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- ABSTRACT _

A £

Fhe mechanisms of post-irradiation ﬁol&me;ization of calcium
° {

!

acrylate were investigated in the solid state across the'hydration
’ !

range (0-2). [
I -

The-study of molecular weights,ﬁistributfgns and inhibition

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

merization mechanisms, radical and/ionic. \
- '

, Polyﬁeriéhtion, although it was co;cluded from crystallography
to be impossible in the dihydrate lattice, was found to proceed never-

theless rapidly in the bulk of the solid along withdthe growth of a
‘new phase. The study of molecular mob/aity by NMR and of oxygen dif-~-
fusion by ESR led to the pFoposal of a model involving motions of the
macromolecules inside a '"'disruption sleeve".or‘a cavity, whiéh is con-
sistent with the absence of stereotacticity measured by lac—NMR.
Initiation and termination were concluded from kinetical and
.other c6nsideration§‘to\be governed by physical rather than chemical

[d
factors. ,

/ -
The maximum in polymer yield around 0.5 H20 was rationalized in

terms of au,mx;mization of the interphase boundary area an(jbf the ra-

o
i

:
o

dical coucentration at that compogition. '
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MECANISME DE POLYMERISATION DE L'ACRYLATE DE CALCIUM EN PHASE SOLIDE

Résumé : ¢
' Les mécanismes de polymérisation rgdiochimique de l'acrylate
de calcium en phase solide ont &té[étudlés en fonction du degré

d'hydratation (0-2). . | /

L'étude des distributions des poids moléculaires,qet celle de
E Q .

1'inhibition par l'oxygéne, ont démontré 1'existence d'au ﬁbins

2 mécanismes chimiques, radicalaire et ionique. '
La polymérisation, bien qu'impossible dans le réséau du
digydrate d'aprds 1'analyse crystallographique, s'effectue néanmoins
rapidement au .weur 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'&laboration d'un
’ - modéle impliquant des mouveme;ts des macromolécules i 1'intérieur
4/ d'une "manche de dislocation” ou d'une cavité. L'absence de stéréotacti-
cité du polymére, &tablie par RMN du 130, vient confirmer ce modéhi; +
Des considérations cinétiques“et autres ont permis de conclure

"y A
que l'initiation et la terminaison dépendalent de facteurs physiques

plutdt que chihiq S. . ’ a

.

.

Le maximum 3u taux de conversion en polymére prés de 0.5 H,0 i

»

-

a &té expliqué en fonctlon de ltaire interfaciale et de la concentration

. - o
en radicaux libres, qui sont maximisés i cette composition.
o (4\ u
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I-1 Historical background {

~

Until recently, solid-state polymerization was considered to be
a 1abof§tory curiosity or a puzzling exception. Indeed, most modern
sclentific curricula in Universities still do not even mention the possi-

bility of chemical reactions in the solid state, let alone polymerizations.
' (L

However, twenty-five years, have elapsed since Schmitz and Léwton irra-

t
diated a seriles of polycrystalline acrylates and methacrylates with fast

electrons and obtained surprisingly large (and sometimes explosive) poly- s
merization rates. This was enough to attract general attention to the

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

(2) N

diated acrylamide (Mesrobian et al. and Henglein and Schulz

Meanwhile, Gerhard M.J. échmidt, who was to figure prominently in

this field, became fascinated by the possibility of using the spacial
/

orientation of molecules iﬁ 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 newly named field of '"Topo-

n(4) \

chemistry Since then, the solid-state-polymerization (to be hemce—

forth abbreviated as SSP) has become a field in its own right, and its
literature has known the exponential growth rate typical of scientific
publications. Vinyl and heterocyclic monomers were the most studied, but

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

also well represented. The once exceptional behaviour has almost become

(s)

the rule, and as .early as 1962, Magat listed forty mohomers suitable

o

for SSP, out of the fifty he reviewed. .

X -

Unfortunately, general patterns were slow to emerge because of the

—sa |

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

7
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problems and experimental techniques involved. In view of the general

Al
{

scantinesg of such pertinent information as given by the molecular

weight distribution analysis of the polymer products and by the crystallo-".

graphic analysis of the host monomer, it is not 'surprising to note that
most reviews published on the subject are mainly limited to an enumera-

tim of particular cases.

I-2 Motivations for the SSP studies

The rapid initial development of research on SSP was spurred by a
¥

number of hopes. Although all of them have eventually§r-en fulfilled by
1 ‘\\

various individual monomers, it can be said nevertheless ﬁﬁep as_a field,
\

the study of SSP has produced results falling considerably shéit of the

N\
~ expectations. All thege disillusions cae\be tracked down to one _initial

g
false assumption, which was that the "frozen" state of’éhe monomer ??le-

cules in- €he solid state, partieularly in crystals, would provide fo

some degree of geometrical control over the respective orientation of ﬁbe
reacting species. ! \\

This control can assume two forms. On the molecular level, one
might expect that the intermolecular forces present could imposge a certain

stereochemigal configuration to the adding monomer, thereby conveniently

!
giving rise \to the formation of‘; cry;tallizable polymer of a high‘stEfeo-
tactic purity. On the macroscopic level, one might envisage that the
polymerization could be induced to take place along certain directions of
the host monomer lattice favoured by shorter intermolecular distances or

by reduced potential barriers. The resulting "topotactic reactipn" would

) :
:éﬁns produce layered or fibrous polymer structures with unusual mechanical
l
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" of Keggenhoff and Wegner

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 their many industrial and theoretical
applications. .

Indeed, SSP appears thusfar to be the only poséible method to
obtain polymer single crystals exhibiting an exgended-chain morphology.

(20)

As was pointed out by' Morawetz » SSP is tonsequently of considerable

theoretical“intgresé to polymer science in general, since the usual

crystaliizatish techniques yield only folded-chain polymer single crystals.

Unfortunately, most SSP systems yield an amorphous and atactic

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

(6fll); more recently: diacetylenic com-

sy’

cycles: oxetanes, trioxane

(12-14)

pounds and distyrylpyrazine Even then, some of these claims

to topotacticity have been subsequently disproved by the recent studies
(16) who have shown that apparent topotacticity
may be an artefact (this\will be developed in section I-5-1).

As a conséqueuce of the prevailing lack of top;tacticity, all
attempts at gaining a fundamental understanding of the solid-state reac-
tioms in general by using the'polymer,product as a '"'photograph' of the
successive reaction steps proved to be in wvain. By and large, the use of
SSP to prepare novel polymers of new forms of known polymers and copolymers
with "abnormal" sequencing proved to be disappointing in spige of the
success obtained in a few isolated cases (co-polyoxetanes(le)), cis and
trans polyacétyleneclg). X

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

some undesirable side-reactions dccompanying liquid-state polymeriz%tion,-

v

s

[P
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for example, the cyclopolymerization of vinyluracil is repressed by

an

Ssp , and the inhibitjon of radical reactions by oxygen is often re- <

duced or prevented by thé difficult diffusion of O, in the solid state. v

2 -

A particular case of a suppressed side-reaction 1is the termination re-

action itself. The quasi-impossibility for macroradicals or macroions

to ferminate bimolecularly byldiffusing towards one another often pro-

vides for very high molecular weights up to quantitative conversion(13)

and in some cages for fas§§r rates of polymerization in the solid than

t

in ‘the 1liquid state.

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

*

method. The first is high-purity polymerization. Operating in the solid

state can free the experimenter from theé worry that various residues such

ag solvent, catalysts or other impurities might become incofporated into

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

ag the crystallization process itself typically excludes impurities. The

Sy

second area is post—irradiation polymerization. Whether irradiation by

a

U.V., X-rays, y—-Rays or particle bombardmerit is chosen as an initiation
° ! /
technique for its specific merits or just convenience, the problem arises

that the continued irradiation might interfere with the polymer alreddws
produced, by causing branching, crosslinking or depolymerization. The so-

\ PO
1lid state, by traﬁfing the primary initiaaing specles at low temperature,
allows the experimenter[to study the polymerization that océuré upon
warming up the sample after it has been removed from the irradiation source.
The apbuné of "in source" polymerization at low tempe;;tqre is usually

small enough to be neglected. : /}

The solid-state post~irradiation polymerization technique thus enables

| L -

)

o
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the scientist to make full use of the inherent advantages of vy irradia-

tion over other initiation techniquee. These advantages are: i
- formation of initiating species throughout the thickness of

i the solid, instead of only on the surface as a chemical process

r
would do.

’

| capacity to initiate both ionic and radical reactions (however,

this can sometimes be a disadvantage as well).

~ effectiveness over a very wide range of temperatures, including
very low ones.

reedon froe contamimation of the polymer by cataiysts,\eolvenCs

and other residues.

.

I-3-1 Intermdlécular distances and lattice parameters

From\a detailel\gfgfz’gg,éhe cyclodimerization of a great many.éle-

fines, Gerhard Schmidt and his group(21’22) were able to show that a

4

maximum diseance of less than approximately &4 Angstroms between adja-
cent reactive double bonds is required for polymerization to take plgce.
When compared to the 1.5 Angstr8ms of the C-C bond formed in the process,
thié critical distance appears remarkably large. . This remark suggests

1, \
th )a considerable spacial rearrangement is needed in addition to the

chaLge of the hybridization level of the carbon. It is therefore ob- ‘

o vious that molecular orientations and lattice parameters of the monomer:

crystals are bound to be important factors in determining their rates

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

pared under more than one crystallographic modification, differences

o

&

——
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( , are often observed in their behavicur(23-26’46). However, in the ab-
sence of a thorough study, it is difficult to attribute these differ-
o \
ences sokely to the lattice parameters or to the various amounts and
types of molecular mobility present.
4 \
I-3-2 Size and quality of monomer cgystals
\ -
= Many authors have .reported the influence of monomer crystal size

and quality upon SSP, as well as upon ﬁther organic and inorganic reac-

‘
~

tions. :

+

s

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

L

' £
conversion, the extent of the limiting conversion, and the molecular

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

. ' of the monomer crystal varies from inhibiting to promoting the above para-
meters, but has seldom been reported to be withqut:influence.
the effects of particle size of polycrystalline sampleg are diffi-

cult to interpret. This difficuity originates from the way the crystal

~

¢ gize-control is achieved. Small crystallites may either be obtained by

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

A

first case, the usual method is to provoke an abundant nucleation and a
fast phase separation, such as is given by shock-cooling the monomer

~an

~ ™  melt or solution. This procedure also results in a decrease in fhe qua-

E}
P

- * N N
lity 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 mpnocrys-

kY -
% .

~

v

“tals may distort the o?sérvations in two ways: the grinding action itself
may degrade the monomer by thermal build-up or radical generation, and
secondly the fractures may leave exposed surfaces that are qualitatively

(:} . dif ferent from the natural faces of virgin monocrystals.

A



‘:i ' In the cases where polymerizatiod begins, takes place or ends at — T

the surface, one can expect the polfgerization parametefs to be related
to the surface area per unit volume. Otherwise, large and more perfect *®

N K
& crystals will éither tend to show an enhanced rate, extent and degree of -
\ (6,8,29-32,47) (27,28) |

polymerization ! ‘

or the 3Pposite

The types of defects found in crystals are: electronic defects

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

et A T T T NN T Vet goep

P

. e point defeets (vacancies, substitutions or in ersticial insertion of a

foreign molecule, atom or ion), line defectd (edgs and screw dislocations)

.-

/
‘and plane defects (phase boundaries, crystal boundaries with the outside

or with another twinned crystal):‘/yﬁz/étudy of crystal defects coqstb—wa,N

fv/ i
A . tutes a specialty in itself, and a nufmber of books are-4vailable on the
h subject(33—3s). szi“

«

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

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

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

e A A A

=
.

sile stress. They can affect the polymerization reaction by providing a
favourable free energy, as the perfect §§ttice opposes a higher ehergx

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

most common case where polymer density and inter-atomic distances| are ;

very different from Fhose of the monomer. Since most polyﬁers a4e not
isomoézﬁé;s with their host monomer, propagation will tend to ta#e advan-
tage of the lesser strain buil&-up required along the dislocations. There
also, the mobility of the monomer molecules is considerably greater, and

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

3

make propagation feasible.
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(:} The way crystal defects influence the lattice around them 1s equally
important. Even if’minimized by taking place at a dislocation, the

strain build-up‘still accumulates with the polymer growth. This energy

may be releaged by the lattice in two hays: the creation of new disloca- °
tions and the migration of existing ones. Such mechanisms are apparently
t@é basis.of plastic deformation dn solids. Plastic deformation is orders
of magnitudes easier in dislocated rather than perfect crystals, and may
be favored by the inclusion of ad@itives.

I-3-3 Molecular mobility, annealing, and reanimation

N
" A few aspects of molecular mobility have already been discussed

ppeesee

—

above. prever, certain others will be considered now in some more detail,

The average molecular mobility in‘solids is obviously much lower t@an

~y
’

in the usual liquid phases, the fir;t consequence of this being an increase
in the likelihood that the self-diffusion of the monomer will be the éate—
détermining step of the reaction. The second consequence is that thé life-
times of the reactive species are ordersg of magnitu&e longer in the solids
- than the usual ones, and may even appear indefinite. !Bimolecular termina-
tion reactions are elther reduced or inhibited altogether since the proba- J
bi;%ﬁy of two living chain ends meeting together is vanishingly small in a
|

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

in solid systems 1s highly unlikely, which renders most traditional. kine-
(36)

tic approaches invalid, Chapiro finds evidence to this effect in the

existence of auto-accelerated polymerization curves with rate law expo-
{a®
nents larger than one.

The average molecular mobility may not always be of direct consequence

to SSP. 1In.fact, many authors have suggested that in the common case
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where the polymer ;f not isomorphous with the monomer, the latticg may
nevertheless be d site of initiation, eventually followed by propsga-
tin along the defects. In this case, the molecular mobility at the dis-'
J
locations is 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 mechanismlby 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 ;he so~called ''reanimation" effect, by which a sample

.

having reached its limiting conversion may beﬁreactivated by heating at a

!
higher temperature, without any change in the radical«concentrat&ég-az’67)i

It has been suggested by analogy with the wérk hardening of metals

s
(43) that the multiplication of the dislocat-

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

This limit would £ef1ect an equilibgium between the strain-generating
power of $SP'and the strain—reliévin‘ power of thermal annealing. Although
this explanation has not yet been positively demonstrated, it is consgis-
tent with experimental evidence gather é\on methacrylamide, isobutyra-

N -
(37), on a series of acrylic acid salts studied recently by P.P. Sa~

viotti in this University(39) éhd on many Qther monbmers, among which the

one sPhdied in the present ihveétigation. The ‘inclusion of an elastic,

strain free-energy term has been judged mandatory in a calculation of

interphase free-energy for trioxane(38).

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

2

relate SSP behaviour with various crystallographic-forms, allotropic
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phase transitions and temperature dependence.

I-3-4 Additi&es, copolymerizations and eutectics

The use of additives has always been of great help in studying tra=-

ditional polymerizations. For SSP however, the problem 1is complicated

4
by many factors.
First, most additives are excluded from the crystalline lattice, un-

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

heteromorphous compounds may be incorporated during crystallization, but

o

are then likely to either create lattice defects or to concentrate prefe-

oy

oy
<

rentially therein. The resulting lattice inhomogeneity is likely to com~
plicate the interpretation by affécting épqcific reaction steps or stages,

as well as by combining physical and chemical effects, Solidrsolid phase

transition 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 physical 'effects. Even so called finert" additives like

carbon black or silica may play a complex role of energy transfer, storage

and redistribution to the surrounding lattice.

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

distortions are inevitable, Physical plagticization has been invoked as

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

(44,27), or when the "inert" propionitrile

co-crystallized‘ngh\acrylamide
(45,46)

i
(or isopropanol) is co—crystallizeh with acrylonitrile
Copolymerization may be attempted between isomorphous or co-crystal-

' lizable monomers. Whether co-monomers-.Qx other additives are used, most
A '

!

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

i
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diffraction shows that they aff constituted by the juxtaposition of micro-
crystals of both components, which gives more importance to boundary re=-

gions and to imperfections. Usually, a maximum in the rate and polymer

yield is observed around the eutectic composition(so »36, 48). Block co-

polymerization is observed in the eutectic, along with homopolymerization

4
in the crystallites of the excess phase. Sometimes a sharp maximum may
. , o 7 -

be observed for a composition different from the eutecti\g(l'&g) .

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

is a foreign admixture that may display characteristics of isomorphism(l3)

or even eutectic formation with 1ts monomer. 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) "Dormant" radicals

(28,109)

also exhibit auto-accelerated conversion curves
may become activated by the approach of the polymerizing fromt
In acrylamide, the growth of new i;lands of polymer ahead of the living
front w;s observed by polarizing microscopy. The progress‘of\the reaction
1

was not smooth but occurred in jumps.

I-3-5 Physica} parameters of the environment

Several physical parameters have been cited in SSP studies. .

The temperature is of course the most important. Most monomers ﬁre-
sent a maxi;um in polymbrization rate jﬁst below their\melting boint. The
interpretation of thermal data and of activation gnergies is extremely
complex, since the temperature, besgsides affecting the chemical reaction

step 1tself, also governs such crucial factors as average molecular mobi-~

lity, local mobility 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 also be named rate of annealing, or rate of dis-

location migrationé. Activation energies encountered range from 0.1 to

0.3 kcal/mole for low-temeprature in-source polymerization, 1 to 2 kcal/
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 corresbond to vanious polymerization mechanisms.

151

Mechanical pressure has been found by Bamford et a to slow down

considerably the SSP of acrylic and methacrylic acids. Inhibition at .° "

| .
early stages coupled with enhancement at later stages, as well as other

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

(52—54). The pressure applied seem=~

Tabatalon various other vinyl monomers
ed to influence SSP via its effect upon molecular mobility in defect re=-

gions and upon stress annealing by dislocation. migratiom.
| (62)

-~

Magnetic and electric £{elds have also been obgserved to influence

. 110
SSP. Experiments on several monomers disclosed complex effectg» ) which
are still the subject of much controversy. The influence of these fields
either on the orientation and the diffusion of the active species, or on

the collective excitation state 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
I
criteria, among which are: '

I-4-1 Phage state of the reaction

FEr]

Most of the SSP studies so far have actually been conducted in the
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J
crystalline phase state. Several studies, however, have been carried out

. ' ° 1

in canal complexes (clathrates) of urea and thiourea(ss), in the nematic :

phase (1liquid crystals)(56) or in the glagsy phase. The hypothesis t;};:ft
"ecrystalline phase' polymerization actually occurs only in the amorphous-
like dislocations for some systems has prompted many authors to further
investigate glasses.

However, the literatyre abounds with confusion on this subjectl. Few
systems appear to have been studied in which.the monomer itself could be
obtained as a glags. Instead, investigators usually freeze solutions of
monom;rs‘ i‘.n glass-forming solyents such as alcohols or amides(57’58) or

(68)
(68)

oils Monomer complexes or aggregates due to hydrogen bonding may
-

form » 'eventually giving rise to the formation of stereotactic polymers

(37

that could not be obtained from the pure crystalline monomer . Kaetsu

(59)

et 4dl. combined these two approache\.s by using polyfunctional hydroxy-

/
“lated monomers. Other authors froze an emulsion of the monomer into a p f

glassy matrix. A recent study however indicates that monomers may be kept ‘
in a liquid state by the supercooling phenomenon as much as 80°C below
their melting point(GB). ’

These remarks point towards the need for caution when examining the

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

I-4~2 Initiation and propagation mechanisms

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

Depending on the particular system, heat, ionic or radical initiators,
U.V. light with or without sensitizers, particle or molecular bombardment, ; ;
ultrasonic or shock waves and electrical discharges may be used just as success-

fully as radiations such as X-rays or gamma-rays and several other miscella-

{

‘l
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neous techniques. Depending on the experimental conditions, the active
N

species thus formed may be trapped in the solid until released by heat-

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

polymerization).

Several of these initiation techniqpes are amgiguous in the sense
that they, produce thrdﬁghout the solid free radicals as well as ions of
both signs, and general electronic excitation. The high-energy radiations
are congpicuous in this respect. By Compton scattering, an electron from

the monomer M is ejekted:

+ —
M+hv+M +e + hv' (ionization)
*
or M+h+M +h" . (excitation) -

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

i

The ejected ("secondary") electron usuaily has enough kinetic energy to
migrate in the solid, causiﬁg>further‘ionization and excitation along. its
track. When this energy is exhausted, recombination may take place, pro-
ching unstable excited species: ‘
+ —_ *
M +e -+ M

which decompose, forming ions, radicals or neutral molecules:

o
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In all vinyl systems at low temperature, this variety of radiolytic

end-products surprisingly reduces to only one easily observable radical:

s

Y
. /Y 1
S o (o
H + CH2 C\X — CH3 C radica;L (1) (/

X
The origin of the hydrogen atom will be discussed in section FII-4-2,

Electron Spin Resonance (ESR) has shown that radical (I) is ‘stable up .to

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

\ o

mer: -

Y . Y
s Y
CH.—=C+ + CHw=C ” —p Re=CH —clz-
3 2 ~ 2
X 1
X X

" radical (I) radical (II)

The ESR spectrum is simplified at T, by a reduction in the number of lines

1

observed.

This transformation has been often assumed in the iiterature to be a
strong argument in favo? 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

ture T, higher than Tl by as much as 75°¢ (acrylic acid) to 100°¢C (acryla-

2

mide); second, the‘addition of radical (I) to form (II) at T, has been

1\

found to occur even in monomers which do not polymerize at all (e.g. methyl

i

”

—
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methacrylate). These results clearly demonstrate that chain propagation
\is not governed by the s&ne fdctors as the first initiation steps.

\ ‘Consequently, mechanistic interpretations of ESR.results are very

delicate for SSP. Possible mechanisms are listed below? | \

- radical: belleved to be a contributing if not the single mechan- T~

ism & work in most vinyl systems.
: /
-"ionic: as high-energy radiations produce ions as well as free

radicals, ionic mechanisms of SSP should be at least objectively envisag-

ed: However, some systems, particularly heterocycles, are exceedingly
I // td
sensitive to minute traces of polar impufities such as wag:ei', which might

plain why ionic mechanisms have often escaped recognition. Recently,

'superdry’ monomers have been studied by a number of authors, with the )

%ll)

result that ionic mechanisms of both signs have been found in many casé
(32) (60,61))

4

(cationic , anionic

- mixed ionic/radical: excldision chromatography (gel permeation or
other) has recently been used to study molecular weights distributions of
the SSP products.

Many systems exhibited binodal or multinodal distributions, which

b

have been linked with the behaviour of superdry monomers to indicate :the

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

a

observed that oxygen sometimes acts as an inhibitaor even on reactions that

are assumed ionic. In a series of articles, Westlake and Huang(63)

(64)

as well

agreed to conclude for a comblnation mechanism (cation-

as Machi et al.
' (65)

ic/radical) for styrene SSP. Teramachi and Ushiyama proposed a mixed

anionic/radical mechanism for the styrene-acrylonitrile gsystem in ethyl Ry
bromide at low temperature. In all these examples, it was found that the

ratio of  the polymer formed by ionic and by radical mechanisms is a funec~

! -
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(119, 66) and of the water content. However, total

G /m of th& temperature
inhibition even in "wet" samples was not observed, which is of particular
significance im the context of the present thesis. Finally, it is to be
noted that a mixed mechanism can possibly result from either the presence \;i:? o
of the two species independently, or from a radical-iom. Moradbtz(ﬁg)

remarked that even if the number of radicals is measured to be equal to ' ?
the number of polymer chains, it does not necessarily mean that the radical

end is the growing one.,
|

- "electronic" mechanism: A collective molecular excitation process
’ -

has been proposed by Tabata and his group, to account fbr the occurrence °

4
4
g
4
g
H
g.
f
y%{
&
+
¢
é
¥

of polymerization even at very low temperatures 'in source”. The extremely
small activation energies, the rapid achievement of limiting conversions

.and the high molecular weights attained led them to deéwvelop the theory and
~. ' "
the implications of a very fast collective polymerization under excitation

of the monomer crystal as a whole(llo).

o 570)

- "energetic chain" mechanisms: Using the same conditions, Semeno

A

= - A
proposed that highly excited monomers may attack-adjacent units. " The heat

of reaction, concentrated by the poor thermal conductivity of solids, would
be used up for the electronic excitation required by the next step. This
would account for low ehergies of activation. In a modification proposed
B by Magat and Chachaty, the heat of reactién would create a local tempera-
ture elevation allowing conventional react&on after the equivalent of a
e ) .
‘\ local "szlimation". In another modification of the energetic chain theory,

\ .
‘ called the “hot track"” theory, a whole polymer molecule would be produced

in less than 10‘8 gsec. under a metastable form along the spur of a § elec-

n oy

LY
(\ tron. Relaxation would then occur, shortening the'intermonomer distances

L —
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. from their latticé values to their polym& bond values. The details of

\‘ ; 18

N

s v =

°> ~
these theories are exposed and discussed in a review by Tabata
| \
Recent Moessbauer experiments by Goldansky et al. (71) seem to give

- h

Support to an ionic/electronic' mechahj:_gm in a methacrylic glass. -

(110) .

