':'!:""_--"':",'l'": --:- ., 
," - ',:,.," ~lij'ill,.~ , , ' . , ;" ~';::"",. i, " 

f 
1 

" 
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J 

, 
\ 

peak (mIe - 40) is shawn on Table B-3-1 after var10us times. lt 1a , " 

evident t~at the spectrom~ter re~istered a 14-fold increase 1n CO 2 

00ncentration over that of the background. 

,The possibility that this increase could be due ta the presence 

of N20 (which also comes at mIe _ 44) and could be an irràd1ation 

product of the air has been discounted on the basts of a control 

experiment. In this test, moist air was irradiated to 3 Mrad at 770K 

and analysed. Although N20 can be resolved from eo 2", no increase in 

'its concentration was notèd when the seal was broken. 

Spectrum 

Background 

Sample at 

. Sample9 at 

" 

" 

77
0
K 

Il 

20°C 

~ 

Time (min) 

at 20°C 

o 

4 

6 

.. 
"C02/Ar Average C02/Ar 

:1,.6 
1.5 

1.4 
• discounted 

12.3 (not stabilized) 

20.9 
21.5 

22.0 

TABLE B-3-1 Carbon dioxide 

B-3-2 Carbon monoxide 

The CO peak c,!uld bé partially resolved fram the N2 peak at ,7 

mie ... 28. 
. l 

Its concentration waa estimated to be approxi~tely 1;.1 of 

that of the nitrogen. Although,the exact measurement of the CO peak 

had not been performed in the background beforehand, it is clear that 

q. 

l ", 
B(2S7) 
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1 

this concentration of 14% that ~f N2 i~ at 1east one order~of magnitude 

1arg~r than what can be expected fro~ the usua1 residua1 air in the 

spec trometer. 

B-3-3 Ethylene 

The mo1ecu1ar peak m/e'- 28.031300 ~f ethylene was comp1etely 
. 

reso1ved from that of nitrogen (28.006148) and of carbon monoxide 

~7.994914). It had an intensity of 4% of that of the nitrogert, a marked 

increase (three-fold) over that of the background. In order to illustrate 

this point further, th~ intensities of the peak mie - 27 relative to argon 
1 

arè,listed as a function of time, in the Table B-3-3 below. Peak (27) 

was chosen because it suffers no interfere~ce~irom the acety1ene peaks, 

and its intensity is strong enough (63%~.f the molecular peak 28). 
~ 

Time (min) . , 
Spectrum st 200 e (27)/Ar Average (27) /Ar 

Background 0.43 i 

0.35 
Sample at nOK 0.27 

Samp1e 200 e d 1.00 
discounted 

at (not stabilized) 

" 4 1.05 
"" 1.08 

" 6 1.10 

" ..,)~" .. 
TABLE B-3-3 EthIlene 

\ 
~-3-4 AcetIlene 
, , } 

No single \!flagment 
0' \ 

presence of eth~lene as 

of acetYlenr could be ~Si1Y analysed in the 

these two compounds sh~re in common most of their 
, ) 

fragments. However. the evolution of thepeak mie - 26 ia depicted below 

... 
' .. 

. . 
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in Table B-3-4. 

A 7.4 fold increase in the peak t,mIe - 26 ls shown. THis peak 
1 

~epresents 100% of the acety1ene, but, nly 63% ot the ethylene present 

i~.tQe sample gases. In view of the prè iously established increase of 
1 

tne ethylene concentration by a factor of only 3, ,it 8eems reasonable 
(J 

to conciude that the acetylene itse1f increased by a factor of more than 

7.4. 

Thus the acetylene was more abundant in the sample gases than the 

ethylene. This result is confirmed by the study of the relative inten-

~ sities of the peaks 26, 25, 24 and 13. Their ratios are 100/17/5/5 

and match closely the theoretical 100/20/6/6 especially.if one take' into 
l " 

account the interference from the ethy1ene fragments. 

Time (min) (26)/Ar Avera;g~ (26) JAr 
Spectrum at 20°C 

Background 0.26 
0.20 

Samp1e atl77 0 K 0.15 

\1. 20°C 0 1.88 discounted 
at (not stabilized) 

" 4 1.59 
1.50 

If 6 1.40 

TABLE B-3-4 Acetylene 

t • ~ IR a 
l ' , 

, 
1 

\ 
\ 
\ 

l' 

• J 
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APPENDIX C -.1 
\ 

Notes on thè direct synthesi~ of calcium acry1ate anhydrate 

'Lando and Morawetz(17,78) reported to have synthesized different 
( 

varieties of CaAc anhydrate,by dehydration lof the dihydrate or of the 

~monohydrate, and by recrystallization from an anhydrous solution in 
1 

methanol. 