I-4-3 Polymerization types and kinetic types

/

In addition to tge clasgifications according to the phase state and
the chemical mechanism of the react:iggn, solid-state polymerization may
be further categorized as:
oo Topotactic " if the orientation of the polymer chains may be related

directly\to the crystallographic axes of the monomer.

- Stereotactic if the pdlymer chain units exhibit a configuration

which is either constant or related to other neighbouring units.

\ -~ Isomorphous i1if the polymer happens to ?{o—crystallize\}n a one-—

phase solid solution with its host monomer. - \ i

- Auto-accelerated,-retarded or linear according to the shape of the !

i

kinetic conversion curves. e

I-5 Specific difficulties and means of investigation

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

The exothermicity of SSP and the poor thermal conductivity in so-
lids lead to the possibility that in organic crystals having relatively low

melting points, local melting could allow the polymerization to actually

take place in the liquid state, followed by a subsequent recrystallization
in the mold of the surrounding lattice. This is similar to(in its premises)

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

(110),

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




1o

by the use of high-welting monomers, to ascertain a "true" SSP.

- Product recovery in SSP experiments lends itself to many criti-
. cisms. The first danger is that the trapped lonlc or radicalar species

might react rapidly when one tries to melt or dissolve the remaining °

B N e Y AP VTt~ S AP e e e
-

monomer away, thus giving the illusion that a SSP has occurred. This

S GRS e T3 > I i Nl i B $6 s e | i

) danger may usually be averted by operating very fast, in a divided state, .
. ) \
x and by including inhibitors in the solvent. Th\e second danger is ghat

-l =T

the phase state, degree of crystallinity and apparent topotacticity of .
' v

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

i (16)

very stage. Keggenhof and Wegner have shown recently that the wide-

ly claimed "topotactic' SSP of oxetane-series monomers 1s an artefact.
The 1n:!:tially amorphous polymer product recrystallizes during recovery
\ Pl

because of the anisotropic swelling of unconverted monomer at the extrac—

vt

: tim stage. The apparent "topotacticity" is therefore ‘now believed to be

AN . .
only coincidental in this system. :

4 - Traditional kinetic laiws and their interpretation of experimental

results often do not apply to SSPibor neéd to be strongly adapted to do
\
so. Concepts such as concentrations and homogeneity (whether macroscopic-

ally or between the 3 crystallographic axes), and all the concepts based

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

state need to be properly redefined to have a physical meaning for SSP.

For example, the reactivity of a chemical species in the solid state need

o
H

not be proportional to its overall concentration.

- Limitations in the choice of experiments are :ﬁlaced upon the investi-
qgators by the inability to vary concentrations by solvent dilution. The

(\ usual inhibitors, catalysts, initiators, co-monomers and other additives r._/
- \ i " L "
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(ﬁ are restricted in ?SP to the very few that happen to be tolerated in the
| qrysﬁal network. Many classical techniques such as U.V., I.R. or visi-
/bie spectroscopy, etc., may not be épplied to SSP becauéé of the lack

;~ of transparenc§ of polycrystalline samples.

I-5-2 Techniques of investigation in the séiid state

’Tye choice of techniques utilized for the séudy of SSP is limited .

s

by the specific difficulties discussed above. It includes destructive
(polymer recovery for analysis) and non-destructive methods (spedtros-

copies). : »®

-~ ~

Among the destructive methods mai be included the gravimetry and the

various analyses of the polymer formed:

-

- Exclusion Chromatography is a most valuable tool of mechanism

elucidation, for its ability to disclose the molecular weights

3

distributions in addition to theilr average values.

- Carbon-13 NMR is a powerful tool in determining the stereoconfi-

guration of the polymer products of SSP, and relating it to

T
e

other parameters. o

‘ 7 F-
Among the non-destructiwe”ﬁgzhods may be included picnometry (if the
— .

ot e N
changq\}n dgns{gy/uﬁon polymerization is homogenous enough), X~ray, and

N
¢ spectroscoples such as ESR and NMR.

/"/
Electron Spin Resonance (ESR) is the most widely used technique.

It gives access to such vitai data as radical concentrations
(local or average), configuratipm, conformation, spacihg and

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

- Nuclear Magnetic Resonance (NMR), gspeclally the Wide-Line NMR,

gives information about average molecular motion and solid-solid phase”

R A
14
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!

transitions, specially when connected with crystallographic data. A

narrow line is sometimes ;een superimposed on the wide~line spectra, and
is proportional to the polymer concentration. This makes wide-1ine NMR
one of the precious few non-destructive techniques for following polymer

conversion kinetics. ‘ { |

Very recent articles by Chachaty}'Forchioni and Latimier(ao) exempli-
fy clearly (acrylic and methacrylic acids, acrylamide) the latest bene~- ‘
fits that the three fundamental electromagnetic spectroscopies can bring

to the understanding of SSP;
o

I-6 Statement of the problem

I-6-1 Previous studies in the field

%
Several authors have studied various salts of acrylic and methacry-

lic acids(72-75). Some have studied hyd}ated salts, like Ca, Zn, and !
Ba(76-83). But only very few have become interested in the various hydra-
tion levels of the same s4lt, and their potential influence on SSP. Thedr .}

findings will be briefly summarized here.

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

phic and hydrated forms of calcium acrylate and barium methacrylate, and
to study their SSP behaviour. Unfortunately, it was shown later that they

made a number oflerrors and omissions that severely undermine the validity

(84)

of their conclusions v N

R

F. Cosgaschuk(SA) established tﬂe true hydration levels of calcium

acrylate (Ca Ac) and barium methacrylate (Ba MA). He was the first to

A

study the SSP of these two salts as a function of a ‘gontinuous variation
!

of hydration. His thermogravimetric, dif%erentialscanning calorimetric

\

Q , | [
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~ dehydration involving 2 phases (pure dihydrate, pure anhydrate) and a

o

22

?nd crystallographic results were interpreted in terms of the dehydra-
’Ekﬁ occurring in one single step with no formation of intermediate com~
pound. Although Ba MA forms a monohydrate and Ca Ac a dihydrate, and
although the anhydrous Ba MA is crystal%ine whereas the anhydrous Ca Ac
1s "pseudo-amorphous", both compounds exhibited a maximum in polymer

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

6-1-a and b). When performed in air instead of in vacuo, the post-poly-
merization exhibited a quasi-total inhibition at this same particular

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

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

the core of each grain as dehydration proceeds. He also proposed a poly-
merization model, where the total rate of polymerization 1s the sum of

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

phase: ;

== + § + ‘
RTotal RZVZ Rovo RxYx
fhere subscript 2 is dihydrate; 0: anhydrate; x: boundary layer)
and was led to assume that the small interphase volume Vx must have a
i
"sphere of influence" extending much beyond its physical boundaries, and

varying non-monotonously with the hydration, in order to account for the

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

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

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

he conclyded that the interphase boundary played no important role in the

formation of initiating radicals. \

yaR )
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Fig, I-6~-1-a : Post-polymerization curves of caléium acrylate hydrates

in various atmospheres ( Source-: Watine

* Conditions

.
.

(85)

1.5 2.0 H,0

p. 53) .

0.87 Mrad gamma-irradiation at -78°%

.Dose rate : 3.3 x 10

. Polymerization

3 rad/hr

: 9 days at 50%
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Fig. I-6-1-b : Post-polymerization curves of barium methacrylate hydrates

\
in various atmospheres ( Source : Watinr<85) p. 130 ) .

\\
Conditions : 0.86 Mrad gamma-irradiation at -718°%

Dose rate : 3 x 105 rad/hf

Polymerization : 9 days at 50°¢
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(85) verified a number of Costaschuk's experiments. He

(‘} F. Watine
completed the polymérization curves in air and vaduo, and also investi-
gated the inhibition of SSP in the presence of nitrous oxide and fodine

‘ (Fig. I-6-1-a and b). The results kept open the bossibility of having

an ionic mechanism concurrently with the radical one.
His ESR study of heavy-water hydrates indicated that the water of
) !
hydration was chemically involved in the initiation step of polymeriza-

tion,ﬁnd he speculated that water might also act as a radical scavenger

A

RrLPIe S pa—g s e g e

or an electron trap.
X-rays powder diagramswwere analysed densitometrically across the

hydratien range. Assuming a linear additive behayiour, the results were

interpreted as indicating that the crystallinity of Ca Ac varied non-li- :

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

' composition bf 0.5 HZO mentioned earlier. Infra-red spectroscopy and

_gravidetry established that the water of hydration, although hydrogen-

'

bonded in calcium acrylate di-deuterohydrate, was readily exchangeable '
with the atmospheric humidity.

As a conclusion, F. Watine proposed two models for the dehydration

L ek 23

and polymerization mechanisms. ~On the grounds of the alleged extreme

mobility of the water of hydration and of the alleged non-linearity of the

crystallinity and density curves, the dehydration model featured a 3-phase
' i

system, where a-phase of intermediate composition 0.5 H20 replaces gradual-
ly and totally the dihydrate phase as dehydration proceeds. As it goes

! on below the 0.5 H, 0 level, the intermediate phase would then give way to

2
the anh?drate phase.

Y N -
TN
it

3 A

For the polymerization model, Watine proposed that the "active volume"

-
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1

of the "intermediate 0.5 H,0 composition' was the bnly one to be totally

2
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 02 di%fusibility applies even more, of course,
to the grystalline dihydrgte. The maximum polymerization rate occurring

at the 0.5 H,0 level would thus be a consequence of the larger monomer

2

- mobility in the maximally disordered "active volume". Ba MA exhibited a

behaviour similar to that of Ca Ac.

Fina;ly, Watine developed a set of equations to fit his models and
to account for the behaviour of the three phases required by his "active
volume' concept.

Bowden and O'Dop;éll(Bl-c) studied the dehydration of barium metha-
crylate mogohydrate by D.S.C., thermogravimetry, and X-ray analysis. They
concluded to a st;ictly 2-phases system (crystalline anhydrate and mono-
hydrate), but noticed 2 peaks in the D.S.é. experiments which they aééribu-
ted, as did Costasgﬂuk, to a phase transition to ;he anhydrate crystalline
form followed by the desorption of the water. However, O'Doﬂnell and Soth~
mann(83-b) made a fugxther study in 1972, which showed that the system is’
more complicated than was believed previously. Their results indicated
that although it is basically a Z2-phases system, a metastable partial hy-
drate could exist under certain conditions. A two-steps weight loss occur-

Y
ed in small crystals, as opposed to the one-step dehydration of fine pow-

-

ders. The first dehydration step would occur together with a structural

change, and the second dehydration step could then be a kinetic feature

>

resulting from temporary trapping of water dg}ecules in the partly dehy-
\,

After irradiation, the posf' olymerization and the

drated structure,,

PaEin *an s ialth
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dehydration could be observed separately under no circumstance.

The models proposed by the various above authors will be discussed
in greater detail during the coursé of the thesis, in the light of the
experimental results obtained.

I-6-2 Choice of the calcium acrylate and aims of ﬁhe present study
f

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

cipal directions:

/
- to acquire a‘si%Pificant gain in the knowledge of the various phepo-
mena governing solid-state polymerizations in general. N
- t; obtaiT a better insight in the dehydration process itself, whicﬁ
usually tends to be taken for granted. \
To move along the first direction of research, it was felt that the
particulér system of the calcium acrylate hydrates offered the potentiality

of being a model of outstanding interest, for the followiné reasons:

~ 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 to
study the physical effects on SSP nearly independently from the

chemical variations on a continuum, as well as during the transition

(dynamic study).

~ its very high melting point is 1likely to ensure a true solid-state

reaction by precluding "local melting".

- it exhibits the post—-irradiation polymerization phenomenon whereby
initiation and propagation may be conveniently investigated separate-
ly.

- its extreme solubllity in water allows a very fast separation of the

e
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polymer from the unreacted monomer, thus minimizing the "post-

Y
effect' artefact.

To move!along the second direction of research, a hydrate is obvious-
ly required. It may be argued that by the selection of such a complicated
gsystem, the salient features‘;f either SSP or dehydration show a risk of
obscuring omne anoﬁher and confusing the interpretation. This has certain-
ly been the case in the past.

However, it was felt that this complexity represented a challenge and
that the very duality of the problem could instead be dﬁ?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 to 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 around the ''quarter hydration" level of both calcium acrylate
;nd barium methacrylate was actually left incompletely explained by Costa-

(84) and by Watine(ss), as was the absence of total inhibitionSby air

schuk
for ;he aqhydrate. Several other results of Costaschuk (D.5.C., ESR, wide-
line NMR, molecular weights determination) as well as Watine (X-ray densi-
tometry, D.S.C., ESR, polymerization in the 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 physical understanding of the phenomena involved in this complex

i
N b et
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system, 1A<priority over mathematical speculations based on insufficient-

ly documented models.

I-6-3 Structure of the Thesis / “

The thesis is presented in five chapters.

Chapter I is the introduction, prééenting the necessary background
on SSP and the outline of the problemgﬁattacked.

Chapter II exposés the experimental methods in slSghtly more detail
than usual, because of ‘the particular impact thatz§ample preparation and
experimental technique have on SSP systems.

: Chapéer IIT groups the experimental results gatﬁered during the study |
of the monome} and of the initiation stages, along with the discussion of

the conclusions derived from them.

Chapter IV does,the same for the polymer and the propagation stages.
Chapter V contains the general concluéion, the proposition of poly~

\\ i .
merization and dehydration models and the suggestions for further work.

‘&




U L D P Ch o Y ST TS A WIS S T T W SR o s o et o -

N

2

a CHAPTER 1II

- % EXPERIMENTAL
|

e i




T

o

e e Lt

L e o TRREE ST IRR R TR

(@

e e s ERE S TAMHAT N e Y BRER SRR T oot i b & et P errenrare o A

30

I1-1 Preparation and characterization of a stock of monomer common

to all experiments

II-1-a Purification of Acrylic Acid ‘ \

Reagent grade acrylic -acid from American Chemicals was purified

according to the following proceduré in order to remove all traces of
polymer and commercial inhibitor. s

One litre of the acid was placed in a flask with a quantity of
—
copper sponge to inhibit polymerizacion The flask was attached to a

vacuum line, the acid was degassed by the freeze-thaw method, aﬂ//then

/

vacuum distilled. Excessive degassing proved to be a nuigé;ce, as it
allowed two trogblesome réactions to take place. The i}é;t one was poly-
merizatign of the acrylic acid vapours as they condensed on the inside
walls of the wvacuum line. The_Secoﬁd one was polymerization of thg acry-
lic acid duriﬁg the freeze-thaw cycles, if ghe copper sponge was omitted.

These seem to be two examples of polymer%}écion induced by, or
concomitant with, phase changes. This type of phenomegﬁn will be docu-
mented further in the conclusion (Chap. V).

* The inhibitory effect-of copper prompted the use of a test with -
the complexing inidicator para-aminonitrophenol (P.A.N.P.)ﬁto'verify
whether copper had been dissolved in the acid and was carried over by the
distillation. | | §

The test was negative fér the distilled acid, but positive for
Fhe acid that had bathed the copper sponge, attesting t;§Ehe effic%;nc§

P

of the distillation within the limits of the P.A.N.P. sensitivity.
] =
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]

Polyacrylic acid, which is insoluble in benzene and cyclohexane,

/

was shown to be virtually absent from the dis€illed acid as no cloudiness

was obsgpveh on addition of the distillate to these solvents.
§ \

. II-1-b Neutralization ¢

Calcium hydroxide powder (Fisher reagent grade) was slowly added
to a cboled, stirred aqueous solution of 3N acrylic dcid. The tempera-
ture was kept below\ZOOC by means of an ice jacket./lA light brown, muddy
solution resulted. The brown colour and the cloBdiness probably derive
from impurities contained in the CaC03. At the ppgnolphtalein endpoint

(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

/ i
several paper filters ranging from coarse to ultra-fine. This procedure

/

_______,.—/—’—// b >
removed undissolved materials, CaCO3 and gel traces. The resulting solu-

&

P s e T i L4,

tion was clear, but pale yellow. P.A.N.P., added to a telt sample, turned

— e

pink, which suggested that some trace contaminants"were present in the

Ca(OH)2 reagent. Indeed, it also t;rned pink when added to the original
Ca(OH)Z, which is stated by\Fisher'to contain Fhe fol%qying: "Fe=0.03%;
other heavy metals < 0.003%;!Mg and alkalis + 17"..~ .

’ II-1-c Crystallization

The g#lt was crystallized from this solution by slow evaporation
\

——

from a dish covered with a péﬁér towel, at room temperature. 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 the

product was necessary. The three pprtions were dissolved together, filtered

! [
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through ultrafine paper, and the recrystallization procedure was '

repeated. The crystals (thin white needles 1-20mm long) were collected

and air-dried to constant weight. <
l . A ’

II1-1-d Characterization and storage

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

' +

positive, whereas it was negative when performed on the crystals. ?hié
shows that one recrystallization effected an efficient purification.

The hydration level was ascer;ained by gravipetry. Welght loss
upon total dehydration was shown to m;tch the t&eoretical 16.57 exactly.
The, raw crystals were crushed using a mortar and pestle, to form a coarseé

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

(81—c).

amount to 307 of the hydration‘wager in large crystals When left

in the open air at 21°¢C for 8 days, a finely powdered sample of the di-

| N s
hydrate exhibited a weight stability of better than 0.1%. /

/

’ The carbon, hydrogen analysis was performed at McGill-oA a Hewlett-

-

Packard Model 185:

)

gt

Found ’ Calculatedrﬂ
cT 33.2 + 0.3% 33.02% /
- -7 /-‘)
H% : 4.54 + 0.2~ 4.627%

(Calcium acrylate dihydrate)

4

|

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

-

gsolution. This proceduye proved to be satisfactory in a number of dehy-

dration tests made over a period of two years.'

f N
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( : ‘II-Z Preparation and characterization of heavy-water dihydrate

» 9 |' Calcium acrylate dihydrate (70g) was vacuum dessicated at 65°C.
After verifying by grizimetry that the dehy%ration had been complete,

' the anhydrate was plackd in a dry box. The dry box was partially
" O
evacuated and filled with dry air several times to remove the atmospheric d

moisture. Dry nitrogen proved unsuitable for this purpose, since the

~

;f;xclusion of oxygen from the dry box alkowed a fairly rapid polymerization
of the monomer as soon as the latter had dissolved in the[D 0. According-

ly, compressed air was passed through a dessication apparatus consisting

-

of the following:‘a mercury safety valve, a safety Erlenmeyer trap, a
’ I

concentrated sulphuric acid bdbbling bath and two élass columns (1.20m x

38ym) filled wiEP anhydrous calcium chloride and phosphorus pentoxide res-

y pectively. A positive gressure of dry air wagﬂmaintgined iﬂéide‘the dry’

J/
* box at all times.

" R YA TN Sy s

The anhydrate was dissolved in lSOcm? of D20. The purity of this

Tfo was ascertained by high-resolution N.M.R. to be better than 99.67.

K}
This solution was then filtered through ultra-fine paper and left to crys-

ta%&ﬂze in a iérge dish. While the drg air was flushing the dry box conti-~

&

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

I i e o o L A

prevehting further crystallization. This crust was broken{éach day for ¥

.

PV

" three weeks, wheieupon 56g of heavy water hydrate were collected by filtra
)
tion. The fine white needles were dried in a stream of dry air.

’

The produqf was\)haracterized by its weight loss and by 1its carbon-

LS ST 5

oo hydrogen content. Firstly, it was totally dehydrated 1n vacuo at 63°C for
1 ¥ -~

20 hours. The éxperimental weight loss was 17.957. Thisbshowg a 99.76%

a RN

dehydration whe comparea to the theoretical weight loss of 17.997 calculated-

g v L . '
a
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~

for a heavy-water dlhydrate made from 99.67 D20. Secondly, it wds sent

(86)

to the Séhwarszpf Microanalytical Laboratory for elemental analysis.

s

The results are shown in taQPlar form below:

Found . Calculated
cy 32.67 - 32.42%
DZ 6.187 ” 6.347

; (calcium acrylate, di-deuterohydrate) -

o

-

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

and under a positive pressure of dry air.

[y

o

I1-3 Evacuation and dehydration procedures o *ﬁ

-

The dehydration procedures were similar for all the experiments,

except for minor details which are described in each section. The vesgsels

used were of various types as shown on Fig. II-3-1. A

A}

The‘ﬁecessary amount of sample was weighed into the vessel. The
i

~

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

(4

ful of the possibility of contamination and sample loss, a Pyrex wool plug
was inserted into the neck of the sample vessel. The sample vessel was
connected to the vacuum lineé by means of a rubber*sleeve whose inside wall

was slightly greased, ]

4

\ II-3-a Dihydrate under vacuum and air

[ N

The pressure above the sample was fif“ quickly reduced to “1/2 ‘atm.
to remove any excess atmospheric moisture. The sample was then immediately

cooled in liquid nittogen while the manifold was very\slowly gpened,allowing

F

R

wq
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e

LS

to vacuum ,to vacuum to vacuum
line line line \
; ‘\ - “ T v T /, T
Rubber sleeve Funnel A
- ’ G].a\qg wool plug
: L - ?ytex Quartz ’ Pyrex
3 T tube tube tube
g \ 129
\ Glass wool plug’ o
\ ‘ . '
1 ~u N ; Sample
» \ . ' — Graded seal .
l ' |
| ’ %
Sample / / Pyrex
.General use and i Regular ESR Wide-Line NMR
3 Exclusion Chromatography vessels vegsels \
. ] . " l
() Fig., II-3-1 : Types of vesse{s' used for the evacuation and dehydration
: of the calcium acrylate hydrates samples .
1
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the pressure to fall to lo-amm Hg . The samples were evacuated for 10 more '

minutes before being sealed off at the constrictions indicated on
3

Figure 1I-3-1.

\

~
N

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

L3

q;‘Ihe manifold was very glowly opened to the vacuum line. The 'temp~-
erature of the sampie was gradually raised from 25° to 60°C over a period
of 12 hrs. by means of a water bath. The samples were ieft under constant
pumping for at least 2 hrs. after the residual pressure fell to lO-AmmHg.
It was confirmed by gravimetry that this procedure produced total dehydra-
tion. Weight losses of 99.7 to 100% of the calculated value wer; consis-
tently recorded for experimeﬁfg«eonducted during a period of two years,
showing the excellent homogeneity and stability of the Ca acrylate dihydrate
prepared. . L

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

then dry air was admitted\at a pressure of 0.9 atm. prior to sealing at

the constriction.

II-3-¢ Intermediate hydrates

The same procedure as for the anhydrate was used. _However, the

-

heating and pumping were interrupted afffg/garioué/iéggfhs of time, deter-~
mined approximately frogﬁifggugh’égiib;ation curve. To measure the exact
éxtent of the dehydration, the sample vessel was removed from the vacuum
l4ine, wipld and weiéhed after a short period of equilibration. The sample

vessel was then r%fonnected to the vacuum line §nd either frozen, evacuated

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

Vo ,
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This technique of preparation and characterization of the hydrates
l ~

of intermediate water contents departs f?&m that of\Costaschuk(aa) and of

\Watine(gs) in such a way as to significantly affect the precision of the

results. Those two authors sealed the sdmple vessels at the constriction

|
before weighing them. Thus, they needed to apply a correction for' the

!

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

same value for all samples.

However, a careful comparative study showed that the unavoidable ™
variability in the glass-blqwing allowed the actual correction for gir loss
to vary between 4 and 9.7 mg. Depending on tgf degree of dehydration and
the size of individual samplgs, such variations may then be reflectéd by

as much as 5 to 307% error in the calculated hydratiom level.
ht

Consequently, it 1s believed that the hydration levels measured in
this thesis are significantly more accurate than those of Costaschuk and

Watine. This remark could very-well explain the important qualitative,
i

difference between the ESR results of Costaschuk and those pregsented in

Chap. III.

&

II-3-4 Treatment of small samples
/

’ #
For most studies, the typical sample size was approximately 1 g. In

such a case, total Qﬁhydration corresponded to a weight loss of 165 mg. A
10% deheratioh wPuld then amount to a weight loss of 16.5 mg which 1is still

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

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

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

A \

(about 1.5 g) was processed in a different container, and an aliquot of the

\
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powder was subsequently transferred to the small ESR tube just prior

(84) that the rate of weight change of these

to sealing. It is known
hbﬁrates at room temperature and under atmospheric pressure is negli-

gible, which justifies this modification of -the procedure.

II1-4 Irradiation with y-rays

4

The irradiations throughout this work were performed by.lowering
a dew;s filled with a suitable coolant into a 6OCo Gammacell 220 of the
Atomic Energy of Canada. The actual dose rates received by the sample
were calculated from the following factors:
-DR = 0.446 Mrad/hr on Sept. 16, 1968 as measured by Fricke dosimetry
and stated on the certificate of calibration.\
- the electron éeuéity for the Fricke solution is 3.33 x 1023e"/g
- the electron density for the Ca acrylate, dihydrate is:

114 e~ x N ‘
E.D. = A0 = 3,146 x 10%%e /g |
. Mol. Weight AN
’ 23 _ g
that for the anhydrate being 3.108 x 107"e~/g. The average value ™.

3.127 x 1023e‘/g was used for all samples. Thus the relative electron ‘

A ]

density f, = 3.127/3.33 = 0.94

- a uniform fa = 95% factor was applied to accounty for the absorption of

the dewar and dry ice or ligq. Nzﬁ

~ the monthly decay factor fm was read from the table accompanying the
. AN

calibration. ‘ : s - ) N

AN

- and finally, the positional factor fp wag estimated according to the

size and position of the individual samples from the following Figure

t

. II=-4~1.
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\\ N

Bottom of the dewzg_ -

N
4 5 inches 6

Fig. ITI-4-1 : Spacial isodose distribution inside the 60Co Gammacell 220 ,
 giving the pogitional facto/r fp » In % , as obtained from the AEC (accuracy : 57 )

il .
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~

Consequently, the dose rate was calcuiated:
D.R. = (ODRo X fe x fa) x\fmvx fp

= (0.398 x f x fr Mrad/hr
n p

The accuracy was estimated to be no better than % 107, egpecially in

view of the errors inherent in estimating fa and fp. The typical dose
rates ranged from 0.15 to 0.20 Mrad/hr.
h

II-5 ©Post-irradiation polymerization and product recovery

Unl?ss otherwise specified, the sealed irradiated monomer samples
were placed in a water bath thermostatically controlled at 50.0 t 0.1%.
After a predete;mined length of time had elapsed, one sample was removed,
quickly opened and poured into a large excess of water to\Yhich a small
amount of hydroquinone had been added. Aided by the finely divided state
of the powder and by the rapid stirring of the mixture, the dissolutfon
took place within seconds. The highly soluble monomer (500 g/l)gwas thus
separated from the insoluble polymeric calcium salg. ‘

This procedure was meant to quench the still active radicals, and

to minimize any polymgrization in the liquid phase that could interfere

with the polymerizationikhat had already occurred in the crystalline‘phase.

" The polymer usually precipitated as a rubbery swollen mass, leaving a clear

solution. It was separated with a séatula, washed;ang squeezed several
times in distilled water against the wall of the beaker in order to remove
any traces of occluded monomer. Tﬁﬁ)&ﬁﬁlusio& chromatography results
attest to the efficiency of thii procedure;tno polymer was found in the

clear solution, and only traces of monomer were carried along with the
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polymer. This method provided a good reproducibility in the yieids.
’ ‘ : : g
The poly—(qglcium acrylate) was then dried overnight in a

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

. ) ¢
II-6 Differential Scanning- Calorimetry (D.S.C.)

-

|  Differential scanning calorimetry analyses were performed on a Perkin:

Elmer DSC-1 machine, using the low-temperature plug-in. The samples,~

(2 - 5 mg) were sealed in the special "volatile sample pans" by means of

a crimping press rather than "in theiregular pans, for reasons explained

in Chap. III. /A pinhole was pilerced through the cover with a sharp negdle.
Dry nitrogen was u:id a;\a purge gas in the measuring chamber of the DSC-1.
The instrument was calibrated by using pure water and several spectrograde-
quality organic solvent;.

For the experiments at low temperature, the samples were irradiated
in 1liquid nitrogen, and then pléced quickly in ghe pre~cooled measuring
cell of the instrument under.the.protection of a plastic ""glove bag" filled
with dry nitroéen. It was found necessary to so protect the instrument and

the sample during the transfer, to exclude the atmospheric moisture and the
F3

resulting spurious signals.

II-7 Wide-line nuclear magnetic resomance (N.M.R.)
z

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

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

)

in 9 mm O.D. pyrex tubes.
The temperature was varied by passing a heated or cooled nitrogen
N [

stream around the sample and monitored by copper-constantan thermocouples

|

e
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placed up~- and down-stream from the probe coils. The temperature of

/ .
the sample was calculated from its position, assuming a linear gradient

AN

‘between the two thérmocouples. Variations during the recording of a

gpectrum were estimated to be $0.5°K.

\
The spectra were recorded at 60 MHz using a spectrometer built

essentially from Varian components. The samples proved quite suséeptible

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

//\uere made every 40°K and the radiofrequency power was maintained 10 dB

Wi
below the power where distortion of the spectra was lagt observable. R.F.
A\

powers thus used ranged 20 - 53 dB below full power. Modulation ampli-
tudes\were kept below 257% of the line width as much as permitted by the
poor signal-~to-noise ratio. Each spectrum was scanned at least twice at

the slow rate of 1 G/min, with a noise filtration time constant low enough

to ingure freedom from hysteresis. \\\

The expérimental second moments were calculated from the first deri- ™

-~ Al

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

for finite modulation broadening.

I1-8 Mass spectrometry experiments

The analysis of the gases engendered by the irradiation of calcium
acrylate heavy water dihydrate, was carried out on an AEI MS 920 mags
spectrométer. \ v s

/ It was found necessary to remove the three~l expansion flask from
the spectrometer as Qell ag to reduce the dead volume above the sample to

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

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

’

20 m Ae  R m gad
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O \ ’ |
them above the detection threshold of the spectrometer semsitivity .

Secondly , it helped reduce the problems of background interference : |y

caused by water adsorbed onto the Pyrex walls . S

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

to a fine powder to facilitate the diffusion of the gases. It was eva-

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

quid nitrogen up to a dosiypf 2.25 Mrad. The vessel was then connected

to the mass spectrometer by a B-1l4 ground joint . The hammer-magnet com-
\

(@)

partment was evacuated until the background analysis of the residual
- : l‘\;
gases stabilized. The seal was broken at a time t«0 , and the analysis

of the gases above the sample was performed while keeping the sample in
%

R -

liq. N, . The sample was subsequently isolated by a valve from the rest

2

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

o

1
minutes . A'new analysis was then carried out, concentrating on the peaks 1

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

thereafter . . . %

rom .
to vacuum line to spect.o eter

Break-seal

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

mass spectrometry experiments .

B - - -
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\ ) 0
N

Electron spin resonance. (E.S.R.)

II-9-a Technique
The E.S.R. measurements were taken on a Bruker instrument, whose
klystron had been somewhat doén-rated by reducing the filament energy
°‘to operate at a lower power, where its siénal—to:hoise 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-noise characteristics. The signals
were recorded on a 60 x 30°cm X-Y recorder. The daily sensitivityiof the
spectrometer was monitored by recording the spectrum of a standard pitch

sample. The curves were integrated using an electromechanical curve

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

pitch standard.

II-9-b Preparation of the samples ‘

Stock dihydrate was first ground to a very fine péwder, one ‘batch !
being made for all the experiments. The various hydration levels were
attained accogding to the tecﬁniquea&described in Chap. II-3~c anﬁ
IT-3~d. Sufficient sample to £ill the spectrometer cavity wasﬁwq;ghed
‘and transferred into the experimental vessels trough the funnel A .

B

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 radﬁcal—containing charcoals during the step where the quartz was

flame-annealed, as well as in protecting the sample from the chemical-inter—

N

ference caused by the pyrolysis gases thus produced.

e e

ot v b

e S
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The samples were then connected to the vacuum 1ine!by means of
\a»slightly greased sleeve of thick rubber aroupd the funnel, 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. II-9-l-a).

All the vessels for one experiment were irradiated together up~

/“ right in liq. Nz. They received 1 Mrad in 6 hr. 22 min. following the

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

II-9-¢c Annealing of the quartz and post-irradiation treatment

After the 6OColirradiation, the vessels were Alaced in a small

dewar. so that the bottom part (with the sample) was kept in lig. Nz,

and the quartz tube was accessible. For 10 min., the paramagnetic 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-
ination through the special brown safet; glésses. This procedure proved
to be 1007 effective 'in removing the strong quartz signal from the.E.S.R.

.spectra. 1

\

After cooling the whole vessels in 1ligq. NZ’ they were invﬁfted

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

i

study the effect of the inhibitor (as on Fig. IT-9-1-b) were placed in

/

a dewar, keeping the sample powder in liq. N An ampoule was connected

9"
to the end Pear\the breakseal, then filled with a solution of 0.5% tfi—

tert. butyl phenol in benzene (Fig. II-9-1-c). This ampoule was connect=<
ed to the vacuum line, thoroughly degassgd by repeated cycles of freezing

(:) and thawing under vacuum, and sealed off in A' .
-

e

L O A AR ZAL ATl -

T T L L

e T T

~



. to- vacuum
line

.\R .

Quart2>_
tube \

H B
- ° Hammer-

Graded %—magnet
seal B L ALxr
Break-seal

Sample

Pyrex

o

!

_a_\) "Effect of the air"

¢ ) "Effect of a surface inhibitor"
N \ .

RN

i
46 o
\ ®
1
to vacuum- b
line | -
A -
Quartz’ .
. tube ;
1-—-——-—-—-&—-
\ -

b ) "Effect of a surface inhibitor"

A \

-~

-~

Benzene solution of
the inhibitor ' !

Graded seal

A A

. ’ L
.t . Fig. II-9~1 d Special vessels
for the ESR study of radical,
scavenging and oxygen diffusibn
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II-10 Molecular welghts measurements by VisEometry

The sample used was a polymeric calcium salt prepared from thé

| .

A

* dihydrate under vacuuyp. It was the gsame as one of those used in the

exclusion chromatography experiments, haling been postpolymerized at]

50°C for 2 d;ys with a yleld of 28.67Z. It was recoverq% in the acid
' ' ,

form by ion-exchange and freeze~drying.

~

weighing, dehydration of the hygroscopic poly-aci

To provide for an accurate

5

”

Ed

d was achieved by

47

vacuum dessication for 2 hrs. at 80°C. The welighing whs checked agalnst

acid-base titration’ to account for the eventual presence of residual

water.

1 .
The hydrochloric acid used to make up the

standardized tyice.

t

sample so lution/ was

»

A

§

The two runs gave an identical value of 0.203 N .

b, \ :
" The viscositlies were measured in an Ubbelhode dilution viscometer,

in a water bath maintained at 30.00 or 24.00 i0.02°C. The solution was
N 7 . ’\\

pushed up the capillary with nitrogen .pressure rather thaelaspirased, in

order to-prevent cooling and concentration.of the test solution.

The solutions were injected into the viscometer through an . 8 um

filter paper 'with a syringe.

<

~

~

A

{

The corrections for shear rate and kinetic energy werg neglected

LR

in all cases, as the solvent .elution times were very long (400-500 sec.).

<

\ ’
recorded until they stabilized.

Oy

¥

[

<

[

».
——

Therggfter, elution times were measured two or three times, and

. After each dilution, .the viscometer was agitated and th& solution -

npushed yp and down the capillary éeyeral times. #Elution times were then

the average of these values was recorded as a point on the graphs shown

in the fourth chapter.

2

o
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: . (

The< individual times so obtained'deﬁiated rarel} more than

S

’ / .
> )

/

+ 0.2 s from the mean.
Vs

II-11 Molecular{wei}hts ;$Esurements by exclusion chromatqg;aphy

II-1ll-a ‘Samgles p~_paration and solubilization
A4

Dihydrate from the common stock was ground to a powder in one

tch for, all samples. Subsequéntly, the samples were treated according _c
9’\{ ‘

to the general procedures of evacuation, dehydration, irradiation gnd
post-polymerazation as described in .the sections II-3, 4 and 5. ?hey ;
received 0.95 Mrad’in 5 hr. 40 min. at -78°C. \

In order to perform the Exclusion C%romatography experiments, the
sample must be solubilized. The poly-(calcium acrylate) salt. itself
pfgcéd insolu;lé in anything qried but DMSO, although it swelled to de-
creasing extents in water, methanol and ethanol. However, it has been
reported '"soluble in acidified methanol". The explanation for this be-
havior is 1ikely\to lie in~its transformati;n in2o the poly—aci?. The
polymeric calcium salt was broken up, and proved indeed séluble{lz in
water (a;d less so in T.H.F. and methanél) povided it was {cidified. Com-
plete \issoiutién was obtained after 2 minutes by the addition of 5% of |
conc. éCl and overnight by 10% of acetic acid. Caustic bases had no effect.
Consequgntly, the poly-acid form was chosen for the Exclusion Chrométography

experiments.

I - .
II-ll-b Recovery of the poly-acid

Various methods of recovering the pure poly~acid were tried with nq

success. Saturation with NaCl _ylelded an unwieldy, tacky product which

+4+
was most' {}kely a mixed<q~ /H composite. An attempt to remove the Ca

failed to pnecipitate CaCO3 before ‘a real end‘%oint was

by adding KZ 3

S
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. g ++
reached, where a polymér containing Ca was rz&recipitated.
}

\ (Al

1 ) 4
The use of a strongly acidic ion-eXChangésresin of the tfpe Dowex

J

50W-X8 provéd to be an elegant method of separation. The labike acidity
\ e &
containeF in 0.1 g 5olymeric Ca salt is 1.1 milli-equivalents, The

r
resin was stated to have a capacity of 5.1 milli-equivalents per gram of

dry weight. An excess by a factor of at least 3 of freshly regenerated
! £
resin was used. i
+
After shaking the resin for 10 min. with the polymeric Ca " salt
previously dissolved in 57 HCl, tests perfarmed by addiﬁg KOH or KZCOB‘
+
in excess failed to reprecipitate anything. This showed that all Ca *
had been removed and that the potassium salts were soluble. Indeed the
" poly-acid could be recovered from this solution by freeze—dryingf It

Y
then proved to be readily soluble in water, well in methanol and only

poorly in T.H.F.aand p-dioxane. f

II-11l-c¢c Bypassing the regcovery

7 ) ’
The freeze-drying technique is a tedious and time-consuming proce-

P &

dure when manyksamples are involved. Accordingly, all the samples were
prepared as follows: the .polymeric Ca++ salt was broken into grains,
weighed, then agitated 4 to 8 hrs. directly with the ion-exchange resin in

the phosphoric aclid solution at pH 3 used as the eluant in the exclusi%n

chfométogtaph. Tpé‘fesin shifted thé equilibrium in favour of dissolution.:

One could thusdgbtain in a single step solutions of an exact concentration

4

-
and ready to be injected into the gxclusion chﬁomatograph.

I1-11-d Choice of the eluant

/ -
¥ The difficulty in solubilizing -the freeze-dried poly-acrylic acid

Ll /
in T.H.F. and p-dioxane, the easy technique o Jgimultaneous conversion/

oA
- |
s

-



S ot a W e S T ET T Y M MR % ek e b e 6 e 2 em e

© 50

sdigsolution in the pH 3 buffered solution containing the ion~exchange \

»

resin, and the convenience of working with aquecus solutions were all

important factors suggesting the use of an aqueous system. A pH 3.0 y

phosphoric acid buffer was chesen for the following two feasons:

(1) lack of volatility and corrosiveness of H3P0A.

(11) buffering power ensuring a constant pH, .and therefore a con-

stant degree of ionization of the sample. l
#

VT SN SRY B e AR, oA

A 25 1" glass tank was filled with distilled, deionized water, to . '

)

\\ which phosphoric acid was added drdpwise with agitation, while monitoring

S T

the pH with an expanded scale research pH-meter until 1t read 3.00x¢ 0.05 pH

i s

units. The pH-meter was calibrated by iterative intercept and slope correc-

his "pH 3 buffer" was used

%

‘ E 4 tims with 2 standard buffers at pH 7 and pH 4. T
g ’ ~ F; )

to make up the samples, to wash glassware, and as an eluant in the exclusion

-
S B,

chromatograph.

I;~ll—e Technicalities and injection procedures

The instrument usgy was a Waters GPC ZOé with a Milton-Roy variable

stroke mini-pump, and a differential Refractive Index detector. The refer-

R PTIEIRE L

ence side of the detector was filled with the carrier fluid, then closed.

Before this work started, the machine was found to be fitted with copper
1

tubings and brass fittings.” To prevent corrosion by the phosphoric acid

and facilitate servicing, it was necessary to completely refit the machine

with afl—stainlei§ steel parts.

The vol?me of thé injection loop, including the inlet and cytlet
ports, was 2.6 ml. For drawing the samples a syringe wa; fitted with a
8 um paper filter to remove any unwanted particles. The sfringe was washed

and filled with a 10 ml sample which was used first to flush the injection
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easily be packed dry by one person within % an hour and presents none

*

»

loop. The syringe was then refilled and the sample was injected ex%ctly

[4
at the instant when the chart recorder registered a spike. Each spike
' /

oq‘the chart represents 5 ml, thé volume of the syphdn counter. The
injection valve was returned to its norﬁa@ position on the next spike,
thus ensuring the total insertion of the sample into the system. A pump

r
stroke of 507 was used, giving a flow rate of 1.3 ml/min. For all'experi—
ments (at room temperature), this gave a satisfactory compromise between

a ‘maximum resolution and an acceptable analysis time of about 2 hours.

II-11-f Choice of the columns

Corning Porous Glass of controlled porosity, supplied by Electro

Nucleonics Inc.<87) was chosen for its compatibility with aqueous and

organic solveﬁts, its ready availability in a broad pore-size range and

its stability towards pressure, solvents and air bubbles. A column can
]

-

of the delicate handling problems of the organic crosslinked gels.

However, it presented adsorption problems, which will be discussed in
{ 14

Chap. IV. PoPous glasges of the following characteristics (Table Illll-l)

were tried, all in 120 - 200 Mesh particle size (manufacturer data).
¥

Nominal Mean Pore size Pore Surface Area
Pore diam. (X), Pore Diam. (X) Distribution Volume (m2/g).
~ \ (+7) (em3/g),
75 80 13.7  0.52 207.8
240 255 3.7 0.96 95.5
700 729 8.6 '0.98 | 33.9
1000 101}.6 ‘ 3.7 1.02 27.6
\ 1400 1422 45 . 102 "17.3
2000 2215 3.1 2.32 27.5
=

Table II-11~1

\
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The columns were stainless steél cylinders 1.22 m long and 0.78 cm

\ r

internal diameter thus having a length to-diameter ratio of 156.4 (3 times
the usually recommended minimum) and an internal volumn of 59 cm3f Va;iods
packing methods were tried in turn? ultrasonic waves, mechanical agitat%bn
with an eccentric cam,.vibrations and application of a vacuum at one end.
All gave poor results. The best packing of the poroué glass was obtained

‘ N s .
by the simple .method of filling only 4 cm of the column at a time, then -
’

tapping it vigorously with a wrench for 1 minute. The columns were capped

with 10 pm stainless steel fritted filters. Opening the upstream end of
Ly ‘ 4
each column after several weeks of wet use under high pressure showed that

| -
, . &
there was no. further compaction. After suitable experimentation a set of
|

4 columns of 75, 240, 700 and 1400 nominal pore diameter was chosen for

5 -~
o - ' .
use. The 2000 A column was rejected because it decreased the resdlution
of the other columns to an unacceptable extent, and also because it consi-
L]

derably increased the analysis time.

II-11-g Dextran calibration standards . ~

’

The characteristics of the five Dextran standards ugsed are given in

Table II-11-2 below as furnished by Pharmacia, along with the experimentally

‘ ’ .

determined elution-volumes at room temperature in pH 3 phosphoric acid-

buf fer. ] R \
[y Ce I4 '
. _ \ [v\] — . __ Elution
M (g) M M /M d1/g) log (nx M) Tog (nxM) Volume
v n VB oy . P ] . B (counts)
10,500 6,400 1.64 , 0.098 " 3.01 2.80 30.7
" .

22,300 15,000 1.49 . 0.148 3.52 3.35 . 29.2
39,500 29,500 1.34 /.0.21 3.92 3.79 27.9.
154,000 864000 1.79 0.37 4.76 .- 4.50 25.1

"~ 476,000 188,000 2.53 0.54 - 5.41 5.01 23.2

|

! Table YI-11-2 -

3 .
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_some of the samples for the study of molecular weight distribution by

A . a A

11-12 ‘3Carbon NMR spectroscopy ) , :

Five samples of poly-calcium acrylate were prepared according to
4

the usual procedures outlined in section II-5. They were the same as

Exclusion Chromatography. , . .
They were transformed into the water-soluble poly-acrylic acid

derivative by the ion exchange techniq;e of section II-11~b, using only

a few drops of HCL to speed up dissolution. The resulting aqueous s@lu-

tion was freezé-dfied, and the poly-acid was fédissolved in the minimum

amount of D0 at 50°C to produce the high concentration required by 13C - -

2

spectrocospy. The viscous solution was then transferred to the spetial

large-diameter (10 mm) NMR t;bes. |

The spectroscopic experiments were carried out by Gordon K. Hamer _
of the Puip and Piper Résearch Institute, %n the laboratory of Prof. A.S.
Perldin. The inﬁtrumenﬁ was a Bruker Wg90 spectrqgiter uith 8000 memory
channels equipped for pulsed R-F decay accumulation of séans. The operat-‘
iﬁg frequénc& was 22.628 ﬁHz, and proton-noise decoupling w§s~applied.
Fast-Fourier-Transform was performed on the inboard computer to yield the
time~average oflsome 2000 scans. A

[

The use of D20 to disso}ve the samples was necessary to allow the
»n

spectrometer to lock onto the deuterium nucleus frequency, and a drop of & o
dioxane was also added to serve as an internal chemlcal shift reference.

The stored digitél data could be displayed on an X-Y recorder at any scale.

Large-scale recordings were made to facilitate the cut-and-weigh method

of determining peak areas.
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Crystallography 1

I1-13-a Debye~Scherrer powder patterns

The treatment of the two anhydrate samples will be described ‘in the text
of éection III-1-2-a. A dihydraté sample was includéd for comparison.

The powder patterns were recorded by Dr. St.!John Maqley 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-
rature. The samples received 10 hrs. exposure of the Cuk, rddiation fil-
tered by Ni. The developed films were then analysed with a microdensito-
meter as well as inspected visually. '

4

I1-13-b Single-crystal structure analysis

The experiments were performed by Miss Suzanne Fortier in McGill's
: g

Geology- Department, under the supervision of Prof. Gabrielle Donnay.

!

A crystal of approximately 0.2 x 0.2 x 0.5 mm was chosen, small

enough to give negligible absérption. It was fixed at the énd of a copper
wire using a low-temperature, high-vacuum silicone rubber glue (G.E. RIV

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-1-101-A Cryo-T{p refrigerator of Air P;oducts Inc. #
Such lqw temperature was found to be required because calcium acrylate di-
hydrate 39 agle to polymerize at room temperature under the influence of the
erfy béam. The res;its of Costaschuck(sa) indicayéa that -90°C was cold

en ugﬁ to substantially inhibit the polymerization that would otherwise f

!

interfere with the measyrements.

A 4=circles Pickér—Facs I diffractometer was used to coliect 915
|
etry-independent intensities with graphite-monochromated Mo‘Ka radiation.




|
up to 28 = 45° were collected in the quadrant where % and k are positive. g
3

[

The Miller indices ranged 0 to 15 for h, 0'to 6 for k 'and -12 to 11 for
L. The two reflections 4&éd as standards presented a maximum deviation

of 3.5%7 from their mean value, confirming that Ehe amount of polymerization ;

Y e At D Prey
(Y

during the experiment had been minimal.

In order to eliminate the contribution from the copper wire and the

N\

glue, the crystal was removed and the intensities remeasured under the

.
Al by alond s L

P G £

same conditions. The values so obtained were subtracted from the previous

measurements to furnish the net intensities reflected by the crystal.