The monohydrate, although obtainable by partial dehydration of the 

dihydrate, appears to be simp1y a mixture of 50% dihydrate and 50% an­

hydrate, and has escaped isolation as a'de~inite entity t~ far 

~f; section 111-3-1). ~ 

The" synthesis of the anhydrate by recrystallization of ~ anhydrous 

methanolic solution was attempted. When dry nitrogen was used as a purge 

~. 

1 0 

gas, the same prob1ems as for the synthesis of D20-d~hydrate were encounter- l 

ed,o i.e. some spontaneous polymerization took place. Accordingly, dry 

'\ air was used instead. The solubility of the anhydrate,in methanol was 

observed to be low, and some heating was required. 

In one instance, parallelepipedic ,transparentrt'crystals were obtained, 

and they were stored in a vacuum oven overnight at 600 C. lt was found 

subsequen~!y that these crystals had decomposed into an opaque whitish ma- t 

u 
teriai presenting very weak mechanical reslstance. Analysis of a' fresh 

batch of crystals by I.R. displayed a band 'attribuced to ?ne of the funda- '> 

mental MeOH vibr~tion frequencies, that was absent from the spectrum df the 
) \ • 

1 
anhydrate prepared by dehydration. , 't 

~, , 

These observations suggest that an uns table methânolate,might have 

been formed, with MeOR either included in the lattice (like R20 in a hydrate) 
o 

or occluded, in Iattice voids. Although O'DOnne!1 and ~othman(83) did not 

) 

1 
; .......... ,,:1'1111 •• • _,' : '. ~ " 

T . ' " 1 • 

\ 

\. 
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/1 . 
report similar proplems during the recrystallization o~ Ba-methacrylate, 

'-

the~e observations point towards the need for further investigation. The 

synthesi~of a true crystalline anhydrate wou Id present a considerable 

interest by allowing the comparison of- 1ts polyme~ization behavlour with 
, 

that of the amprphous variety. 

In ase only a methanolate could be obtained, the probably amorphous 
t 

still be fr}litful)..Y .... ·compared ma~erial made by remç~ing the mithanol could 
Il 

with the' dehydrated variety, as ,t would ngt 
., (" 

ne~ssarilY display an identi-
1 1 

(

cal oebY\ Scherrer pattern. \ , . , \ 

. ' \ 
1 \ \ \ \ \, \ 

\. . 
\ "" --
\ 

" 

.. . , 

• 
\ l' 

t1 
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A01)endix D Tables of supporting data 

Table of data for Fig. III-3-7 

Wide-Line NMR second moments (in Gauss i ) of CaAc hydrates at, 77 and 2950K • 

Hydration 
,Leve1 

o 

~ ( 

0: 

0.16 

0.16 

0.34 

0.41 

0.61 

0.99 

1.00 

1.10 

1.47 

2.00. 

2.00 

'2.00 

2.00 

• ,'"l'.,.', 

9.19;' 9.48 

9.09: 9.86 

9.67; 9.47 

9.17: 9.22 

11.12,: '8.68 -9.73; 8.72 

9.70; 8.79 

9.6&; 8.72 

9.63; 9'.56 

9.81; 9.20 

Ü>' 00; 11. 09 

\ '\ 

4.37; 5.43 

4.17: 5.07 

\5.96: 5.46 

5.97: 6.1~ 

6.13; 5.86 

5.21; 7.16 

5.85: 7.01_ 

5.44; 5.01 

6.16; 5.73 

5.36: 7.17 

7.28: 6.94 

'6 :47; 6.37 

6.37: 6.70 

6.67; 6.09 

1 

\ 

Hydration at 77°K at 195DK 
Level 

o 
a 
0.27 

0.51 

0.51 

0.72 

1.03 

1.57 

1.72 

1.72 

1.72 

2.00 

2.00 

j' 

. ' 

4.66; 5.21 

~ - 4.43; 5.92' , 
10.70;10.88 5.42; 6.14 

12.51;11.90 7.51; 