{
¥
¥

590 symmetry-~independent reflections had measured intensities larger
{ .
than twice the standard deviation. The cell dimensions were.obtained by

least-squares refinement of the angular values of 9 accurately centered

reflections. The similarity of the cell parameters and the identity of the

spacé é&oups observi? at 20 and -90°C indicate that calcium acrylate di-

(hydraﬁe does not und;rgo any solid-state transformation between these 'two

temperatures. The abgence of any manifestations of phase changes in the

Differeniiél Thermal Analysis and molecular motion curves (Wide Line NMR)

will be demonstrated in this thesis, and further justifies the brocedure

employed. j . ;
Intensities were corrected for Lorentz and polarization factors,

using the scattering factors of Hanson et al.(1964) and the DATRON program

of the X-ray 70 system. . The calcium ion position was determined from the N

Patterson synthesis of the intensity data, and was found to be analogoug’

(773.

to that proposed by Lando The remaininé ions were lgdéted by the

heavy atom method. Fourier synthesis followed by full matfix least squares

- f
and AF gynthesis permitted to locate all the remaining atoms.

“;,Aﬂ -

o e e o
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Finally, the refinement of the data converged towards a residual

of 6.67 on 564 observed reflections. 26 discrepant reflections with

F << |F Iﬁwere eliminated from the least-squares refinement. These
obs calc!

discrepancies were attributed to accidental interference of the. tubing

: bringing the refrigerant to the cryo~tip with the X~ray beam.
4

/
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III-1 Crystalline structure of the monomer -
| (:} The knowledge of the crystalline structure of the'Ca acrylate di-~
hydrate monomer is of fundamental importance if one is to rationalize the

*phenomena observed during SSP., The question of topotacticity (i.e. whether,
the monomer matrix imposes orientations on the polymerizing chain) is an
obvious one for which such knowledge 1s required. Furthermore, the study
of the dehydration reaction, and that of t?e polymerization inhibition by
delYberately introduced foréign gases, also require, a precise knowiedge
of the diffusability of the Mionomer crystals by small molecules.

The earlier crystallographic studies of the monomer will be presented

first, followed by a description of the experiﬁents performed and finally

by the discussion of the results. It will be shown that crystallography

supports the results of the other experimental techniques employed ia this

thesis, and leads to several inseresting predictioms. %;?
?5 III-1-1 Previous crystallographic sfudies ‘
) The crystallographic structure of calcium acrylafe dihydrate was first
studied by Lando(77). He found that_ calcium acrylate is monoclinic and
¥ belongs to the space group PZl/a, wiéh the following parameters:

o o (o]
a=14.36 A; b = 6.56 A; ¢ = 11.62 A; 8 = 118.9°; Z = 4. The anhydrate was

found to be amorphous, and further comments were made later by Lando and

(78)

/ Morawetz on the nature of the various hydrates they claimed to have

prepared.

However, an attentive examination of the crystallographic results of
Lando revealsatﬁg following facts:
. . o

(a) Lando's structure displays &4 internuclear distances of 1.83 A between

the oxygen atoms of different écrylate molecules. Such a short approach

B ) - * 4 7
(;“ between two negative CO2 ions seems unreasonable, as it would
. L .

-
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.mean_ they are separated by a distance closer to the length of an 0-0
o
covalent bond (1.5 A) than to the length of the expected Van der Waals
o’ )

approach (2.8 A).

(b) Lando found calcium-oxygen internuclear distances of 0.97 Z, which

is absolutely impossible in view of the ionic radii concerned (0.99 plus
1.32 Z resp.), which lead to an expected 2.3 - 2.4 Z instead. \ |

il

‘§c) The "residual” 4in Lando's atomic position measurements, which is a
measure of the mean discrepancy between observed and calculated structure
factors, was'35Z for the 0l data and 43% for the Okl data after least-
squares refinement of his data. The;e value% are unusually high compared

N !
to the 10-127 generally considered to be the limit of acceptability for

the establishment of a new structure.

) The‘calcium ions in Lanho's structure lack a clearly defined cdordi-

nation polyhedron.

A number of*these discrepancies may b? explained on the basis that
Lando carried out’his measurements at room tempﬁrature. Calcium acrylate
¢gihydrate polymerizes readily under the X-ray beam at room temperature,
possibly disrupting the lattiﬁe to an extent sufficient to impair the mea-
surements. '

Qn the ground of the above remarks, the crystallographic structure of
Lando must clearly be rejected..

Costaschuk(84)

e
built a molecular model on Lando's data, and derived
from it a number of conclusions. Unfortunagely, asg. Lando's data have
been shown erroneous, it 1q1§5§ clear that this model and the conclusions

baged on it must be totally reconsidered.

In an effort to éain understanding of the dehydrgtibn process, Costas~-

d
3
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I 4 1
chuk also analysed the Debye-Scherrer pgwder patterns of the interme-

diate hydration levels (0.95 and 0.28 HZO)’ and thatbof the anhydrate,
which was found to consift of 4 halos.

. _-The intermediate patterns were found by Costaschuk to consist of \/ -

the simple additivenéuperposition of the dihydrate and anhydrate patterns

at reduced intensities. He also measured the'densities of the various

hydrate levels, and found it decreaéed some lﬁz‘frqp the“dihydrate

o
-

(1.461 g/cm3) to the anhydrate (1.425 g/cm3) in a smooth linear manner.
‘Q) * v ’

i *~

The dehydration reaction was concluded to proceed by a dihydrate-to-an-

: 9 7 -
hydrate transitiong®with little or no distinct intermédiate compound
produéed (2-phase system). The dehydration model of Costaschuk is depict-

ed schematigally on the left half of Fig. III-1-1.

(85) attempted a quantitative study of the cryStallinlty varia-

tion with dehydration. He defined the crystallinity of his samples as pro-

Watine

portionai te the intensity of the peaks occurring at 26 = 12.48° and

15.93° in the powder patterns. These.two angles were chosen for they did

.=;7""/
not suffer from interference with the anhydrate halos. The percentage

¢

crystallinity could thus beyﬁea%ured from the X-ray films with a microden-
sitometer, assuming 100Z and 0% respectively for the dihygraéé and anhy-
drate. The curve ;btained is presented on Fig. III-1-2. Watine observed
that 607 of the crystallinity loss occurred‘over only 257 of the hydration

i -

range between 0.5 and 1.0 H.O.

2
He concluded that the volume of the dihydrate phase decreased in a
non~linear' manner with the extent of dehydration, and that éécordingly,

the 2-phase dehydration model of Costascbpk should be questioned, and pos-,

. 81bly rejected to the profit of a 3-phase model involving ; large amount of

b -

pR——
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‘ (\,I‘ Costaschuk's/ciehxgratian’ model : *  Watine's dehydration model :

e
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. * 1 -
L& 7' (pure dihydraEe) | / = v A )
. ; s

v

P

L4
a

' / NS ]
* p i N, from 2 to 0.5 H
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Fig. III-1-1 : Comparison between ‘the dehydration models proposed by .
o C(staschulg(sl"p“sa) and by Watine(83:P-107) , |
o
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an intermediate "active phase' of compositiop.x H,0. The two models

2

are compared schematically on Fig. III-1-1.

Several quest;on? may be ralsed regarding the densitometric méasure—
ments of Watine:
(a)’ the use of<g microdensitometric probe involves integfdting the opti-
cal density of the film over a certain line width corresponding to the
opening of the probe slit. As a result, the readings will be incorrect 1if
the actual line width of the measured diffraction line changes from one
sample to the next. Ong practical instance Vhere this can hagpenlis when
the dehydration nucleation occurs abundantly by the multipliqii:on of,
small centers. The width of the dihydrate lines will then increase appre-

ciably when the $ize of the remaining crystallites will fall below about
o ° :

- 1000 A. This results in an apparent loss of integrated optical demsity,

,and in a deviation of the curve below linearity at low water contents.
Indeed, W;tine observéa such a deviatiog at the 6.5 H20 level as shown

on Fig. III-1-2. It is henceforth suggested that this deviation, far from

reergsenting a non~linearity in the crystallinity itself, is instead indi-

chﬁive that dehydration proceeds by an abundant nucleation of independent

centers.

(b)'UBy aséuming tﬁat the two lines he chose could be used for the measure-
mené of the crystallgeity’contegt, Watine implicitly assumed that the water
oxygens did not contributé to their intensities. In case the waterlshoulé°
contribute to;thesé lines, one would expect their intensity to v;ry anxwa;

upon dehydration regardless, of the crystallinity of the surrounding matrix.

AV :
Indeed, calculation of the structure factors F were performed for the

(011) line at 28 = 15,93° of* Watine, based on the single crystal analysis

i
il

'
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to be presented in section ILI-1-2-b. Excellent agreement was observed
between fhe ;bserved total F 160 6 eiectrons) and the calcplated F

(64 + 0.5 electrons). A stro‘ contribution of the water to this factor
was calculated (F = ~49 £ 0.5 electrons). As this contribution is nega-

tive, a partial dehydration of x7 without destruction of the remaining
|

crystal structure would increase the observed intensity Ilby the %atio:

X 2
 Denoo _ ¢ T00 F RN 1+ 0.0077 0 9. @)
‘ I F
2 Hy
For small values of x, this increase ratio may be approximated by .

: - |
1+ 0.015 x . Only 107 dehydration without collapse of the dihydrate

lattice would thus produce a 15Z increasge in the observed optical density

of that line over that of the dihydrate. Such a large effect could not

L _ /

have been missed in Watine's experiment.
On the contrary, Watine observed a decrease in the line inten ity

upon dehydration. This enables us to conclude that:

(1) The amount of dehydration that the dihydrate lattice can tolerate
without collapsing is\bery small. This will be shown in section I1I-1-3-a

to be perfectly consistent with the essential role of water in the stabi-
1ity of the crystal,. ! f

(2) This small fraction 1s nevertheless responsible for some increase in

b4 »
the observed line intensity. Such an increase over the linear beh%viour

based on a simple additfvity of the dihydrate and anhydrate patterns has
. . '

L4 !
been indeed observed by Watine in the range 0.7 to 1.8 HZO' Applic%tion

of Eq. (1) on Watine's data allows to estimate to 2% or less the fr.ction

U

x of dehydration without lattice collapse. i
¢

-
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" deduction_ as to the existence of an intermediate "active volume"

" experilents were all run using finely ground powders, and that the above

conclusions cannot formally rule‘out the exigstence of a metastable pQrtial ‘\§ké
( 4

lwill be discussged later in detail.

64

Finally, we may conclude that Watine's observations may all be

-

eaéily rationalized in the light of simple crystallographic princip‘i;.

As a consequence, Watine's contention that crystallinity decreases,non-

#‘{ \

ﬁinearly with the water content of calcium acrylate, and the resulting

of com-
position x, should Be serfously questioned and pgpbably rejected. On the
contra;y; the obseFQa;ion by Costaschuk of a reduced but clear dihydrate
ps&%ern all the way down to very low hydration levels, and of the linear

LI

decredse of density upon dehydration strongly suppbrts the latter's two-
-y |
phase dehydration model. It should be kept in mind however that the?e

This possibility

hydrate for large monocrystals under certain conditions.

¥

X !

III-1-2 OQOrystallographic experiments \ - P

\y . III-1%2-a Debye-Scherrer powder patterns

(83-b)

O'Donnel~and Sothmann made a thorough stuéy of the de-

. Jt : j 8K /
hydration of barium methacrylate monohydrate after the preliminary study

' (81- c)

of Bowden and :0' Donnell This material is believed to be qpffici—

ently simil%r in many of its properties to calcium acrylate dihydrate to
A N

warrant brief consideration here.
[

Differential Scanning Calorimetry of barium methacrylate mono=-
»

hydrate exhibited 2 endotherm peaks at 80 and 110% for small crystals.

o

On the other hand, grinding the samples to a fiper powder produced a gra-

dual disappearance of the second endotherm. One of the hypotheses ad-

" vanced was that the second endotherm might be indicdtive of am allotropic

) 2

“&

-A«
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(:T transitign after the dehydration had taken place, ¢r of a phase transi-
I

tion coupled E;th a second dehydration step. gmth transitions are not, ;

| 7 . . ;
b ‘

» uncommon and have been demonstrated to occur during or in between the -

(106) a

dehydration steps of Cus0,, SIHZO
Accrued interest in this hypothesis was sparked by the finding that
2 dehydration endotherms were/also present in calcium acrylate dihydrate
]
at substantially the same temperatures of 79.6 and 106°c.” All Eﬁgﬂf re-
sults will be discussed and illustrated further }n gsection IfI-3-l. .
, Accordingly;yan experiment -was designed to:test this hypo;hesis by
l comparing the powder pat erns of two anhydrate sampleg. The first sample

« v 1

was prepared by prolonged evacuation of crystalline dihydrate at room

tehperature, i.e. well below the temperatures of the 2 endotherms. The
- f ) B

[a o

second sample was dehydrated by evacuation at 60°C, followed by two days

»

;)

T ek s v o5 2

annealing at 110°C under vacugi; i.e. at a temperature suitable to allow

o take place. (

I ' e
/

* Densitometric tréces were obtained b 'RF’ St. John Manley of the Pulp
i 1

any eventual recrystallization

and Paper Resear%h I’stitute by thé DebyelScherrer method and are shown on
Fig. III-1-3. Both amb;es exhibited the 4 halos observed by Costaschﬁk.
The outer 3 ééuld only be obgserved by careful visual inspection of the ne-
gatives, but were too weak to be clearly apparent 02 the densitometric ~

Eraces. No difference could be found between the patterns of the low and

high~temperature 'samples.

It thus seemg necessary‘to conclude that. the gecond dehydration endo-
{ therm of calcium acrylafe dihydrate is not associated with a phase transi-
tion.  As ‘a result, we may say that the Debye-Scherrer exper@dent devised

(;’ : could not put in evidence the formation &f an intermediate structure nor

A

r ' . : “ o
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the existence \of a phase transition overlooked thus far,. Neveptheless,

some reser}atio must be made.

Sothmann(83_b)

7

The observation made by O'Donnell and -

that grinding the crystals to a fine powder produced the

disappearance of |\the second endotherm suggests that the grinding required -

to take a Debye:S hérrgr pattern may be sufficient to obliterate any struc-

ture present. Furthermor the same authors found that very small doses
ﬂ* y

of y-irradiation wdre sufficient to have the same effect.

Consequently,

of the samples, alt

t is felt that the grinding and the X-ray irradiation

%ugh necessary to run the experiment, could be res-

ponsible for the obliteration of any such structure either directly or by

[

ingucing polymeriza oﬁ.: Thenefore we must regard the existence of suchja

fragile or metastable

thvestigation.

The use of larger crystals and of cooling below -100°¢c

structure as still possible, and worthy ofuivrcher

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(sa)

¥ >

observed the 4 halos of the anhydrate‘at 2 6 values of 8.3, 23,

o)

30 and 420, corresponding to d spacings of 10.6, 3.8, 2.9 and 2.2 A res-
Jv '

pectively. On the basis of Lendo's crystallographic data

an

» Costaschuk

concluded to the persistence of the/(OOl) reflection throughout the de- -

hydration.

It was interpreted that dehydration caused a "substantial lo;s

A~

in crystalline order algng the a and b axes, but only a minor loss along
}

the ¢ axis where ¥Re lattice'spacing

As Landd\s data have since been

.
el

- e s
- f w ,,phi’, s

©o A,
-,‘%,”_ A J
L R r e N N oy

remdined nearly constant".

shown erroneous, it was deemed neces-

-t
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(m} sary to investigate this point again. Although we used the same nickel

filtered CuKa radiation, the four anhydrate halos were ‘found; in the

cdrreng experiments, at 2 6 angles of approximately 12, 15, 20 and 260,
’ ]
corresponding to d spacings of 7.4, 59, 4.4 and 3.4 *+ 0.2 A respédctively.

"

R AR i €t gy

-

These distances were interpretéd as the Ca~Ca approaches. They are quite

[,

P

; 1 -0
different from those observed by Costaschuk, but they were found to be

similar to those meégh;ed by the present’authors from the dihydrate
. o
L pattern (d = 7.2, 5.9, 6.6 and 3.9 + 0.1 A), which match accurately the

Ca-Ca approaches independently determined from. the dihydrate by the single

:
i
§ crystal structure analysis of section III-1-2-b.

o

{ The calcium ions will be shown in the next section (III-1-2-b) to

form ribbons stretching along the b axis in the dihydrate. The Ca-Ca

distances are noted on Fig. IIL-1-4, along with the values they assume in

the anhydrate (in parentheses). The similarity between the two indicates d

SRR 3

that the inter-ribbon distances are conserved, therefore supporting their

con%inued existemce in the anhydrate. ‘The intra-ribbon distances are

\ markedly shortened as a result of the necessary reorganization of the cal-

e

cium coordination polyhedra. / )

i In conclusion, we may state in contradiction to the results of Costas~
B

chuk\, that the dihydrate lattice was found to suffer a complete loss of

¢

; " crystalline order upon dehydration. The preservation of some intetatomicx*iib N
™,

a .
o

N

T distances suggests however that the ‘ribbon-like structure is approximateiy

) conseryed, although suffering from a 337 contraction along the b axls and

\

from a 137 contraction of the shortest Ca—~Ca distances. These contractions

are likely to facilitate polymerization along the ribbons, whereas it was

fdrmerly more difficult in the dihydrate. Finally, the persisténce"of the

Y

e
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Fig. III-1-4 : Calclum~calcium distances() in A , in calcium acrylate

dihydrate , as measured ffom the Debye—ScHerrer powder patterns by X-rays . ‘
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: ‘(:E - ‘ (001) reflecgion was not observed, as this reflection is forbidden in the ) %

; :space group of the dihydrate: ]

% . - IZI-1-2-b Single-crystal str;cture analysis 4
% The crystal_structure analysis of calcium acrylate‘dihydrate i

14 & \

% ¥ was undertaken at McGill University's Geology Department. The single-cry- 1

v 7& stal experiments were perfogmed by Miss Suzanne Fortier, and the process-

ing of the data by Mr. Yvon Lepagge, under ths; direction of Professor Gabriel-
le Donnay. This structure analysis will be the object of a detailed pubs

lication by the above authors.

' *  fhe dihydrate crystals are acicular,\fragile and elongated along the
i

b axis. The cell parameters found are presented in Table III-1-l. The )

H

a

52 sets of coordinates were generated by this author from the 13 fractional

atomic coordinates listed on Table IIi-l-Z-a and from the equivalent posi-

tions (x, y, z), (=%, -y, -2), (dx, ¥ ¥y, -2), (3 +x, 4 - ¥, z).. The

o e o nian s

interatomic distances derived from them are shown on Table III-1-2-b.

% A projection of the structure onto the ac plane_was constructed. For

clarity of presentation, the unit cell and its immediate vicinity have been

compleied by applying translations of vectors a and Z, and are depicted on

Fig. III-1-5.
0 "3 [
The structure is made of 10 A thick layers perpendiculﬁf to the plane
N ) N

of the figure and parallel to the (00l) plane. Each layer consists of

pairs of combs lying with their spines back to back, and staggered along

the g atls at a distance of 2 b from the opposite comb of the same pair,

and of 1 b from the corresponding combs of the next pairs above and below.
o ‘Sﬁ
The spines of these combs are rows of calcium ions.lying along the a edges
2 ¢ '

of the unit cell, 2nd form the core of the layers. The teeth of the combs

’ a

- ¢




. \ @

Space group: PZl/a ¢
o

a 14.17 + 0.02 A

: )

b 6.63 + 0.0L A
)

c 11.76 £ 0.02 A

0 ‘o
B 118.4 % 0.1
Z -4 x [Ca(CHZCHCO

2)2

Formula weight ™ 218.23 g

, 2H20] per cell

r 4

-

Linear absorption coefficient = 6.27 cm.l for MoKy

V (unit cell volume) = 967.7 A

Dengity (calculated) = 1.498 g/cm?

o
& i

.~

Density (experimental) = 1.461 g/c:m3 (from Ref. 84)

Cell parameters of calcium acrylate dihydrate at 183°K

LY

\

[

i

TABLE III-1-1

%

q
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3
Atom X y ¢ z
~N
Ca 0.4367 (2). £ 0.2405 (4) 0.0295 (2)
¢y .N0.1728 (11) 0.0744 (23) 0.5427 (14)
Cyope s 0.2108 (9) 0.2404" (23) 0.6185 (10)
Cy 0.2662 (9) -~ 1, , = 0.2249 (21) 0.7644 (10)
o, 0.2848 (7) - " 0.0578 (12) 0.8258 (8)
0, 0.2988 (7) 0.3887 (13) - ' 0.8257 (7)
c,, % -0.0132 (12)° ~ 0.3824 (23) . - 0.6624 (14)
C,, 0.:0283 (9) T 0.2293 (20) 0.7290. (11) *
C, 0.0335 (9) 0.2409 (23) . 0.8598~ (10)
05, 0.0490 (7) 0.0807 (13) 0.9240 (8)
0, . 0.0208 (F 0.4060 (13) 0.9020 (8)
(1,0) | . D.6126 (6) 0.2632 (13) y 0890 ™)
(H,0) 0.3201 (7) 0.2305 (13) 0.1266 (8)
. @ »F‘ i

TABLE III-1-2-a

(o]

Atomic coordinates of calcium acrylate dihydrate at 183°k (in A, with
incertitudes over the .lasgt figure expressed shown between brackets).

Calcium coordination polyhedron:

-

il

Ca -~

-0

"0

11
Oy
012
021
092
22!

(H,0)

(8,00,

2.629 (7)

(#,0)=0,;
2.461 (7) - -0y -
2,307 (9)
2.707 (12) D \
12.339 (9) © (B0 0y,
2.509 (12) e "0y
2,425 (6), h
2,409 (1204

Water molecules and hydrogen bonding:’

72

J -

2.76 (L)
2:79 (1

N

2.8% (1)
3:93 (13

gz O=intra)

LS

g}_izo-inter)

1
\
A

an

TABLE III-1-2-b. J

Interatc;mic distancesd (in A)
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are the acrylate molecules, and extend almost perpendicular ‘to the plane'.
of the layers, except for the vinyl double bonds tails\which étiék alter—-
nately abov? and below the plane of their comb. , The sﬁrface of the layers
is théerefore made of the tips of the combs, i.e. the vinyl tails, which engage
in Van der Waals bonding with those of the adjacengylayer. *
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 COZ_ ions.’ , ‘
The sharing by calcium ions two_oxygens (012 and 022) belonging to
different-acrxlaté molecules homologous by a translation of b 1s respon-
sible for the formation of ribbons of width a/2 extending along g, i.e:
vertically above the paper. A cross secéion of such a ribbon along a ver-
tical plane normal to'; is shown on Fig. II1I~-1-6. On ;hiscfigure,xeach

calcium ion can be seen to be the centersof a clear cdordination polyhedron

of eight elements: six carboxylate oxygens belonging to four diﬁﬁerent
.4 ) ‘ :
acrylate molecules, and two water molecules. ,
A ]

The bﬁnding scheme of this structure explains the easy (001) and (100)
cleavages and the fragil%ty of the crystals. The structure in general an&
the internal conform;tion of the acrylate molecules in particular have
bee? foun&\;o be reasonable. The factors contributing to the stability and

the properties of this structure will be disgussed next iQ;Lreatet detail.

j; I1I-1-3 Discussion of the results A ’

T

The following discussion, and particularly the interpretation o§~the

results directly relevant to deﬁydration, diffusTon, dimerization and poly-

merization have been established by the present author with the help of '
discussions with Dr. Yvon Lepage.
. oo
N ) )
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~ Fig. ITI-1-6 : Cross-section of the calcium ribbons stretching along b

in the structure of CaAc,ZHZO » showing the two types of water present .
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III-1-3-a Structure stability and deﬁydratioﬁ

A detailed investigation of the crystallographic structure

of the dihydrate‘monomer reveals informatiog as to the stability of this -
structure along three directions: the principal axis of the crystal (b)f/

laterally along the plane of the layers (along a); and between the layers

in a direcéion normal to their planes. The inter—layerjétability has

been shown to be the result of Van der Waals approaches between the vinyl

CHZ"groups at the tips of the combs' teeth, and needs no further discus-

\
sion.

Along the principal/axis f stretch the ribbons mentioned earlier,

i

organlized around the'strings of calcium ions. The carboxylate groups pte

Nt < 2

attracted towards these strings, while the vinyl ends of the acrylate mo-
lecules point away from them. The forces that hold each ribbon together
are of two origins, as may be clearly visualised in the 7ﬂ6ss-section
shown on Fig. III-1-6: t .

(1) One CO2 group\(o and O ) 1s shared between three calcium ions
labelled Cal, Cazi and Ca3 on the figure. Ca is on che same level, where-

as Ca2 and Ca3 are homologous by a translation of vector b and located )

b above and below 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 the Debye-Scherrer experiments.

- S )
(2) The other CO (02 and 02 ) belongs in particular to Cal, but is

2

linked to Ca2 and Ca3 indirectly through the H-bonds forme& with the water

molecules labelled "H20~intra". This bquiﬁg scheme will obviously be des-
troyed upon dehydration,'and this destruction is probably responsible for

£ .
the 33% contraction of‘qﬂg ribbons observed along 5.
l -

¢ )
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. , 3 L
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Laterally, the different ribbons are held toéetﬁer by the water only.
The water lébellgd "HZO-inter" on Fig. III-1-6 shares a bond with the cal-
v .

. L]
cium.Ca1 of one ribbon, while it forms hydrogen bonds with two carboxylates

.

. bound to the ‘calciums Cag and Ca; of q@e next ribbon.

The water contribﬁting to the mechanical and electronic stability of

each ribbon (HZO-incra) is invqlved in two strong H-bonds of equal length
) . ;

(2,76 and 2.79. £ 0.02 A), whereas the water which is ‘the only link holding

different ribbons together (HZO-inter) exchanges weaker H-bonds of unequal

. o
‘length (2.83 and 3.03 £ 0.02 A)! It has been calculated that the fraction

of bond valence eicbanged by H-bonds between CO2 and nzo is close to the

fraction exchanged by ionic bond between CO "“and Ci++.

2

In conclusion, water 1is seen o be clearly indispensable to the stabi-

lity of the stéucture. Water is the only strong link between the ribbons,

/

and an important contributor to the stability ‘of each ribbon.

I

The existemce of two ﬁon-equivalent types of water has been demonstra- (/)
ted, playiﬂg different roles with different bond strengths. On this ground,
it would appear that cryséallography does not preclude th; possibility of a
'partial dehydration taking place under certain conditions, wﬁereby the
weager—bonded inter-ribbon water could be removed first.

However, even such partial removal would require a complete modifica-
tion of the coordination polyhedron of the calcium ion, therefore leading to
a considerable regrrangement of tﬁe whole structure. Indeed, possible in-

)

termediate structures such as a monohydrate have eluded isolation and 1id-
W

entification thus far. The aresent structure of the crystaﬂline dihydrate

is perfectly consistent with the direct tréPsitionnpg the amorphous anhy-
(84) i

1

' f'? “,4, [
drate observed by Costaschuk . by means of D.S.C%%@;Q§A., and Debye~
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}‘ ) . ’ ¥
o ( ’ Scherrer powder X~ray analysis., Nevertheless, 4nomalies in the D.S.C.

b
and T.G.A. curves of a similar sample were observed by O'Do?xell and ¢

Sothmann(ga-b), preventing the complete rejection of the hypothesis that

¢
i
s
¢

a metastable partial hydrate could exist. These anomalies will be dis-

cussed furfher in section III;3—17a. . >

Ifl—y—B—b Diffusion of water and inhibitor molecules -

The lgyered structure of the dihydrate leaves a free space
between the acrylate molecules homologous by a transfation of vector g
(6.63 Z). Taking in account the 2.0 Z Van der Waals radius of a CH2

o
group, this leaves a free sphce of 2.63 A. However, two opposite factgrs

influence the availability of this free épace between the layers of the

N ‘Lcrystal. First, the vinyl groups are not &1l at the same altitude with

respect to the plane of the combs, thereby reducing the straight line
> thickness of the free channels and forcing diffﬂsing 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

-
agitation may help the diffusion by enlarging m%gentarily the free volume

available.

B

The diffusion behavioqr of water and of oth‘} small molecules such
1 as 1nhibiS;r gases may now be predicted by comparing the dimensions of
i ’ . o

these molecules with the 2.53 A free space available. '
(85) '

Watine made such an attempt at correlating these parameters with

i
the observed inhibition produced by 02, Ia1and N20 on the polymerization. /

| »4
However, he based his reasoning on the structure of Lando(7%%J which has

o

. 3
' been.PpﬂQed erroneous. Also, he calculated the dimensiong: of the envelopes
gl T Y
, .

3 ' -
o@zthese molecules using the crystalline ionic radii Of the elements, where-

/

r -
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as ﬁhe~Va£ &ep Waals radil would appear more relevant here. Table‘III~l-

S
[

3 1ists the dimensions calculated by the two methods.

The Van dergWaals diameter of the water molecule is not much dif- %
» L ! o ,

ferent from that ;¥ an éxygen atom itself, 1.e., 2.80 A. This is quite

0 .
c}osg to the 2.63/A dimension of the channels. Water can therefore be

‘ gx?ected to difque relatively easily through the crystalline dihydrate

lattice, with the help of a 1ittleﬁthermal agitation of the acrylate
tails. A simiJar comment can be made for ammonia, which 1s thus predicted )

d
of

to diffué y slightly less easily than water.
On the other hand, it is clear that the other molecules sth as O

Fz, N2 and NZO willqée able to enter the lattice only if they present o

themselves end first or edgewise. This restriction on their degrees of

freedom should greatly restrict the rates of diffusion of these molecules

‘in the order listed.

Furthermore, molecules such as 02 are capable of formipg Van der Waals

interactions with the polar acrylate molecules. The first few surface -

layers of the acrylate crystal could thus very well saturate themselve;
with oxygen, blocking the channels‘for further‘penetration. ,
// Indeeé, direc; measurement of the rate of diffusion of oxygen in'the‘
dihydr;te will be shown in section III-Z—i to be close to zero. .

As gér iodine, its smallest dimension is 637 larger than the Ehickness
of the'channel.\‘lt should therefore prove comﬁl;tely unable to diffuse in
the perfect lattiée, and should diffuse more difficultly than oxygen ‘even in '
a lattice partially disrupted by dehydration. This has been confirmed ex-
perimentally by Watine, who showed that lodine had no effect on the poly-

L ' \ '
merization of the dihydrate, whereas it had an inhibitory effect similar to,
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A

4

) y ~ Crystal  Van deg
Bond Length Element ionic ° Waals
radius radius
0=0 1.21  — .
‘ Ca / 0.99 -
=N 1.10 , .
0 ! 1'32 ' 1.40'
N=f in N,0 1.19 ‘ , ,
N v 1.71 1.5
N-N in N,0 1.13 / .
I,{’ ¢ 2,20 2.15 !
I-1 2.66 f . ]
) F 1.33 1.35 ?
F~F 1.42 ﬁf )
1 -, 'CHZ \ - 2.0
N-H , 1.01 1 P
TABLE III-1-3-a
0
Dimensior}dl data (4) .
f;, [o] . o
Molecule Diameter & Length (A) " Diameter & Length (A)
using lonic radii using Van der waals radii
HZO ( ~ 2.64 ~ 2.80
NH, / ;732 ~ 3,00
02 /' 2464 x 3.85 \ 2.80 x 4.01
N, 3.42 x 4.52 . 3.0 x4.1 ’
I2 4.40 x 7.06 . 4.30 x 6.96
Fz 2.66 x 4.08 .2.70 x 4.12
NO 3.42 x 5.35 3.0 x5.22

e

AL

TABLE III-1-3-b
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1
Ct\ ‘ , but markedly weaker than that of oxyge? gver the first thrie-quarters of

[

1
g the dehydration range (Fig. I-6-1) .
3 \ ' In conclusion,{it may be gtatad that the analysis of the crystalline

structure has led .to| severgl predictions as to the diffusability of the
g X

system by small gaseo‘tlglmolecules. Whenever available, indépendent direct

b}

experimental evidence supports the crystallographic conclusions. On this
‘ +

basis, it is here suggefted that fluorine should present a diffusion be~

ey s T T R

" haviour similar to oxygen, and that ammonia should diffusg nearly as easi-

} ly as water. The study of polymerization under an atmosphere of ammonia
@

“"would be of particn’\lar interest, since NH3 is a specific ionic inhibitor

which could be used to investigate the presence of an ionic mechanism of

polymerization. Alternately, the synthesis of an ammonia substitution

N\ compound of the dihydrate, or of a novel ammonia complex of calcium acry
late would hold the promise of fruitful ccn;nparison’s be\&eeen the various /
//;ys‘te)ms formed. . |
‘ III-1-3-c Di-, t/ri- and polymerization” 9 ‘

The following is an, attempt at predicting the possible re-
actions of the monomer inside the crystalline calcium acrylate dihydrate. ;
For the sake of simplicity, the discussion will be base&>on the following

assumptions: : | M '

- the reactions are radical additions
- the additions are made head-to-tail “

’ ~ the initiating radical is CH3—6H-COE, which belongs to the general

type Cmiz-éY-Z that has been identified as the one responsible for §.8.

polymefizat{.on of a great many vinyl systems including the présent one.

The projection of the structure that has been presented on
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P | ) \
‘:% Fig. III-1-5 showed that because of the various symmetries present, only

two different types of radical positions labelled A and B are "identifi- |

able. A\

In order to interpret this result, the criterion proposed by G.
(21,22)

3 Schmidt will be retained, namely that reactive double bonds must
)

be less than-approximately 4 A apart for a solid state reaction to take

P T

. G
place. In these conditions, reactions along the b axis are very unlikely
- o B
' to take place because of the 6.63 A distance between,adjacent combs.
.

. Only the reactions within a singlé comb (i.ei in the ac planelbgggg,;hene—
=

;
i
3
H
:

- fore be considered.
The nearest double bonds to a radical placed in a type-W position are
o A
- 3.3 and 3.8 A away. They belong to the same comb as the radical, and are

5

tied to the caleium backbone of the comb by their carboxylaCe\énds. Ounly
30-640° rotation of the acrylate molecules around the carboxylate pivots
is enough to bring these double bonds into contact with a type-A radical.
‘It is thus evident thaé Schmidt's criterion is more than satisfied, and
that dimerization of type-A radicals should be easily accomplished with a
neighbour of the game comb. o / J
The same case{hay be made for type-B radicals; although the nearest

' )
1 reactive double bonds are 3.8 and 4.6 A away. The dimerization is believed

to be only slightly more difficult in this case, but is still possible

because of the flexibility afforded by the thermal wagging around the car~-

E boxylaté plvots,
)
. On the other hand, type-A and type-B radicals lie 3.9 and 4.0-4.7 A

R away respectively from the nearest double bonds of the molecules in the

opposite comb. No amount of rotation is able this time to bring them with-

- . - e
. M S . . L N *‘%
. Yo ., N i s .
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conditions, one of Ehe Ca

oo

2

LY

* in reacting distance of the radicals. To achieve dimerization in these

]

bonds must be stretched consiﬂefably,

.83 »

which is ‘1ikely to require much more therma; energy.
As a result, it is concludeq from the crystallographic structure
hat the first@reaction to take place upon warming up from a low~tem-
perature irradiation should be a rather easy dimerization oﬁ either L
type-A or type-B radicals with a monomer of the other type placed next
to them in the same comb. , . . ,
This result will be shown to be perfectly cqns%ﬁtént with the ESR .
and Wide-Line NMR data gathered over tpe range ofg}f66:to -50°¢. ’ T |
Once this dtmerigﬁtion is achieved, the radicals becopermuch less ’
reactive, because the;Yare'rigidl&wmaintained in a position-of the matrix

where the nearest neighbo?ts are farther away. Any further reaction now.

,

requires the stretching of a calcium-carboxylate ionic bond, and there-
fore requires much moré tﬁérmal énergy. The breaking of this ioqii bond.
destroys the coordination polyhedron of that calcium, initiating a local
crumbling of the structure. This crumbling, associated with the exother-
micity of the polymerization, is li;ely toyfacilitate the release of ‘
water and the release of more acrylates which are thus made available for 4
continuing polymerization. :

.

We may now conclude on the basis of the analysis of the crystallo-

graphic structure of the’dihydrate that: 7ﬁx . ,

(a) warming up after a low-temperature irradiation first produces 0
dimer radicals. K :

(b) further heating is required to initiate ¢t tigpﬂ

(c) :the polymerization cannot take place in a perfect attile, but
destroys it. The polymer chains are therefore likely ow in the

¢
1
——-?WWW
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middle of‘a "disruption channel" produced by the growth. o ‘

o
(d) the polymerization is very unlikely to be stereotactic, as no

lattice control can be envisaged, and much molecuiar diffusion is requir~

. - v , 1 / .
ed. ‘
v 4

/ (e) thelpolymerization is likely to foster dehydration._

~ )
(£) conversely, dehydration should facilitate polymerization by

loosening the structure, which/is a prerequisite for polymerization. °
P a i -

Most of these conclusions will be corroboratff;ky independent experi-
mental evidence presented and further discussed in the sections to follow.

‘.'1“
-

III-2 Qxygen diffusion in the mghomer ,

F. Costaschuck(aé) and F. Watine(ss) have shown that the effect of

adding oxygen (air) in the polymerization vessels was a partial inhibition,

strongei for the anhydrate than for the dihydrate, and a total inhibifion
i
for the intermediate 0.3 hydrate. To aid in understanding these results,

it was decided to try to get some insight into the rates of diffus%on

and reaction of the oxygen, as well as into the kind of product(s) form~
\

ed by its reaction(s) in the system.

III-2-1 Oxygen diffusion investigated by ESR

The acrylate radicals produced by ir%adiation of the monomer were .

found to convert readily into pefoxide radicals of a distinctly different

‘dhape upon contact with the oxygen of the air. Accordingly, it was de-

N

cided to use this property'to monitor the rate and extent of diffusion

of 02 in the monomer. by the ESR technique, which is very sensitive and

non-destructive.

Samples of dihydrate and anhydrate were prepared under vacuum in

.

s I
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\
vessels as described in the experimental section Fig. II-9-1-a enabl-

ing the experimenter to introduce a quantity of dry air over the sam~

t

. ple at liquid nitrogen temperature without removing the sample from

the ESR spectrometer. In order to measure the rate of reaction and

diffusion of 02 at low temperature, spectra were recorded in liquid

nitrogen for 30 minutes before and after the seal had been broken.
The sa;ple was thgn quickly warﬁed'E; 25°p, and spectra recorded for
some time to monitor the decay rate at this temperature.
II1I-2-1-a Dihydrate .
[ , The initial spectrum of thé dihydrate at liquid nitrogen

temperature always displayed a narrow group of sharp lines at the cen~

"ter of the acrylate signal, Fig, III-2~1-a. This group has been ob-

served to vary slightly from sample to sample and had the same g fact- °

or and line width as a peroxide signal, which is .shown superimposed for

cémparison(ﬁz)l Its origin may be found "in small amounts of air either

left over the sample by an imperfect evacuation, or more probably occlu-

~
N

ded in the lattice during the crystallization of the monomer and thus

unable to diffuse out upon evacuation. .

:

ok o
]

" Upon breaking tﬁe seal and allowing air to enter, the shape'ofﬂthe
central part of the spectrum was immediately affected, while the remain-—
der remained unchanggd (fig. III-Z—l—b).‘ No more significant changes
occurre§ for 20 mo;ekélnutes iﬁ liqu%ﬁ N,. The usual transformation in-
éo the\proPagation%tfhplet occurred then withiﬁ minutes after warming'up
to 259C. g “
Very little changéTbas to be observed over the nex; 10 hrs with the

sample at 25°C and open to the atmosphere (Fig. III-2-1-c). I

°

o
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a) initial spectrum in vacuum .,
“at liq. Nz temperature I\_\

\ W o ——

b) 3 min. after admitting 02 ,

at liqt N temperature ?

-.'—"_D

\“’\I\J

¢) 10 hrs. After' admitting QZ s
after 9h30 annealing at 25°C o

i

. P
) Pig, III-2-1 : Oxygen diffusion through CaAc,2H20 , inve“stigat‘:ed by ESR .

Peroxide/ signals are superimposed (in broken line) for comparison .
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Quantification was attempied by superimposing a pure peroxide

-

spectrum on the acrylate composite spectrum, making. it possible to dis-

©

tinguish between the peroxide and the acrylate components. The number

or radicals is proportional to the peak to peak height and to the square

. . L
of the line width. The nartowest central line (4G width) was chosen to
g ¥

' ~
A f

measure the peak to peak hZight of the peroxide signal because of its

characteristic sharp shépe, but a total’ line width of 10G was used tdA

make the estimate. The intensit& 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 interference from the peroxiée signal.

Thus measuredy the concentrations of'peroxide radicals relative to that

. of the acrylate radicals were aﬁproximately: i ™~

g
- 1.1%Z for the initial acrylate @ 77°K 1in vacuo.

@ 2.57715 min after the seal was broken, at 77°K (stablized value).

’ -
~y

- 3.1% after 10 hours at 25°%¢c (stablized value).
These figures are to be taken as&estimates only, as it is difficult '

| to judge with precision the intensities of two ovéflapging and rapidly /
. . cg A

changing multiline spectra. More accuracy could possibly be obtained by

| '

- < [}
using a computer program designed to subtract the two spectra from one

another, point by point. The coefficients applied to each spectrum could

~

N be varied by trial and error until the difference spectrum matches that
‘ . - !

N N
of the pure acrylate, Suzh a program has been developed and tested by

the author, but’ the potential gain in accuracy has been’judged unreward-

1

"« ing in the context of the preégnt study.

The first conclusion we can draw from the preceding data is that the

rate of chemical transformation of the acrylaté radicals into peroxide is
1 \

' -~
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;ery.fast indeed. Even at liquid nitrogen temperature, 70% of the di-
hydrate radicals ever accessible to oxygen reacted within 15 minutes.
The secoﬁd cchluéion pertains to the ease of diffusion in the
system. The dihyﬁzate cr?stalline lattice appears to be stubbornly
. closed to diffusion of oxygen: Only 2% of the dihydrate radicals could
be reached by oxygen, even at 25°¢ for a long time.

*
These radicals could reside witwin the first few surface layers of

the dihydrate crystals. However, the observation'by Costaschuk(84) that

!
I

the in-source polymerization amounted to 27 as well suggests that these
radicals could rather be those of the polymer,athrough which oxygen would
diffuse easily. This hypothesis will be furthér substantiated in ‘
section IV-1 by results showing that the relationship suggested here holds
throughout the polymérization yileld range.
III-2-1-b Anhydrate k '(ﬁ
The initial spectrum of the anhydrate at 77°K 1in Yacuo also '
displaged signs of the prekence of a small fraé;ion of peroxidé signal
(Fig. I1I-2-2-a). However, the intfinsically narrower ceng;al line of
the anhydrous acrylate is now nearly fused with the peroxy line, and does
not allow separate quantitative measurements. No significdnt ch;nge in
shape or intensity‘w;s observed for 30 min after the air had been admite
ted through the bredk-seal (Fig. III-2-2-b). -
In view of the quasi-instantaneous reaction of 02 with the dihydrate

radicals, this appears surprising. It seems that even though the amor-

phous anhydrate is totally diffusable by 02 at 25°C (as will be shown

' i
immediately), the thermal endrgy at 77°K is too low to allow 02 in at an

~ b

. observable rate. The 2% acrylate radicals accesslble to O2 in the dihy-
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¢ ! J
a) initial spectrum in vacuum

at liq. N2 temperaéure

’

b) 30 min.after admitting O

at liq. N2 temperature

2 ?

—

v Yo
N . ,

'Fig. I11-2-2 : Oxygen diffus}on fhr&ugh Ca%c anhydrate,investigated by ESR .
< )
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" and the line width increased from 9.83 to 10.67 G, which is indicative of

"sable by oxygen. The diffusability of the anhydrate is a logical conse-

within the surface layers of the dihydrate, or more probably are polymer

\lf ! - ’ ,
drate are likely to be also present in the anhydré%e, but unfortumnately,
they cannot be evidenced as easily because the spectral lines now over-

lap. !

Only minutes after warming up to 25°C, the propagation triplet was

observed, wiéh a central line now strongly distorted by the peroxide.
Within 40 min, the acrylate lines thus disappeared completely to the
benefit of a pure peroxy line (Fig. II1-2-2-c) which decayed slowly
\ 1

thereafter. The central peak lost intensity faster than the lateral .ome,

—_

>

some exchange narrowing being removed by dilution of the radicals. .

4

In summary, thelstud§ of the diffusion of oiygen through calcium

acrylate hydrates has yielded-the following information: 3

e
(1) the rate of o

-

f l_th '
xygen reaction with the radicals is very fast.

1

//{?jf 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 III-1-3-b. .

(3) the anhydrate at room temperature is quickly and totally diffu-

[ ,

quence of its amorphous nature.

We may further conclude that:

1

(4) the less than 2% radicals accessible to oxygen either reside

radicals (as will be shown later).
‘ | ,
(5) the oxygen should be able to fully exert its inhibitory effect

on the polymerization of the anhydrate,

(85)

However, Watine's polymerization data contradic

" e TR ETURE N e e e e
e ae X L b s “ ARANES
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it was decided to further irvestigate the oxygen inhibition of the poly™-

T

merization.

1II-2-2 Effect of oxygen and thorough degassing on the polymer yield

Experiments were conducted on dihydrate samples éo study’the effect
of oxygen and of a more or less perfect degdassing on the polymer yileld.

The dihydrate crystals have been shown by crystallography and ESR - *

-

to be almost totally im;érmeable to oxygen at room temperature. Howev%r,”—:;/

poét-polymerization may allow g?e O2 penetration because of two factors:

(1) the polymef“%ﬂfrounds iggelf with a "disruption sleeve" of disorder-

o

ed material, where oxygen may diffuse as easily as through the amorphous
anhydrate. This statement is supported by evidence gathered from crystal-

lographyy (section III-1-3-c) Wide-Line NMR (section 1IV~2) and ESR (sec~

tfon 1V-1).
{(2) the higher SOOC temperature at which post-polymerization studies

have usually been carried favors molecular motion in Fhe crystal and diffu-

sion. *

On the other Hand, the anhydrate has feen shown in the previous sec-
P

tion to be rapidly and totally diffusable by oxygen.

\
Indeed, a strong but partial inhibition effect of air has been ob-

(85) ’

served by Watine over the "in vacuo" polymér yields of the monomers,

|

" as well as by the present author. The data are presented below in

Table III-2-1. .

No significanfidifference could be found between the yields of di-

hydrate that had been casually evacuated for 5 min, or‘that,had been tho-

lroﬁghly degassed for 13 hrs of high vacuum with a mercd}y diffusion pump . °

In itself, this means that oxygen is either able to diffuse in and out the
'
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' Sample, treatment

-~

|

Polymer Yield (Z)

§

‘ ! from Watinsss)
;g&
Dihydrate, evacuated .
5-10 min @ 77°K 29.3
Dihydrate, evacuated _ '
A 13 hrs @ 77°K ‘
Dihydrate, under 16
1 atm. of air
Anhydrate, in vacuo. 25 to 29
Anhydrate, under
1 atm. of air 4 to 8

“

o~

|

Polymer Yield (%)
from this study

© 34,7t1.8 (3 samples)

34.9:1.8 (3 samples)

L4

1

10.7%0.4 (3 samples)

35 £ 15 (5 samples)

i

6 £ 3
I

(4 samples)

4

TABLE III-2-1

Calcium acrylate post-polymerization ylelds under various atmospheres .