) _. 7.16; 6.78 

13.16;12.90 6.79;10.80 

14.10;i5.57:10.05;10.15 

16.85;18.03 13.30;12.60 

17.47;19~4~ 12.39;13.15 

- - 14.75;14.25 

r'/ 

1 r 

, 
15.95:11.79 

14.81;15.06 

15.24 
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Data for Fig:. UI-4:"2 

o i' o' Effect of R. F. power on the saturation of the ESR signala at 77 K, 1nitial~y. 

i Signal"'intensities were normalized with respect to a,pi'tch standard and tb the 

51 packing denstty of each sample (in mgl cm in the tube) . 

• 1-

tJ ,. 

'(~ 

"" 

•• 

.. 

l '\ . / 
l .. ' 

I( 
." 

- l. ~ 0'<:: --. -~( 
,d' !J. 

, 
!?20 hydrat10n 1evel 0.1 mW R.F. 

~ 
5 mW R.F. 

2.0(1 
~ 

" .. , Il , 

"1 
1. 75 

'" ' 1.62 0, 
1.22 

.. 1.10 ' 

1.00 
~ -

'\ 
fO.a2 

0.71 

• 0.51 

0.32 
\ 

0.14 " 

0.00 
.0 , 

, 1'" 

Data for Fig. II):-4-5 1 

,Ef~éct of annealing ~nd hy~Ù leve1 on 

, and (). '1 mW R. F. ,po_we~ 
" " 

D20 hydration ~vel tmmediately after 

irradiation 

. 2.00 li; O.31~ 1 \ 

'1. 7S . 0.559 

1.22 d.857 1 

""" 1.00 0.908 

,0.71 0.961 

0.51 1.29;-1.05 
..; . 

0.32 1.50 . 
,. 0.14_ 1.35 ' 

0.00 r 1.23 
'. 

" ..... 

"' 

0.311 

0.559 

0.857 

0.908 

0.96 

1.21 

1.23 

1.23 

1.32 

1.73 

1.90, 

-~ -1. 92 
l' 

2.03 .... 

0.961 '2.04 

1.29;1.05 , 1 

1.SÔ 

1.35 

1.23 

2.47 

2.81 

2.60 

2:34 

' . , 

the'ESR signal i~tensity, 
1 

j 

" 

2.26 

-. 
2.11 

2.86 

3.J6 

3.14 

3.54 

3.96 " 
3.54 

"-
3.25 

, 
770

K at 

1 'week anneal ~ ,4 weeks an~ at 22°C 

at -78°e at -7SoC 
, 

0.277 0.278;0.210 0.230 

0.'312 0.242, 

. , 
0.465 .Q.340 

0.720 
, 

• 0.569 0.387, 
' ' 

-" /' 0.694 , 0.478 , 

O~ 88'6 é , 0.825 0.587 . 

\ ":" 

0~858Q 0.7.01 0.544 
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D(265) 

oa 
Data for Fig. IV-1-2 

... • 

Oxygen diffusion at the 1imiting conversion stage, .studied by ESR ., 
'Îl 

Po1ymerized Dihtdrate Polymerized Anhydrate 

Time Trip1èt Height Time Triplet Height . he1ght 109s height 108s (min) (mm). ( % ) (min) 
(tnpl) ( % ) 1 ~ 

'1 ~ " 

• a 186 0 0 147 a 
1 179 3.5 4 116 21.1 

5 173 7.0 ' 9 102 30.6 , 
10 167 ~" ·10.2 34 80 45.6 

20 161 13.7 Treatment ih ,the open air 

30 156 16.1 with a sc~enger solution 

5tO. 147 21.0 64 4 97 
Treatment in the open air , 154 1 .>99 
with a scavenger solution 

, 

100 108 '42.0 '" -' 

105 104 44.0 

125 96 48.4 
( 275 83 55.4 J 

~ 

The origi~ of the ~imes given corresponds to the admission of the oxygen 

of the break-sea1 compartment • -. 
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, . , D(267}, 

Data for Fig. IV-4-1 • IV-4-2 • and IV-4-4 
1 , 

Viscometry data for po1y(acry1ic ac1d) ,made fram Caâc,2H20 under vacuum • 

Î 

.. Total Volume Average E1ution 
( ml ) Time (sec.) 