I
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Conditions: 9 days at Sboc,

dose 0.86 Mrad.
L
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‘Costaschuk's

- (
KA

e
N
lat%ice exﬁremely fast,(dr not at all, The lasE suggestion is obvious-
{ly the correct one. .
The differences observed between the results of Watine and of the
present author may beﬂrationalized by noting that the samples were taken
from different batoches, sﬁeciallx regarding the po;der particle sizes
which were smaller in Watine's case. ”
Quali£atively, both studies reveal that the inhibition is incomplete.
Two reasons might be invoked to explain this:
(1) the polymerization }eaction might ie fagter than the diffugion rate,
of oxygen in the "disruptio; sleeve". Oxygen would thus only be able to
interfere with thﬁ radicals after the chain has already grown o a size-
able length. ’
(2) the polymerization might take‘place by a‘'combination mechanism such
as radical/ionic and the oxygen can only inhibit one of the two mechapisms
(the radical one). ”
Although the first interpretation makes seﬂ;e for the crystalline
dihydrate, it canngé be invékea for the amorphous anhydrate because oxygen

has a ready access to éll radicals from the-start. The failure of oxygen

to bring about a total inhibition in the anhydrate may therefore be taken

as an indication that another polymerization mechaniém than the heretofore

accepted radical one is also at work. g S ¢

-—

The hypothesis accor¢§ng to which the oxygén would be chemically in-
capable of producing total inhibition must be rejected on the basis of

(84) (85)

and Watdne's ‘observation that oxygen is able tdﬁbom—
p%etely inhibit the polymerization of, the intermediate 0.5 hydrate.
< . ,

We must therefore conclude t@aé the study of the effects of oxygen

/
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+drate and barium methacrylate monchydrate. Their results are depigted on

diffusion on the polymer yilelds,of the various hydrates suggests that

the SSP of calcium acrylate hydrates proceeds by two concurrential me-

changsmé,probably an ionic as well as a radical one. The large variabi-
lity in the yields of the anhydrate samples from onme flask to the next
may be regarded as a further indication that the second mechanism 1is
ionic, as ilonic poiymerizations are notably sensitive to variations in
the trace amounts of residual water. It is to be remarked that Watine
ob#e;ved a similar variabiligy between his anhydfate samples. On the

othér hand, the intermediate hydration levels up to 2 did not display

such variability, probably because the water is present in a large excess

anyway.
The hypothesis of a' dual mechanism will be further discussed in

section IV-4-2.

III-3 Physical and phase changes in calcium acrylate hydrates

ITI-3-1 Physical and phase changes ags a function of dehydration

In order to explain the presence of a maximum of the polymeriza;
tim yield around the 0.5 hydration level, a study of the dehydration pro-
cess 1s necessary to disclose the natﬁre of the phases present. Since i
Eﬁia maximum is also present in barium methacrylate monohydrate, this

salt deserveslas é&ch attention as calcium acrylate dihydrate.

1II-3~1-a Previous studies

Differential Scanning\Calorimetry (D.S5.C.) investigations have
| (84) (85)

been performed by Costaschuk and Watine on caléium' acrylate dihy-

Fig. ITI-3-1. They indicate that the dehydration of calcium acrylate di-
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5°C/min. 5°C/min.
-
i
i < calcium acrylate , 2 H20 calcium acrylate , 2 326
& T v "t ' T 1 =Y
b o 20 4 | 60  80°% 40 60 80 100°c
: from Costaschuk(aa’p'za) : from Watine(ss’p'37)
10°C/min. i
- barium methacrylate , barium methacrylate , HZO
‘t LN 1 3 LJ 1 L o L] k) L ] o
1 30 50 70 90 110°C 40 60 80 “ 100 120°¢
from Costaschuk(84’p'los) ’ from Watine(ss’p'llg)
;
K \ . l

Fig. ITI-3-1 : Previocus dehydration.thermograms of CaAc,2 H20 and BaMa,HZO

obtained by Differential Scanning Calorimetry in-regular sample pans .

'
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hydrate occurs in one s;ep around 79°C (Costaschuk fodnd 60°C, butytha
calibration of his instrument was shown by Watine to have been incorrect).
A thérmogravimetric analysis (TGA) by Costaschuk also confirmed the
weight loss 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 OfVi‘
shoulder or‘small additional endotherm.

(81~c) t

Bowden and O'Donnell carried out the same investigation) and

i

all four authors concluded the first peak to represent the phase transi-

tion from the mono- to the anhydrate, while the additional endotherm

would represent the actual dégorption of the water. ?

However, 0'Donnell and Sothmann(83—§)

made a more thorough second
study in 1972, showing the system to be more fomplicated than previously

believed. D.S.C. of the barium hydrate displayed two sharp endotherms at !

PP,

80 and 110°C for small crystals, corroborated by a two—~step weight loss

in TGA (Fig. I11-3-2-a). The complexityharises 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.

' r

No shift in temperature was observed until finally, powders finer /

than 0.01 mg (-100 mesh) displayed a shoulder on the side of the remain- - §

ing D.S.C. endotherm. The resulting trace resembles that obtained by Cos- ‘ %

e

taschuk, while the trace for the 0.3 mg crystals resembles that observed
by Watiﬁe, with the two endotherms at the same temperatures (Fig. III-3-1
and III-3-2-a)., On the grounds of these observations, the D.S.C. traces

obtained by Costaschﬁk and by Watine may be reconciled by ascribing their
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a) as a function of crystals sizes
1

Fig, III-3-2 :
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_ D.S.C
endo \\/f“ \\//> 0 Mrad
//'/
TN
endo \/ 0.01 Mrad
endo i\/( 0.025 ﬁrad
endoi ‘\/,’—_ . 0.05 Mrad

exo ﬁ‘
N
exo " 3 Mrad

exo AJ

40 - 80 100 ¢

b) as a function of irradiation

” |

Thermograms of barium methacrylate monohydrate , obtained

f
’

by Differential Scanning Calorimetry-(DSC)and Thermo;Gravimetry ( T.G.A. ).
. .\.,\

Source

: 0'Donnell and Sothman

(83-b)°
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differences partly to their using powders of different particle sizes.

Two additional observations by 0'Donnell and Sothmann deserve

/
particular attention from the point of view of the present thesis.

The first one is their observation that as little as 0.02 Mrad irra-

)

diatioh was sufficient to make the second D.S.C. endotherm vanish alto-

emaining--endotherm—
e i T -
10°C higher (Fig. III-3-2-b). Around 1 Mrad, the dehydration endotherm

fay

1/)3‘
ng,;eplaced by a polymerization exotherm at the same temperature. No

P
N

gether, and that 0.05 Mrad was enough to shift the r

egéignation was given for the disappearance of the second endotherm, but
0'Donnell and Sothmann concluded that the post-irradiation polymerization
and the dehydration reactions could not be observed separately under any
circumstances. This establishes clearly that very strong ties exist be-
tween the polymerization and dehydration mechanisms, which appear to be
interconnected by some common physical factor. »
The second observation is that the dehydration of a partial hydrate
occurred more readilf’and at a lower temperature than\that of the monohy-
drate. In view of the above réma?k, this is of particular interest singe

(84,85) ko also proceed faster and to higher limit-

polymerization is known

ing conversion$§ in the intermediate hydrates than in the ?onohydrate.
0'Donnell and Sothmann h¥;e measured the equilibrium water vapour

pressure above the barium metﬁacrylate salts. It was found to be constant

from near 0 to 1 HZO' They interpreted this to indicate the absence of de-

finite intermediate compounds such as hemi- or quarter-hydrates, and the

dehydration was therefore concluded to proceed by a simple 2-phase mechanism.

This points towards the interphase boundary as the possible ‘physical

factor interconnecting the polymerization and dehydration mechanisms. The

J

/

B

3
k
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(“¥ behaviour of Ba-methacrylate, HZO seems to be identical to that of Ca-
acrylate, 2 HZO’ which will be discussed next.
E IITI-3-1-b Thermal analysis of the dehydration v l
g \ A Tﬁe examination of the dehydration thermograms of calcium

acrylate of Costaschuk and of Watine (Fig. III;B-l) reveals two dis-

concerting fgcts:

L

" (1) The traces do not return to baseline after the Aehydration en-
dotherm, but seem to be at the foot of another peak, right at the tgmpe-
rature wh;fe the thermograms displayed have been cut (100°C). This is
particularly unfortunate since Watine's thermogram of baf}um methacrylate
twhich is similar in most respects to the calcium acrylate system) exhi-
bits indeed a second peak around 110%.

(2) The line widths of the peaks are very broad (30 to 50°C) whereas
dehydrétion in sealed vessels such a hose used throughout the SSP studies
is supposed to give rise to a shaggp::tst—order transition.

Accordingly, it was decided to investigate again the therméé;hamics

of dehydration in general and that of calcium écrylate in particular.

Classical thermodynamics shows that solid hydrates will lose water at

any temperature provided’the vapour pressure of water above the_hydraté is

8 less than the equilibrium vapour pressure at that temperature. In-a fea-

3 ~

sonably unrestricted system such as we have with a standard D.S.C. sample
oT

pan, the peak shapes will therefore bé very broad, specially on the low

temperature side. A peak maximuﬁ will be found close to the point where

a higher hydrate is complétgly converted, with the high temperature side

much steeper than the low temperature side of the peak.

? (;) The observed temperatﬁre of a dehydration maximum will therefore be

' . ; borer \, i

PRSI
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largely a function of experimental conditions such as: ’ /////////

- the flow rate of the purgé gas,

[ ) i

1

the temperature scanning rate, ’ - ‘

the particle size of the sample,

. f
the amount and packing density of the sample,

the fitting t{ghtness.of the sample pan cover.

These considerations are believed to account for the’remaining part of
the differences noted between the thermograms of Costaschuk and of Watine.
; Sincelthe intrusion of 80 mauy'uncontrollable of instrumental para-

< ., " meters deprive the thermograms of much of their intrinsic thermodynamic
significance, tﬁé manufacturer of the Différential'Scanning Calorimeter
recommends the use of special 'volatile sample pans', whoee covers can be
crimped gas—~tight in an appropriate press. A very small pinhole needs to
be pierced)through the cover to allow for pressure eqﬁilib;ation, while
ensuring that the sam;ie 18 surrounded by its own vapour in a qéasi-equi—
librium condition.

The effect of usiné a volatile sample pan with a pinhole versus a

regular pan 19 illustrated on Fig. I1I-3-3, for the classical system
Cu 804, 5 HZO' The differences are startliné}lin the number as well as in

3 the sqape of the peaks observed. The simultaneous effluent analysis (by

kj . a chromatograph-type gas detector) 1s shown superimposed to the calori-

y ) .

Y. : . o

.. k metric trace, and was used jointly with X-ray analysis to interpret the
‘Ithermogram;‘{06). *

v

'\
The first peak was ascribed to an invariant quadruple point, where
~

no dehydration takes place, but where fbﬁ% phases coexist at equilibrium:

3 < . .
(;) Cu 804, 5 H20 (solid); Cu 804, 3 Hsz(sdﬁd); Cu SO4 (solution); H20 (vapour) .
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According to the phase rule, the temperature will risg again only
when the pentahydrate is all con&erted. The second endotherm representss
the dehydration of the saturated copper sulphate solution to give“hore

trihydrate, and the third is the dehydration of the trihydrate to the

L0 T
B e g S e i
-

monohydrate, which decomposes only at 150°¢ (not shown).

On the basis of this information, it was decided to perform the ther-
\ -

w

mal analysis of calcium acrylate dihydfate again, while extending the tem-
i

perature ‘'range upwards and using the special sample pans with a pinticle.

—
The thermogra

obtained is presented on Fig. III-3=4.

It is seen that the use of the special pans resulted in a considerably

sharper-endotherm only 2% width, as compared to the 30-~50°C of Costa-

i

schuk and Watin&. Th s‘endotherm was measured at 79.GpC which is the same

as that of Watine. Interestingly, it is also very close to the temperature,:

o

A

of the first endotherm in barium methacrylate monchydrate measured by

Watine .and by O'Donnell and Sothmann(83-b>.l

An additional broad endotherm was disclosed around 106°C, which is

also the temperature at which the above authors found a second endotherm

7

in the barigm salt. This establishes further the striking similarity be-

tween the two systems.

Several interpretations of the thermogram obtained may be adv;nced.

) i
i The first interpretation postulates that water 1s released at 79.6%¢
to yield anhydrate. The broad second endotherm should then necessarily
. : l

be an allotropic phase transition such as a recrystallization of the an~

hydrate, since the thermal degradation of the acrylate molecule does not

O .

occur until much higher temperatures. However, the Debye-Scherrer expe-

riment discussed in section III-1-2-a has shown thaﬁ no difference could

-
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be observed between the X~ray powder patterns of anhydrate prepared either
at‘low temperature or annelled at 110°. Furthermore, such a phase transi-
tion would be expected to give rise’to a sharp peak, instead of the broad
one found. On these grounds, it appears that the first interpretation

(according to which water is released at 79.6°C to yield anhydraté) should

be rejected.

The second interpretation postulates that no water is released at
' !
79.6°C, and that the sharp endotherm represents an invariant quadruple point,

as in the case of QuSOA: ‘
CaAc, 2 HZO (solid); CaAc (solution); CaAc (anhydrate); HZO (vaﬁour).
The broad second peak would then rgpﬁesgyt the dehydration of the satur?ted
CaAc solution to yield anhydrate and water vapour. Its broadness wopld be
perfectly consistent’with the progressive release of water from 'the viscous
saturated solution and through the amorphous anhydrate solid over the

80-110°C range. It is also consistent with the article size effect observed

by O'Donnel; and Sothmann in the similar Qgr{hm salt, since the grinding of
/ "
the crystals to a very fine powder fi/géing to accelerate the. dehydration

t

~

and allow it to happen at a lower

émperature, resulting in the shoulder
observed by them and by Costagehuk on the side of the invariant peak.
According to this iptérpretation, the disappearance of the second en-

dotherm observed by;G{Donnel and Sothmann in the barium salt aﬁ;e? irra-

be rationalized by the occurrence of a rapid polymeriza-
—~ )

tion in// e saturated solution formed. Such a hypothesis was tested in the

_Egléi;; acrylate gystem by admitting suddénly a small quantity of water into

//////a pre-irradiated dihydrate sample tube. The sample became immediately

very hot, attesting to the occurrence of a fast exothermici polymeriza-

tion. This is believed to be the origin of the replacement of the dehydrat- -
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ion endotherm by a polymerization exotherm induced at the same tempera-
ture by irradiation of the barium salf, as was shown on Fig. III-B-é-bn
In summary, we may state that the secon& interpretation proposed for
the obgerved thermogram (invariant quadruple poin£ followed by dehydrat-
ion) seems to be consistent with all the known properties of the two or-
ganic,systems éonsidered as well as with the established interpretation

: : it
of the inorganic CuSO4 system,

However, some additional/fomplexity arises from the observation of a
small shoulder around 116°C on the thermogram of Fig. III-3-4.' This shoul-
der was found to be reproducible in position and intensity, from sample to
sample tested from the same batch.

As crystallography has shownk(section III-l—3-a); the two water mole-
cules in calcium acrylate dihydrate occupy dif%erent positions in the lat-

|

tice and engage in bonds of different lengths. Because of this, the exis-

. |
tence of a metastable partial hydrate cannot be ruled out, although it

“could not\ie deduced directly from the dihydrate structure.

We must therefore accept the possibility of the existence of yet ano-
ther phase in the system. The three endotherms ?bserved would thus be

reinterpreted as follows:

- first peak (sharp, 79.5°C): invariant quadruple point involving:
Calc, 2 HZO (solid); CaAc, x H20 (solid); CaAc (solution);.H20 (vapour)
- second peak (broad, 80-110°C):
CaAc, x H20 (solid): CaAc (anhydrous solid); CaAc (solutiom); H20 (vapbur)y
- third peak (broad dpoulder, 1160): »

CaAc (solutien) ¥ caac (anhydrous solid); H20 (vapour) .

Unfortunately, the differential scanning calorimeter available was

\

y:
3
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1

not equipped for th&\g;multaneous effluent analysis that would be re-

quired to test for the presence of the ( CaAc, x HZO) phase. On the
, 5 .
other hand, a Debye-Scherrer crystallographic analysis of samples brought
‘ .

to various temperatures between 80 and 120°C under sealed conditions

-

would prove helpful to untangle the complex factors involved. However,

since even the dihydrate lattice is damaged under the X-ray %ea; at room

temperature, and since rapid polyﬁerization occurs in the saturated solu-
tion presenF from 80 to llOOC, the X-r§y analysis should prove particular-
ly difficult to achieve even if low ‘temperatures ar; employed to stabilize

|
the system. - N4

III-3-1-c Disruption of the crystals
* : \
Dehydration has been shown by X-ray to bring about a consi-

derable disruption of the dihydrate erystalline lattice. This disruption

1’\-

obviously (and experimentally) favors the penetration of inhibitor gases,
but may also be suspected of directly influencigg the polymerization even
in vacuo. ‘

AEcordingly, it was decided to investigate by means of optical micros-
copy under what form and how soon this disruption appeared during the
course of dehydration.

Fresh needles of calcium acrylate dihydrate of sizes up to 2 mm long
and 0.2 mm-wide ;ere exposed, open to the air, on the glass slide of a hot-
stage polariéing microscope. At room teﬁperature, they appeared Qnder*
40x wagnification as clea¥ glass rods, and could b; completely extinguished:
by rotation of the polarizers in the crossed position. )

Heating at the moderately slow rate of 0.7°C/min soon produced the

first symptoms of crystal dislocation. As low as 40°C, a series of cracks

©
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) | \
. or crazes began to appear, running transversely to 'the long axis of the
{ * !
;f : needle (which 1s the g crystallographic axis) and sometimes running over
/ h
the whole width of & needle. Smaller crazes branched sideways along E, #
]

sometimes bridging two of the main ones.

These observations are perfectly consistent with the X=~ray model,

which predicted that the removal of the water would collapse the ribbons

o e ¥ TR
illiglsia

N e
(creating crazes normal to b) and .sever the ties between ribbons (creat-)

-
ing crazes along b).

e e~ b

As low as AS-SOOC, the pattern became more dense and tookﬁon the”‘
appearance of birch bark., Already then, crossing the polarizeés no longer
produced a complete extinction of the needles. The same observagions

, {
" could also be made on a set of fresh crystals having been submitted to less

than 30 min evacuation at room temperature, - .
At 53°C, the crazing had become so fine and dense that the pattern
diéappeated to the profit of a uniform gray appearance. » ‘
‘ A number of conclusions ma%,be derived from these opti{él observations:

i (1) the dihydrate crystals are very fragile and sensitiwe to even a

very short exposure to vacuum or mild heat, as much as 40°C below the de-

%V . hydration temperature measured under equilibrium conditions.
. {l

(2) the dehydration does not seem to be uniform, but i#fmére consis-

) tent with a multi-phase model such as suggested by Costasgh@§(84).

(3) the nucleation appears to be abundant, which comes to support the

interpretation given in section III-1-1 of the non-linearity observed by

Ty o

Watine in the optical demsity of Debye-Scherrer patterns/at low levels' of

hydration.
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II1-3-1-d Molecular motions as a function of dehydration

The crystallographic study of the dihydrate has established °
that polymerization 1s not possible in the perfect lattice.; The fact
that polymerization is nevegtheless observed in the solid dihydrate draws
attention‘towards the molecular motions that are obviously necesgsary to
bring the reactive species in contact. Molecular diffusion and reorien-
tation thus assume a capital importance for the mechanistic glucidation of
sSSP,

The existence of a 2~3 fold maximum of polymer yield at the 0.5
(84,85)

|

hydration level prompted the investigation of the molecular mobili-
ty of the monomer as a function of the hydration level. It was hoped thék
a motional t;ansition could possibly account for this unexplained maximum.’

The technique employed to investigate moleculér motions in the solid’
state involves the measurement of the second moment of the proton NMR ab~
gorption line. The second moment is the mean sq&ére width (AH)2 of the
normalifed line shape f£f(H) as the field(ﬁ is varied from the center of the
resonance line, at a fixed frequency:

\ 4

2 _ o _ . ¢
(AH) j; (H Haver ) f(H) dH (Ref. 101).

p
{

In 3 solid, each nucleus experiences a local field AH which is the
root mean square value of the local magnetic fields produced by all the
other nuclear dipoles.* Even in a single crystal, these magﬁetic dipolar
interactions result in a considerable broadening of the resonance line,

with little or no szolved structure. , C ,

The second moment of the Wide-Line NMR spectra is an indicator of

7~
A A W R
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. ) . \
the amount of motion present, because the dipolar interaction tensor

s

.
U
~~

averages to zerd for a rapid and random molecular tumbling, producing

a narrow line. Non-random or slower motion, however, leads to a partial

averaging only, and to a linewidth and a second moment‘interﬁediate be~

tween the rigid solidvand the liquid.

Identical experiments were conducted on H20 and.DZO—hydrates ranging

i

A s
from 2 to Q waters per calcium. The reason for usifig DEO is that the .

magnetic moment of\ the deuteron is very small and that the dipolar inter-

S s s e e g € e

actions involving he'heavy water may actually be neglected, which results

in a smaller second moment and linewidth. Consequently, the spectra of

P ‘ tﬁe D,
cules, whereas the spectra of the H20-hydrates are representative'of both

O-hydrates are very nearly representative of only the acrylate mole-

acrylate and water molecules. By comparing the two sets, ome is thus able
to derive an indication of ﬁhe comportment of the water itself.
Typicai spectra of the monomer at room temperature are presented on
Fig. III-3-5 and those at -196°C ‘are on Fig. III-3-6. The anhydrate line o

shape was closest to a Gaussian,s but all other samples presented clear non-

Gaussian features. The expected narrowing effect of the deuteratio; and
of the dehydration on the linewidth was obvious. The low temperature

spectra reflected the increased rigidity of the solids by the expected

~

broadening of the lines.

v

Visual inspection of the spectra cannot yield much mgre information,
but the quantitative measurement of the second moments as a function of

the hydration level was performed at the two temperatures for both H20
’ /

and D20 (Fig. 11I-3-7), and is discussed below.

d

At both 77°K and‘295°K,mthe H,0-hydrates exhibited a second moment

2

1
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. Fig. III-3-5 : Wide-Line N.M.R. spectra of calcium acrylate monomers ,
O . recorded at room température .o \ ' .
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N Fig., III-3-6 : Wide-Line IN.M.R. gpectra of -calcium acrylate monomers ,

recorded at liquid nitrogen temperature .
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increasing linearly with the hydration level, with equal slopes of

5.2 GZ/HZO. The lines shown have been determined by the least squﬁres
method.  No significant deviation from linearity was observed at either
temperature for any particular hydration level. The Iizo-hydrates similar-
ly"exhibited two parallel lines at‘ 77 and 295°K. Their much smaller °©
slope (0.4 Gz/HZO) reflects the absence of the water contributfon to the
second moment, the'reby giving an account of the acrylate part ohly.

The most conspicuocus féature of these curves is their absence of
noteworthy features, with one exception which will be discussed lat:;ar.

The effect of drastically disrupt:llng the crystal lattice by dehydration
seems to increase the mobility of the acrylate molecules very little, as
showth by the small slopes of the DZO—hé'/drates curves. No particular
feature was observed that could explain the mysterious 2-3 fold increase
in polymer yield around the 0.5 H20 hydration on the grounds of average
molecular mobility in the bulk of the solid monomers, as seen by Wide-
Line NMR. The sam; conclusion may be drawn regarding the average mobili-
ty of the water alone, by comparing that of the DZO—dihydrate with that of
the HZO-dihydrate.

However, Wide-Line NMR is mainly concerned with bulk properties only,
and is normally insensitive to the defects and surfages, which are in low
concentration. Hence the results of this experiment c/guld well bring
weight to the hypothesis that SSP occurs. preferentially at lattice defects
elther found in the initial dihydrate crystal, or produced as a re!sult of
dehydratic;n or polymerization itself. Indeed, crystallography has shown
that SSP cannot occur in the perfect dihydrate lattice.

Lo

The only exception to the absence of ndteworthy features of the cu

f
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on Fig. III-3-7 is the second moment of the anhydrate at room tempera-

3

-~

ture. The average of 16 deteminagi“dns gave a value of 4.87 * 0.26

7

Gaussz, which was corroborated by the 4.82 Gauss2 calculated for the
intercept of the extrapolated least-squares line of the H20 hydrates.

On the other hand, tf\e extrapolation of the least-squares line of the

TP O VT R Ay b S L.

DZO hydrates, (excluding the ahhydrate itself) gave an intercept of

5.80 Gaussz." It is therefore apparent that although th?second moment

o’f the ac;‘ylate molecules varies 1ir{ear1y with the hydration level frop
! N 2 Hy0 down £0 0.2 H,0, the anhydrate itself falls below lineafity by
R . more t\hat\x 3 times the el::ror interval calculated at a‘ édz conf;ldence
level, |

The sudden fall of the anhydrate second moment below'the line of
A { ' -

proportionality seems to be connected with the final collapse of the lat-

tice, as shown by the disappearance of the last traces of crystallinity

measured by Watine(as) below the 0.28 HZO level. It is striking to re~

mark that the interpretation presented earlier of Watine's Debye-

T Scherrer data led to the conclusion that, the nucleation of the dehydratjion
was very abundant. The removal of the last 0.2 H20 will thelrefore multi-
s ply t}}e interfacuial boundaries until t;he concerytration of defects (where
moiecular motions are necessarily easier than in the lattice) becom‘es no
longer negligib’ie as compared ‘to thaz"concentratior} of the bulk monomer,’
2

and may be sensed by NMR. ‘

L
[
In conclusion, we may state that the study of the NMR second moments

-

as a function of hydration has concluded to the absence of any phase transi-

N
~

tion or peculiar change in the bulk monomers and water molecular motions
! I3

that could be associated with the maximum in polymetr yield around 0.5 H20 .

4 - ; .
»
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‘; - However, the low sensitivity of Wide-Line NMR to solid defgcts and the

aéé consistent with the maximization of motion-prone interfacial defects

g . \ sudden drop of the anhydrate second moment below linear proportionality
H
¥
§

at low hydrations, that had been concluded from the Debye-Scherrer study.

/////; III-3-2 Phase changes and molecular motion at low temperatures

,
o e T T TR DSty e e o MR N T S
%

t N L

! (84)

Costaschuk reported that the calcium acrylate hydrﬁtes under-

went 2-3% pélymerization in source during irradiation at -78°C, and vgry

; little more if any for 10 more days at the same temperature. On the other

handf® raising the temperature up; to 25 or 50°c triggered a post-polymeri-
< ;
zation to the extent of 20-70%. ‘

Coépeqhencly, it was de;ided to investigate whether a phase or mo-

-

tional transition was present between these temperatures that could account

. for the observed behaviour. The investigation inQolved two independent

techniques: differential scanning calorimetry and Wide-Line NMR .

171~-3-2-a Low temperature thermal analysis

N fd *
Dihydrate and anhydrate samples were analysed by D.S.C. from
| ) .
~140% (133°§) to room temperature. Heating was applied at rates ranging
- s - 8

»
s

from 1.25 to 20°K/min.

| ! None of tﬁL samples exhibited any significant feature in the D.S.C.

—~

' \ . .
/‘ thermograms. In particular, the absence of any peak demorstrates that
" I

there are no first-order phase transitions in the raw monomers.
. ~

Il /’
III-3-2-b Molecular motion at low temperature

Y

» v /6 . "
. The Wide-Lipe NMR technique was used to study molecular

i motions in two sagpleé: the anhydrate and the DZO-dihydrate. The deutera-

\

e T
" tionvwas.fffg/és a means to gnable the comparison of the motion of the

acrylate molecules only,'because DZO is virtually transparéht to NMR as

\

{
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explained earlier. The varlations of the second moments with temperature

are shown on Fig. III-3-8 over the range 77 to 410K for the—anhydrate, N
and 77 to 295°K only for the dihydrate, because dehydration limits the

upper end of the range by giving rise to an additional narrow line.

- p.w&w ISR P B ’« LS

npe

The D20—dihydrate exhibited‘a broad step over the 200~300°K range.

4

; .
The broadness and progrﬁfsiveness of this step establishes that it is not

a first-order phase transition of the allotropic type. This constitutes

a- justification for the 183 °k used for the single\brystal crystallogra—

phy study, as the structure thus determined is going to bg\Ehe same as

at the camperature where post—polymerization was studied. On\the other

>~

UG, S omgere ax

hand, this step represents a motional transition of the acrylate molecules.
( On the basis of the crystal struciﬁre, it is believed that the motion in-
.

& volved is one of oscillation around the axis passing through both ox§§eug\\ ¢

of the carboxylates and is adequate to bring two vinyl tails close enough ™~

for dimerization (ihdeed, dimerization was observed by ESR in the same

e A

temperature range).

3
4 ‘3 .
v

— The anhydrate had a consistently lower second moment, decreasing smooth-

e,

ly with no particular feature over the whole range of temperatuﬁe tested.

P s

The greater amount of molecular mobility is consistent with the greater

variety of motions possible in an amorphous material.

H
i
t The theoretical second moment for a rigid lattice may be computed

. g
from the crystallographic data with the use of Van Vleck's fprmula(lol)i, -,

Unfortunately, the final crystallégraphic data for calcium acry%ate di- ~

hydrate have been available too late to be used in such a calculation.

Cqstaschuk(84) made such a calculatiop on the basis of Lando's crystallo;

} graphic data, but these have been showg erroneous. As a result, the esti-

ic

. \ & . /
/\. ’ ' ° ’
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mation of the rigid lattice second moment was attempted the following { i

o

way. |

1

hY
The magnetic nuclear dipole interactions may be split into their
intra ~ and intermolecular contributions. The calculated intramolecular
contribution to the second moment was from 6.4 to 7.1 Gauss2 depending

upon the set of bonds lengths and angles chosen for the acrylate mole-

cule., Estimating the intermolecular contribution presented a problem,

as no crystallographic data could be found for similar hydrated systems.
(108) (40-a) 07)

1

However, based on acrylic acid s acrylamfde and acryionitrii%

2.8 Gaussfh seemed a reasonable estimate for acrylic systems.

{

The resulting 9.2 -~ 9.9 Gauss2 estimate for the rigid lattice se-

cond moment is believed to be a valid comparison basis for the 10.5
Gauss2 obsefged for the di-deutero-hydrate (because of the transparency
of deuterium to NMR) and an approximate one for ‘the 9.4 Gausa2 of the an-
hydrate at 77°K. According to this estimate, the dihydrate appears to
be rigid at 77°K,:whereas the anhydrate is not quite so rigid. Indeed,
keeping irradiated .samples in liquid n%trqgen for a week showed that both
di- and anhydrate ESR signals un%:%went very little changes, but that
these ;hanges were more apparent in the anhydrate spectrum.

We may now conclude from the study of the NMR second momenﬁs as a
function of ﬁemperature that:

(1) No first-order ;ﬁase;transition was observed in the dihydrate
and the anhydrate between the irradiation temperature (77°K) and the
post-polymerization ﬁémperature (295-520°i).

(2) A broad motional transition sets in the dihydrate around 200°K,

N

involving the oscillation of the Tcrylate molecules.

!

-t
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(3) The agitation in the anhydrate is always stronger than in the
dihydrate, and increases regularly with temperature.

(43 The dihydrate is beli%yed to be rigid at 77°K, whereas the an-
hydrate is believed to be almost, but not completely rigid.

III-3;3 Phagse changes and molecular motion as a result of‘irradiation

The irradiation with ionizing 'radiations such 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

|
gshown to be able to suppress one of the two dehydration endotherms of ba-

rium meghacrylate(83~b)f“"

As a result, it was decided to investigate the possibility that gamma-

- |
rays would produce phase transitions in the irradiated monomers. The tech-

®

niques employed were the same as in the previous sectiom.

|

\
III-3-3-a Thermal analysis of irradiated monomers at low
temperatures

Dihydrate and anhydrate samples were irradiated;in liquid
nitrogen with a stronge¥ dose than usual (4 Mrad) in order to make any
effect more easily observable. They were analysed in the same conditions
aggthe unirradiated samples (133 to Z?SOK, heating rates 1.25 to 20°K/m1n).
- Again, no significant feature wgg 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 above 173% (-100°C) seem Fo have
been too weak or too gradual to be sensed bylthis techrniique.

\

III-3-3Lb Molecular motion in the irradiated monomers

Samples of dihydrate, di-deuterohydrate and anhydrate were
1 -
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irradiated (0.86 Mrad at 77¢K) and studied by Wide-~Line NMR.

The spectra obtained during progressive warm-up to room temperature
were identical with those of thq‘un—iéradiated samples studied in sec-
ton III-3-2-b. This fully confirms that irradiation’ did not affect the
phase and motional transition behaviour established previously over 7;-
295°K. Even at 323°K (50°C) the spectra of the irradiated dihydrates
were initially the same as those of the un-irradiated samples:

However, after only 12 hrs post-polymerization, the central par£ of

the dihydrate spectra began to appear distorted.

These changes in the molecular motion obsefv%d are therefore clearly _.

_assoclated with the polymerization mechanism rather than with the irradis-

tHon itself, and will be discussgd in\Chapter 1v=-2.

III~4 Chemical effects of irradiation on the monomer - 1

III-4-1 The radicals formed upon irradiation

Irradiation with gamma-rays is known to produce both ions and radi-
cals in organic solids. 1In order to,get a better insight into.the beha-
viour of the initiating radicals and their effect on solid-state poly-

merization, the ESR technique was used in a set of specially desigﬁed

Aexperiments.

The first experiment was designed to ascertain the effect of the ra-

dio-frequency power used on the saturation of the signal. Different sam-

ples present different susceptibilities to saturation, and therefore, the
knowledge of their saturation behaviour is required to allow an accurate
‘ / |

quantitative comparison between their spectra.

The second experiment studied the kinetlcs of radical decay upon
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annealing at 195 and 295°K in order to correlate them with the solids !
structures and the améunt of molecular 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 the4hydratign level,
immediately after irradiation and at low temperature. As a maximum in

the polymer conversion was reported ft the 0.5 H,0 hydration level, it

2
was thought to be of the gr;atest iﬁportance to verify whether a corres-
ponding maximum was also 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 gelective surfiace scavenging
with an inhibitor solution.,

The samples were prepared from dihydrate and- were irradfated in 1i-

quid nitrogen up to 0.86 Mrad.

III-4-1-a Saturation considerations ‘ { .
Eiectron Spin Resonance (ESR) spectroscopy 1is based on the
excitation of spin transitions by a microwave radio-frequencf fielq in
the presence of a gtrong permanent magnetic field. If the power of‘the
R.F. field applied is too strongT a saturation of the upper quantum level
will resulF and will prevent the observation of the transition at reso-
nance, proipcing a weaker and distorted spectral shape. Relaxation of

3

the qpsorbed energy to the surroundings is required before the transition
may be excited and observed again(loz’lOB).
Spectra were recorded at 77°k (-196°C) over the whole range of power

available on the ESR spectrometer. The effects of R.F. saturation on the

|

|
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\
ébecérum‘of calcium acryléte dihydrate are shown on Fig. III-4-1, from
0.1 éo 5 mW. It can be seen that excessive R.F. power distorts the line
shape and may even obliteraée some of the finely resolved lines. The
distortion 1s not uniform, but affects some parts of the spectrum more
than others. The situation is complex, and rather poorly understooéloz).
On the other’hand, R.F. saturation seemed to affect acryl§tes

samples more at gome hydratioﬁ levels than at others. Fig. 1II-4-2 pre-
sents the relative radical concentrationé over. the hydration range, as
recorded at’ powers of 0.1,.0.3 and 5 mW.» The ratio of the apparent radi-
cal concentration of the anhydrate to that of the dihydrété\varied from
3.9(at 0:1 oW microwave power to 1.9 at 0.3‘mw and to 1.5 at 5 mW, for
the §§me samples analysed in the same conditions. Hence, it is clear that
the anhydrate saturates more easily than the dihydrate down to the very
low power level ?f 0.1 mW{ i.e. - 33 dB below full klystron power. The
greater satufability of the anhydrate may be explained by its lo?ser struc-
ture,as spin-lattice relaxation is likely to be less effective in the amor-
phous anhydrate solid than in the dihydrate crystalline network.

Unfortunately, the limit of saturation could not be determined because

the signal-to-noise ratio and the stability of the ESR spectrometer used

were not good enough to take reliable quantitative measurementé below 0.1 mW.

-~

As a result, it was decided to use 0.3 mW R.F., power for the recording of
all subsequent spectra, in order to strike a compromise between a power

low enough to minimize saturation and a power hiéh enough to ensure a sa-
' A

tisfactory signal-to-noise ratio. However, the higher radical concentra-

tons present immediately after "irradiation allowed some parts of this study

!

to be carried out at the better power of 0.1 mW as well.

|
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\ Fig. III-4-1 : Effect of Radio-Frequency saturation on the ESR spectra

|
of calcium acrylate dihydrate at 77°K . Conditions : 0.86 Mrad .
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Fig. ITI-%4-2 : Effect of R.F. power saturation on the apparent relative
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radical concentrations in the various fractional hydrates . (77°K,0.86 Mrad).
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"The first one is that nothing indicates that the samples (particularly

_ Consequently, the measurement of the absolute concentrations of radicals

' concentrations by an unknown amount. As a result, only relative radi-

)
b
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Two major consequences may be drawn from the above considerations.

the anhydrate) were not still saturated even below 0.1 mW R.F. power.
could be inaccurate, yielding apparent @alues smaller than the acdtual

cals concentrations have been shown on Fig. I%I-&-Z, and no attempt has
been made at calculating the number of radicals per chain.

The second consequence is that the present study is not comparable

(84)

with the results of Costaschuk 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. However, the present study es-
H

tablished that even power levels thirty times weaker (L.e. 15 dB below yet)

were no guarantee against saturation. It must be rightfully admitted that
Costaschuk took his measurements at }95°K, where tPe saturation limit

could be higher than at the 77°K used here. Nevertheless, the Wide-Line
NMR experiments presented earlier indicatg@ that the dihydrate molecular
mobility (and there%ore relaxation) 1s substantially similar at these two
temperatures. Hence we believe that the preseant data, although admittedly
not totally free from saturation problems, were nevertheless markedly more

so than those of Costaschuk.

This 1s of major consequence for the study of the radical concentra -
tion as a function of the hydraﬁion levels, as will be discussed in a sub-

sequent section.




:(III—4—2) devoted to the chemical involvement of water.

. of 77°R The samples were then warmed to room temperature for 5 min and

* profit of Ehe simple triplet of the dimer (or n-mer), but more so for the -

126

I
’ III-4-1-b Annealing at 195°K and kinetics of decay

Samples were prepared with various degrees of &ehydration
from D20—dihydrate. The reason for employing heavy water is not of di-

rect relevance here, and will accordingly be discussed in the section

, The line shapes recorded at ‘77°K immediately after irradiation at
the game temperature are shown on Fig. I1I-4-3 for the most noteworthy
hydration levels of 2 D20, 0.3 DZO and the anhydrate.

Subsequently, the samples were stored in solid. carbon'dioxide, and

new spectra were recorded weekly for one month, at the same temperature

spectra recorded again at 77°K. The line shapes after the first week are

shown on Fig. III-4~4. By comparing with the preceding figure, it can be
N

gseen that the changes produced by annealing at 195°K are quite large.

The complex multiline spectra of the monomers have nearly subsided to 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
total radical concentration. The low R.F. power of 0.1 mW could be used %ere
t; minimise gsaturation effects. The results are plottfd on Fig. III-4-5 at
various times of annealing and for the different hydration levels.
Concurrently to gﬁg changes in line\shapes noted above, the ratio
of the radical concentration in the anhydrate'to that in the dihydrate 3
decreased from 4 initially dowm to 2.3 after one month annealing; Radicals
- .

decayed by 567 in the anhydrate, but only by 26% in the dihydrate.

It is evident thaf annealing at 195°K had a more pronounced effect

-t B o i g
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Fig. III-4~-3 : Initial ESR spectra of calcium acrylate samples at 77°k .

Conditions : -~ immediately after receiving 0.86 Mrad at 77°x .
-~ 200 Gauss scanned in 500 s at 9.21 GHz - \

-= R.F. power = 0.3 m¥W ; mod.ampl. = 1.6 Gauss
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Fig, III-4-4 : ESR spectra of calcium acrylate sampleswﬁnneéled at 195°¢’
for one week . Samples are the same as those of Fig. III-4-3 .

Conditions : spectra recorded at 77°k , for accurate comparisom .
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( ) on the anhydrate than on the dihydrate. These results may be interpret- Y v
ed in the light of the studies ' of the crystallinity and of the molecular

mobility in these samples presented earlier. The rigidity of the diﬁydrate

lattice at 77°K gives way to the easier formation of dimers after the on-
t ’ set of the motional transit%on aroundllQOOK. But even at 295K this ri*
gidity is’still high enough to prevent more than 267 of tﬁe radicals to
i diffuse ;ithin recombination range. u N

On the other haniz the higher molecular mobility in the amorphous
lﬂanhydrate at all temperatures explains the faster ;ate of dimerization,

s

then of decay of the radicals by facilitating self-diffusion and bimole-"

T e o Rna# s x o
i

cular recombination. .

According to this ekplanation, the 0.3 hydrate should present even”

more molecular mobility than the anhydrate, since its rate q§ radical de-

cay was still faster. The initial 237 excess radicals over the anhydrate

dwindled to only 8% after the.annealing treatment at 195 and 295°K attest- §

] ) PR

ing to a higher occurrence of gei%-diffusionﬂ However, the Wide-Line NMR
*  study of the monomers (section III-3-1-d) has not}re;éaled‘any particular -
increase in molecular mo?ion at the 0.3Ahydration level. This app%fent
contradiction 1s believed to be a good indication that some of the radi-
! .

| cals reside at solid defects, to which Wide-Line NMR is generally ¥nsen~

\

sitive, This hyposhesis will be discussed in the next sectiom.

L3 s III—4;I7c Radical concentrationg versus hydration levels

-
5

The presence of a maximum in polymer yields around the 0.5

(84) and Watinesgs), and

e,
r

H,O hidration level was reported by Costaschuk
t

2
prompted the investigation of the corresponding concentrations in initiat-

N
ing radicals. It is of a profound importance to the understanding of the
o
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Al
A

! ¥
mechanisms of SSP. in general and of this system in particular to deter~
mide whether this maximum is the result of a higher number of initiating

species or of a higher degree of polymerizatiom.

0

The relative total radical concentrations as g function of the hydra-
LI o

L2 .
tin level have beer presented on Fig. III-4~5, initially and after anneal=-
by

ing. The general pattern of the curves was retained after 4 weeksxanneal—

|
}ng at 195°K,and even after warming up to 295°K.

Initially irradiation produced 4 times as many radicals in the anhy-
’ (84)

2

drate as in the dihydrate. This fact has been ascribed to the greater
\

compactness and solidity of the dihydrate crystalline network, that favors

i

_ the recombination of the primary radical species in a "local cage". On \

the contrary, the amorphous nature of the anhydrate allows the primary

[y

radiolytic species to migrate away from the ionizing spur, thereby {ncreas-

58

ing their likelihood to produce secondary initiating monomer radicals in
turn and/or reducing the occurrence of initial bimolecular recombination.
The greateq loogeness and§>h

N
are therefore resp'psible for the production of more radicals initially,

e higher molecular mobility in the anhydrate
as well as subsequently responsible for their decay faster than in the di-
hydrate (as discussed previously).

But the most interesting feature of the curves is the presénce of a

maximum in radical concentration at the 0.3 hydration level. This is

similar to the hydration level where L 2.5 fold maximum in polymer yield

was observed over those of the dihydrate and anhydrate. We may rationalize

(84)

the fact that Costaschuk did not observe such a maximum in radical con-

centration by considering the following three remarks:

|

[

(1) Costaschuk used a microwave power of 3 mw; i.e. 30 times larger
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3

than the 0.1 mW used in the present study. According to the éaturation
considerations presented earlier, it appears that the power he used

led to strong saturation of the spectra, thus deteriorating the accuri-

1
cy of his measurements.

(2) Costaschuk irradiated his samples at lQSQK, where considerable

molecular mobility is still present in the lower hydrates and allows many

!

in-source reactipns'to take place before the ESR observations can be made.

1 .
Specifically, the curves on Fig. III-4-5 show that a small amount of

annealing at 195%k produces a considerable reduction in the relative

height of the maximum, making it more difficult to observe.

L3

(3) Costaschuk used fewer points to define his curve than in the /

present study. Furthermore, the discussion presented in the experimental

gsection (1I-3-c) has established that the technique he used to measure the
hydration levels could lead to as much as 5-307% inaccuraay. The sharpness
of the maximum in radical concentration observed on Fig. III-4-5 suggests
that it would be easy to miss its observation becguse of a small error on
the hydration level. . .

As a result it is concluded that the finding of a radical goncentraa
ton maximum in the present study is not put in question by its non-observa~
ton by Costaschuk, and we will turn now towards its ingeip?etation.

—

. . After warming up to 295°K,Mwhere pglyméfi%ﬁiion is underway, the an-

- |

hydrate: still. had 2.3';imes’65;é—radicals than the dihydrate. This appears

surprising at first, since the anhydrate yields approximately as much poly-
]

mer at 323°K (50°C) as the dihydrate does, and since the average molecular
weiggfs of the two polymers 3{3 similar (as will be showm in Chap. IV-4).

Furthermore, the 0.3 hydrate produces a maximum in polymer yield of 2.5 !

' ., vt
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times that of elther anhydrate or dihydrate, whereas it is characterized

by<only 237 more radicals phén%the anhydrate initially, dwindling to only

87 excegs in the range of temperature where polymerization takes place.
b‘ ) ' \

It can be seen -that no simple correlation may be deduced between the
number of radicals and the polymer yields. However, we have 1ea¥ned from

. the comparison of the anhydrate and dihydrate 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 E?ve to deduce that y

the system is more complicated than previously beliebed.

This complexity may derive from two factors, which are not exclusive:

-
the existence of several types of radicals and/or the existence ?f two

N

types of polymerization mechanisms.

> The large discrepancy between tﬂe number of radicals and the poly-

Gy

mer ylelds produced by them at various hydration levels may be resolved

by assuming there are three kinds of 'radicals: polymefizable radicals, ‘and

\

3 two other non-polymerizable kinds. The proposed model is shown schemati-

¥ cally on' Fig. III-4-6.

The study of oxygen diffusiTn at the initiation stage (presented al-

ready iﬁ/section III-2)and that made at later polymerization stages (which

will be(?resented in section IV-1) have established that in the dihydrate,
; the percentage fraction of the radicals accessible to‘oxygen was roughly
equal to the pe;centage ﬁield of polymer fofﬁed, and that they are be~ |
iieved to be polymer radicals. The balance to 1002 are dimer radicals
trapped in the perfect dihydrate lattice, where polymerization and oxygen \

diffusion have been found to be impossible. At the limiting conversion

stage, the ratio could be measured to be 567 polymer radicals vs 447
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Fig. IIT-4-6 : S.S. Polymerization model involving 3 kinds of radicals .
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N

trapped dimers. Consequently, the points B and C on the figure are

partially defined by the relation BE/CD = 44/56., - . '
However, it must be recognized that since the amorphéus anhydrate

is éotally diffusable by 02 at all stages, the measurement of this ratio

1s made fhpossible in the anHydrate and in the intermediate hydrates.
(84)

-

é85)

%ﬁverthéless the Débye—Scherrer experiments of Costaschuk ,and Watin

have been interpreted in section III-1-1 in terms of a simple two-phase
dehydration model. The amount pf dimer radicals trapped in the dihydréte
lattice i3 hence concluded to be strictly p{pportional to the amount of
dihydrate phase present and to the bydratidé/ﬁevel, and has been r;prb—,

sented by a straight line from 0 to B on Fig. III-4-6.
\

On the other hand, the study of the kinetics of radical decay pre-°

sented in the previous section has established that only a small fraction

al

of th%‘dihydrate radicals underwent bimolecular decay upon annealing and

{

warming up to 295°K. This fraction is represented on the figure by the
length of the segmgnt"BC, and has been measured to be in the vicinity of

26%. This completes unambiguously the definition of the points B amd C.
|

The same frastion was measured to be 567 in the anhydrate shortly after

i

reaching 295°K but the higher molecular mobility in the anhydrate is very

likely to foster a continuing bimblecular termination of the radicals -
during the post-polymerization. The point A on ‘the figure has been accor-
dingly placed to represent an arbitrary fraction of terminating radicals
higher than 56%. The shape of the AC curve is also arbitrary at this

point. .

L3

It can be seen that the model presented can easily account for the

polymerization behaviour og the system. The presence of large fractions

P

At

NPT
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of non-polymerizable radicals explains readily why the 0.3 hydrate is
able to yield 2507 more polymer than the anhydrate evén though it exhi-
%its only'237 more radicals initially, and also why the anhydrate yields
as much polymer as the dihydrate with 4 tlmes as many.radicals initially.
However, the presence of the maximum in r:dical concentration itself
remains to be discussed. According to ghe interp;etation already given,
the anhydrate produces more radicals than tﬁe dihydrate because its loos-
er structure is less favourable to "local cage retombination" than the
dihydrate lattice. Simultaneously, the higher molecular mobility in the
anhydrate is bel%eved to bg responsible for i;s faster rate of radical
decay by bimolecular recombination. Siﬁce the 0.3 hydrate presents both
8 higher initial radical concentration and a faster rate of’recombination
than the anhydrate,’ we must conclude that the 0.3 hydrate is characterized
by an even looser structure and an even higher ease of self-diffusion than
t

the amorphous anhydrate\itself.

It is here sugg%?ted that these conclusions aré the direct consequence

~y

of the presence of the phase boundagx,betweeé thé dihydrate. and anhydrate.