• , ' 

p-dioxane at 30.00tO.02~C 

Samp1e 10 

15 
. 20,~ 

30 

50 

7.0 

95 

576.2 

l, 

1 679.8 

643 .. ., 

627.9 

610.7 

596.8 

) 591.,0 

587.2 

0.203 N HC1 at 24.0otè.02oC :493.3 

n Concent~ation 
\ sp 11 C (mg/dl.) ----- . / , 

(pure solvant) 
. ) 

0.1799 260 
r-

0.1172 173 

0.0897 130 

o 0.0599 

0.0358 

0.0258 

0.0191 

86.7 

52.0 

37.1 

27.~ 

(pure sol vent). 

" l 
SSlDp1e : 10 

15' 

20 

577.~ (10 0.1103 229.2 

" 30 

50 

70 

95 

;-'-' , 
( 

547.9\ . 0.1107 

533
1
.7 '" 0.0819 

0.0537 

0.0320 

, 0.0227 

152.8 

114.6 

76.4 

45.8 

32.7 

519.8 

509.1 

504.5 

501. 7 0.0170 24.1 .. 

; 0 
buffer at 24.00~0.02 C :478.1 (pure solvent) 

. 
~=;.=..'J 10 

15 

20. 

30 

.50 

70 .... 

100 • 

" .. 

. '. 

702.2 

629/.9· 

589.8 

552.2 

," 522.8 

510.2 

. 500.5 
1 

., 

0:4687. 

0.3115 

0.23 

0.,1550 
~ -

0.0936 

0.0671' . , 
0.0470 

214:4 

142.9 

~0.6 
21.4 

(1 

'lsp/ c 
(d1/gL • • 

J 
0.692 

, 0.676 

0.690 

0.691 

0.689 

0.693 

0.698 

. 
0.743 

0.724 

0.715 

0.703 

0.699 

0.693 

0.706 

2.186 

2.221 

. '2.179 

2.169 

2.183 

2.192 

2.190 

. \ 

.. 

, !' 

. " 
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Dat"'a for Fig. lV-4-s' 
! 

6 
D(268) 

E1ution volumes of various '9ma11~ mole cules as' a fùncdejn."of mo1eeu1ar weighrs. 
~ , 

"-
,Com~ound _~ ,(;. we'ight ,(g~ 

• 

.. 
Tetra-Hydro-F~rane 72 • 

, 
p-IY!oxane 8~ 

2,2'-oxydiethano1 106 

Benzene 78 

Ethanol 46 . 
Ca Acry1ate monomer 182 

Asco1:ibic Acid 176 

HC1 ~ KBr 

"'\ 
~bg (mol. weight) \ E'lution volume 

( counts,) 

1.86 

1.94 

2.03 
- . ' .. 

1",89, 

1.66 

.2.26 

2.25 ;. 
j, 

/, 

, -~ 

39.~ 

37.4 

36-.9 
------

'.36.3'-

35,9 

35.1 ; 34 • 8 / ' 

34.3 

32.5 / 
(negativ~ peak) 

,. ',,/ 
~_ .. - -,-

~-Dat, for Fig. lV-4-7 and ~V-4-14 

Po1ymer yie1d kinetics for dihydrate 

Dihydrate ( Fig. Iv-4-7 ) 

and anhydra.,in vaeuo and in -air, at 

• 
. In Vacuo In' Air 

Time 

15hrs 

1 day 

2 " , 

3 " 
,4 " 

7 " 
9 " 

l~ " 
14 " 

Yield ~%), 

14.1 

18.3 

28.6 

38.4 

39.7 

39.7 

45.0 

47.0 

49.8 

!!!!L Yie1d 

. , 
1 'day 7.0 

3 " 11.0 

5 " 12.6 

11" 13.6 

13 Il - 14~9 

(%) 

~ ~ 

Anhydrate ( Fig. 'IV-4-14 ) 

ln ' Vacuo In Air ~ 

Time Yfe1d (%) Ti~ Yie1d (%) 

19hrs 32.7 o hrs 8.6 

1 day 19.5 5 days 7.0 

3 " i 51.9 11" 6.6 

5 " 20.5 13 " 2.8 

9 " 26.9 

14 " 58,.1 

, .. ' 

-' 

/ 

1 dU, 

.. 
_ ~'t. 

- , 
" ' 

'~~ 

, , , 