The Debye-~Scherrer experiments of Costaschuk(84)

have shown that the pat-
tern of the crystalline dihydfgte phase is clearly visible, attenuated but
?nchangédk,all the way down to 0.28 HZO' The reinterpretation of Watine's

(85) that was givén in section 1II-1~1 has es-

crystallinity measurements
tablished that déhydratiqn proceeds by an abundant nucleation of indepen-
dent small centers. The area of the resulting phase boundary is therefore
logically minmized immediitely before the disappearance of thevlast traces
of the crystalline phase, 1.e. precisely around the 6.3 ~ 0.5 hydration

level. / !
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The phase boundary is certainly characterized by a high interfacial
strain energy, and possibly by gaps or voids resulting from the smaller
density of the anhydfate phase. These factors definitely contribute to
the easier self-diffusion and to the lower '"cage effect" that have been
observed. They are alsq@likely!to make solid-state polymerization easier
at the interphase boundary than in the amorphous (but homogeneous) anhy-

drate phase, possibly resulting in a faster rate of propagation if not

[P

e

necessarily in a higher degree of polymerization.

The fact that polymerization occurs at all in the dihydrate whereas

» ~

it 1is known to be impossible in the perfect lattice suggests that it pro-

ceeds gither at the surface of the powder grains or at crystal defects.
The first possibility will be investigated in the next ;ection, conclud-
ing to};ts rejection, The second one appears therefore very likely,
especiglly begause polymerization is believed to provoke a local dehydra-
tion and the formation of a new phasetas it proceeds. Thelr nucleation
would be facilitated by the presence of a defect. -

The proposed model involving a phase boundary rationalizes in a sa-
tisfactory manner most aspects of the polymerization behaviour of the cal-
cium acrylate hydrates system. The physical nature of the argumeﬁts in-
voked 1is believed to be suffi;iently general to render the model appli-
cable to all other systems presenting enough similarities with the pne;
sent one. In particular, the éroposed model,fs believed to be applicable
to the system of barium methacrylate monohydrate (where Costaschuk(sa)
also observed a maximum in polymer yleld at the same hydration level),

with the due modifications required by the fact that the anhydrate in this

other system is crystalline instead of amorphous as it is here. The pro-

1

[ :

B ad
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not diff&ss\into the crystal latt*ce, thereﬁpre confining itself to the

P
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gressive increase in the inhibitory effect of oxygen until it is total
as dehydration reaches 0.5 HZO is perfectly consistent with the model.

y ,
However, the failure of oxygen to bring about a total inhibition

below 0.5 H20 cannot be accounted for by the physics of the system and

the behavior of the radicals as‘Hescribed\Py the proposed model. This

.

suggests again that the complexity of this system may derive from yet

oy A /
another factor such as the existence of another polymerization mechanism
(i.e. ionic) in addition to the establighe& radical one, as was already

discussed in section I1I-2-2.

IIT-4-1-d Location of the radicals in the irradiated
monomer

In an attempt to determine where the reactive species in-

yolved in 'SSP reside, an experiment was designed to detect the presence

radicaL\scavenger was to be a veary bulky molecule to ensure that it could

e
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inlthe experimental section. They were kept in 1liquid nitrogen after
the irradiation, then quickly warqed up to 25°¢ for 15 minutes. This
dela§ was judged necessary to gllow the ESR signal to stabilize, as i?
changes very rapf?ly from the complex low temperature m&nomer spectrum
to the much simpl% propagation triplet. Spectra were recorded during

this interval for &urther reference as to the rate of radical decay.

Because of the vapour pressure above the dihydrate, it was necessary

at this stage to cooll again the sample powder temporarily in liquid N2

o ‘ \
before bféaking the seal (the anhydrate of course required no such treat-
ment). The inhibitor Bolution was henbpushed by the benzene vapour into

the quartz portion of the tube, where\it came in contact with the sample.

Thus only 10 minutes afteX the seal was\Proken,-the sample, wet with the

inhibitor solution, could bg returned to the spectrometer cavity.

Spectra were .recorded for two\hours thereaftar,

corded before wetting the sample with the inhibitor. This rate was assum- \

Thus, the difference in signal intensity before and aftar the scavenger

was brought to action could be compared with the decay that would have
. 4
normally occurred during the same period of E{Si.
! ‘

The results can be summarized very concisely: no effect of the sca-
. Y

Whether it be an-~

venger could be detectgd in any of the expbyiment
hydrate or dihydrate, no sudden reduction or\alteration of the speckra
was observed after ‘the sample powder had been fully wetted with the inhi-

bitar solutionw - .

4
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post-polymerization radicals are located at the surface of the sample

-

i a

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.

°

III-4-2 The chemical involvement of water

The study of the ESR spectra of irradiated Ba-methacrylate, D

2
(85) has disclosed the presence of lines coming from a deuterated

0 by

Watine
radical in addition to the lines of the regular monomer radical. The

interpretation given was that upon irradiation, the water of hydration

- 1

was contributing to the generation of hydrogen (or deuterium) atoms com-

petitively with those abstracted from the methacrylate.

N

The involvement of the water in the radiochemical events leading to

the formation of the initiating monomer radicals is a fundamental aspect
) :

of the SSP of hydrated systems. It was therefore decided to investigate
this aspect.in greater depth, to verify whether the Ca-acrylate system
behaved similarly to the barium system, and to make an attempt at mea-

suring quantitatively the extent of this involvement. The investigation
Sy

undertaken relied upon the synthesis of a heavy~water dihydrate to make
B j

the origin of the hydrogens involved clearly apparent in the analyses.

Two analytical techniques were chosen for their unambiguous sensiti-

vity to isotoPié substitution: ESR and mass spectrometry.

+

ITI-4-2-a QOrigins of the initiating radicals

i
All vinyl monomers submitted to irradiation are submitted

to a variety of ionization and homolytic reactiong. However, it appears

"that the complexity of this radiolysis is\ masked by the rapid completion

1

of4§econdary reactions. As a result, only one type of monomer initiating




I

e

L < s

e e RO PISITS

141

[ N -
/

radical (type I) ;.%swgenerally observed by ESR regardless of the monomer:

(n) CH3 - CH-X for acrylic monomers

1 -
(1) CH3 - C(CH3) - X for methacrylic monomers

' These radicals are believed to be the products of the addition of

[N
- hydrogen atoms onto the monomer double bonds:

L

u.+cu2 =~ CH-X - (1)

1
H. + CH2 - C(CH3)' -X =+ (I)

. Very few authors have investigated the possible origins of these
hydrogen atoms and what would be the fate of the other types of radicals.
from v;vhich they necessarily derive.

Bensasson et al.(62) have calculated the theoretical line ratios in
the ESR spectra of several acrylic and methacrylic monomers. The observed
ratios were found to deviate from the theoretical ones, 'and they attribut-~

ed these deviations to the superposiéion of lines from a small concentra-

tdon of the primary species: ‘ . ?&

. (II) CH, = C-X )

L .
- (11 ) CH, = CX - CH, )

,§imilarlﬁ}:, Bolshakov et a.l.(67) found in acrylic acid and acrylonitrile

the radical:

\ (11) Ci, = C-X

and possibly also:

(111) Cd, = C-H

/
K

o
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The intensities of the spectra of (I1) and (III) were considerably
less than those of the addition radicals of type (I), and they were

apparent only at ’*»ulow temperature in mono—crys'tals, under certain orientat-

qﬂ.
ions with respect‘\(to the field. .

Marx and Feni&tein(loz)

N

have investigated the primary radiochemical
events in acrylonitri}le and alpha-chloroacrylonitrile. It was found. that
even at 4.2°K, the -H.‘\atoms produced by the radioiysis were able to d;.ffusa
in the solid and ree}d/t/: rapidly to form addition radicals of type (I). The
absence of vinyl réciicals of type (II) in acryloﬁit\:\'kile in tvhe same condi~.

\
tions where they were observed in chloroacrylonitrile‘\was interpreted as
N\

+ “follows:

Ionization as well as dissoclative capture of electrons of an energy
greater than 3,12 eV woulc} lead to the formation of unstable \monomer ions,
which would subsequently decampose to form hydrogen atoms and keep the

charge:

. + or - + or - {
(CH2 = CH - CH) - (C2H2 CN)y + H. . )
i
Both charges were believed to be equally rational, in keeping with mass

spectrometric analysis of the fragments produced. 'The in-source polymeri-

zation of acrylonitrile at t:em/peratures below 16001(, where the poly-
meriz;tion radicals w-ere not observed, pointed towards the molecular or
fragment ions mentioned as the diamagnetic species responsible for the
polymerization (lonic mec’t;anism) .

In the present stddy, ESR spectra were t\zal;en of the gadicals produced

immediately after the irradiation at-77°K of calcium acrylate dihydrate and

di-demterohydrate, and are shown on Fig. III-4-7 . The clear differences

‘q

i
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(.J. : observed between the two sgecgfa confirm unambiguously that the di?terium
. R .
-1 of the water has become involved in the formation of type (ID) addition . .
. radicals: ) : ) | : N
: , .
. & | -, ,
D,0 *+ D. + .0D . B

. -
t . 2 - ©
w N ’ s
H . 2 -
s .
1Y ¢ !

N . —n o = e =
. - D f CH2 CH COZ—-’CHZD CH CO2 (ID) ' R
/[» , ‘ >

’ - On the other hand, non-deuterated radicaléjéf type (IH) may coTe either
from the same reactions of HZO‘ or from hydrogen abstracted from the a;ry‘
late Fonomer by an ionic homolytic mechanism such as déscribed earlier.
‘\kJ‘Q What happens to the °*0OH radicals formed by scission of the water
may be discussed in the light of the studies by }ischer anh Giacomett£104)
and by Fische;(los) on acrylic acid with a H202ﬂ5¢3+ inigiatér:

\\1 + ’
) ¥ ' , ‘ !
AN

*

4 " OH + CH, = CH - CO, -+ o, - & - co (877)  (IV) , ;
é 2 2 I 2 2 .
i ke - OH = C v
s b
, ) . N a, -
* . ’ "C 9 ~ TH -’CO2 2(13%) ‘ (V)
‘ - . ' om -
N , N N >, . ~ !

Besides the addition onto a monomer, a number of other reactions may be -

W'
k envisaged to explain the fate of the fexhydryl radicals: .
!

: | : ' ‘O 4O > B0,
— |

N ®
N

\ ‘ -031 + Lcuz = CH -co2 + HZO + (11)

Ofigﬂnally, it w%; the purpose of the use of«heavyewéter to allow a
- ~ » : 5 N J

(;) . quantitative megsgrément of the ratio of the two ‘radical gpeciesd (IH)

v ( \
SN : \ b
o v . ! \
< 4

\
\
\

. ) v’“‘ o

\
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( ‘ : and (ID) as a function of the hydrafjion level. The J&m'was to verify
¢ 'J )
whether the extent of the radiochemifal involment' of{ water was proportion-
\ . - 3 H .

. &
. /
) 145 ’
|
\ :
' !
{
|
{
al to the amount of water present, or not. However,‘Fig. III-4-7 shows \
¢ .
that no Suitable peak could be found for a convenient measurement of
(iH) /‘(ID) (such & peak would ideally be rather sharp, specific of one ,
of the two species and located in a region vold of peaks from the other

! speéies). ’ ! - J

An attempt was made to circumvent this difficulty by subtracting the

spectrum of Ca-Ac, 2 H20 (chardcteristic ofi(IH» from the spectrum of Ca-Ac,
2 DZO (characterisuic\of (IH) + (ID)). The spectra were digitalized with
R , the help of a curve %eader, normalized and subtracted point by point with

a computer program developed specially. The difference spectrdm was plot- \
|
ted by a Calcomp plotter linked directly to Qhe computer, ;nd is shown on

Fig.III-4-8. ¢ ‘ ﬁ

Some variations were noted in the shape éf the difference spectrum,
S . \ |
depending on the precise matching of the %two péksnt gpectra along the field

?
5

abscissa. Exact matching of the field origins pr6 ed difficult, because
/ ’ )

the spacing of 'the lines were not exactly the same and mo_rigorous center

of symmetry could be found. The use of an external field reférence was

envisaged, such as chromium, which gives a characteristic sharp singlet

suitahle-for origins matching. It was rejected however, because the po- -

git}bn of th%s ginglet interferes with the wings of the acrylate spectra.

‘ l

The difference spectrum shown is merely intermediate between the ‘ Fi
M 3
shapes of the two parent spectra, and the experiments based on the ESR 2

¥ technique were therefore judged inconclusive, quantitatively iieaking. It

( ’ ' must be noted that even if the ESR technique had proved succesefuyl at

o 7’
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2

- I \ . ) n
(_5 measuring the ratio of the spectra of (I.) / (L) » the ratio of the

radicals themselves would prove difficult to calculate because the radi-

cals of type (I) present a nodal plane gogpg~through the methyl group. ) .

The frequency of rotation of the methyl will therefore determine how :

e N oRTR 8 St e s T . -

many of the deuterated radicals will exhibit an apparent spectrum fdenti-
cal to that of the regular radical, Jﬁen the deuterium becomes "invisible":
by ESR by falling in the nodfl plane. A
As a result, it was decided to attempt to obtain an estimate of the
extent of the rad%ochemical involvement oﬁ water by another independent

method.

III-4-2-b Analysis of the radiolysisg&gses

~ The mass spectrgmetric analysis of the vapours above a pre-

irradiated sample of DZO—dihydrate was undertaken in ap attempt to measure
AY

g N

-

quantitatively the extent of the radiochemical involvemenk of the water of
’hydration in the formation of the initiating radicals of type (I). It al-

so provided an opportunity to study other chemical species associated with

/

: the irradiation in a more systematic way, in the hope thag this would im- J
prove the understanding of the initiating stages of SSP..

H] The vapours were expected to consist primarily of DZO’ with some amount

; of HDO and H,0 as well as traces of organic spécies resulting from the

2
decomposition of the monomer unde; the ionizyng ;adiationsf In order to 4
interpret such an analysis, preliminary experiments were required, consist-
20, D20 and of a model mixture of the two; These
preliminary experiments are presented in Appendix A. A data Ereatment

/ ing of the analysis of H

-

meth#d/gaS‘developed to allow the calculation of the fragmentation proba=-

(\2 _bilities of the three kinds of water. Difficulties were encountered, owing *

A

N ANt 1 P Dt 3 e g

«
e b, amds w mw.kh:-ms...m‘»rquwﬁ P
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\ §

al
(~} to the continual presence of moisture in the residual background gases

Al

of the mass spectrometer, probably adsorbed on the walls of the vacuum

»

chambers. ’ y

The analyses of the pre-irradiated sample was performed(hs described

in the experimental section by first measuring the background spectra of

v

\
B e
- 3

the spectrometer, with the sealed sample held at liquid N2 temperature.
ki |
The seal was then broken, and further spectfa were'measured at the same

] - l
temperature. This allowed one to practically isolate the very light gases

- such as the hydrogen isotopes, while keeping the heavier gases and the

water isotopes frozen at 77°K. Following this, the sample was rapidly

T KT a2

heated to room temperature, which released all the species of interest

for ﬁnalysis.

; , i
. ;o (1) Sample at 77°K %

It was observed that the breaking of the seal caused nobsignificant
{ . ) i

changes in the peak intensities of the usual pabkground gases. This

attested to the good vacuum achieved above the sample when it was prepared.

The numerical data are presented in tabular form in Appendix B-1.

In view of this result, it was particularly interesting to observe

A3
! thgt nevertheless, traces of D2 and DH were distinctly present. Deuterium &
could be clearly resolved at m/e = 4 ,from the helium peak, an a peak

. : |

appeared at m/e = 3, which could be unambiguously attributed to DH since

there exists no otheér isotope at m/e = 3, Their intensities weré of the

; 4
i order of 0.3% referred to m/e 18, which is far above what could be ex-

pected to come from the natural abundance of deuterium in the background
was®r. L
{ - .
These results establish unambiguously that deuterium atoms from the

-

=

RGN
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A | ‘ '

— ‘ » . N
(.} hydration water have been formed by the irradiation, and subsequently
f;acted with either themselves or hydrogen atoms abstracted from the

acrylate molecules: '

‘ ' D- +. D + D2 (m/e = &)\~ . ,\

:’- D' + CH, = CH - CO, - DH +(£H\=C'-CO-

! , ~ 2 2 2 2
(m/e=3) (1I)

§ , .
4 r
I ’sv

)

; (2) Sample at room temperature

PR
N
.

The sample was isolated by a valve from the spectrometer, amd heated

rapidly to 20°C until thermal equilibrium was established. The valve was

1

then opened and spectra were recorded periodically for some time. The

numerical data are presented in Appendix B-2.

The data treatment method developed in Appendix A was used to analyse

|
the results concerning the water isotopes., The ratios DZO /HDO / H20 were

3

. ! ‘
calculated to be 6.2/34.0/59.97 initially and 7.6/42.8/49.67 half an hour
later. As detailed in the appendix, these calculations involve a number

®
i ) of assumptions and suffer from the harmful effects of the interference

produced by the adsorption of the bﬁckgrounq water on the walls of the ,

spectrometer. Because of the limited amount of sample gases available, i
- ¢ n
| it was not proceeded to as many cycles of flushing and reevacuating. as 4

ideally desirable for the isotopic equilibration of the background waters

of the spectrometer with those of the sample.

1 However, the lack of major differences between the first and the

N S P T

(\ second analyses geems .to indicate that the, sample had a water vapour pres-
j «

sure high enough to partially overwhelm the background and make the ana-
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1 / | ¥
] (:} " lysis practicable.

{
! The results of the mass spectrometric analysis of the vapours above

s the irradiated di-deuterohydrate showed that they consisted of a high A

!

proportion of HDO and H,0 instead of the initial D,0. More precisely,

2 2
these vapours consisted of 237 D/777 H ét the first analysis and 297%

D/71% H at the second. The difference is believed to come from the pro-

gressive equilibration of the background waters towards the isotopic com-
position of the sample. Although it has been experimentally impossible

|
to make sure that this equilibrium had been reached, it is interesting

%
3
g
L
H
;

to note that the observed compositions slowly evolved towards 407 D/607 H,

which is the overall composition of the solid monomer.
As a result, we conclude that a randomization has taken place between ‘
the hydrogens of the water and those, gf the acrylate, probably.involving

. . the following reactions:

[ 7» D0 »D-4 0D

3 : CH, =C - €O, (II) + DH

) ”/’;' 2 2
D* + CH, =CH - CO,”

2 2

, e -
CHZD CH C02 (ID)

5

_~==~~. Do De =+ D

(I1) + HDO

f . / 2 2 -
‘0D + CH, = CH - €0, Foo

2

N > CH, - CH - CO," (V)
LY ) I ’
A . ~ it OD * - +

'CHé - TH - CO2 '.(V)

oD
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L’ disclosed the presence of various small concentrations of DZ’ DH, COZ’ co,

1
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- - - -0 - - .
p: CH2 CH 002 +> CH2 C CO2 (II) + H

He + CH, =CH -~ CO, -+ (II) +H (1,,) etc.

2 2 2’ H

This randomization was estimated to be considerable, and possibly
\ ' )
total. It is here suggested that the use of a large sample could allow

the many cycles of flushing of the spectrometer neceséary to reach the

isotopic equilibrium of the background and sample waters and measure its

value more precisely. Furthermore, the selective deuteration of the acry-

\ late molecule in the o position and the radiocactive labelling of the water
oxygen could certainly determine which of the many reactions inLolved are ‘ ?
the most important ones by performing ESR and mass spectrometric analyses

«

of the monomer, as well as making an end-group analysis of the polymer

formed (by scintillation counting).

t

Fin§lly, further analyses of the mass spectra were pe{formed and

e

CZH4 and C2H2 in the\vapours. These results are presénted in the Appendix B-3; |

and give a general idea of the perturbation imposed on the system by the ]

action of high-energy ionizing radiatioms.
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( : V-1 Oxygen dif%us@on and location of the radicals at the limiting

conversion stage \

The study of the diffusion of oxygen (section III-2) and that of

the location of the radicals (sectioq III-4~2) has led to some impor-

tant conclusions regarding the monomer at the initiation stage. How-
ever, a heterogeneous pqlymerization such as that of calclium acrylate

dihydrate is certain to brin§ a considerable disruption to the latticL,
. |

which should alter the diffusion behaviour. Furthermore, the polymer\

radicals may travel until they reach grain boundaries, where they could -

remain inactivated ﬁ}‘the,lack of fresh monomer feed.| ‘

Y

Consequently, it was decided to investigate the diffusion of oxygen

and the surface inhibiLion by a liquid scavenger at the limiting conver-

sion stage as well. Dihydrate and anhydrate samples were post-polymeriz-
ed for one ménth at 501C in vacuo. At this time, the rates of radical
decay and polymerizatién had dropped near zero, and the analyses perform—

ed then could safely be assumed to be representative of the limiting

1

converglon stage.

The experimental procedure was as follows: the samples were placed in
vessels as described inwphe experimental section (Fig. II-9-1-a). Air
from the hammer-magnet compartment was admitted by breaking the seal. The
rate of oxygen diffusion was first monitored by following the transforma-
tion of the acrylate radical ;ignal into that of the peroxide. The sample
tube was then retrieved and cut open. The powder was agitated for 5 min
with an excess of inhibitor solution in the open air, filtere& out, rinsed‘
with fresh benzene and air-dried by suction. Thelsample was then returned

L

(;‘ : to the original ESR tube and to the spectrometer. | -

RS
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with the scavenger solution led to a step~decrease in the radical concen- . 1

[
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IV-1-1 In the dihydrate , '

Under vacuum at ZSOC, the simple triplet of the propagation radibais ° i
was observed (Fig. IV-1-1-a). Traces of a shoulder were noted symuetrically on
either side of the central line. These shoulders could therefore no% be

/

attributed to a small peroxide signal, as it had been for the initiation

stage, because the peroxide signal is dissymmetric.

Immediagely after é%e seal was broken, the central line of the tri-
plet began to sbe distorted by the increasing peroxide signal (Fig. IV-1-
1-b). It was found fmpractical to measure the intensity of the peroxide
signal itself, as it was overlapped by the central acrylate line. How-
ever, the concentration of the acrylate radicals could be safely assumed
invariant at such a long ﬁolymerization time. It was therefore easy to
measure the rate of oxidation by monitoring the decay of the acrylateatri-

plet. The peak-to-peak heights were measured from the outer lines, which

are relatively insensitive to interference by the peroxide lines, and are \;

shown 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. It can be seen that the treatment of the/ powder in the open air

1

tration. This could be mistaken for an indication that the radicals re-

5 ke

sided at the surface. However, three arguments may be developed to show

°

th%t such an interpretation would be false.
First, the experiment done at the initiation stage (section I111-2-1)

showed that 70% of the surface radicals react with O2 within 15 minutes
F

at liquid N temperat&re. Such rate would be expected to be even faster

2

\

TR Rt kb o o bt
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3 Initial (in vacuo)-

’

R 5 min. after 0, admission , (b)

100 min. after 02 admission (c)

and after surface scavenging.

-

Fig. ‘Iv-1-1 : ESR study of oxygen diffusion at 25°C throygh Cahc , 24,0

at the Iimiting conversion stage . : !
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"gample rather than any action of the inhibitor itself. Ultimately, 562
! '

-
af room teq?efature. On the contrary Fig. IV-1-2 shows a slower rate
»
/ N AY

of oyidation at the limiting conversion stage thereby suggesting that
\ L]

A

the radicals reside deeper within the solid, and have. their supply of

\ L
oxygen limited by 'diffusion.

"~

Secondly, the inhibitor treatment of the po;der in" the open air
{ - “

increased the rate of decay agai;. This indicated that the amount of air

made available to the sample from the break-seal compartment was unfortu-

nately sto;chiometrically insufficient (if the inhibitor had been respons
. . . . . »
N
sible for the suddentdecreage in the acrylate radicals, the subsequent

decay would have continued at a rate slower than before the treatment, |
¥ "

not faster).
K Y . , . \
.Ihirdly, the step-decrease in the acrylate radicalkconcentration is b 3
g . . ®
effected to the profit of the peroxide signal. Radicals theyefore have - ¢

. . -,
not be#n destroyed by the scavenger, but only transformed by the attend- -
. % t
ing oxidation.! . |

Furthermore, a small singlet was observed 14 G lower than the acry-

late triplet center, and much narrow (4.7 G width) than the peroxide ] N
— ° - v
(10 G) or the acrylate (60 G) (Fig. IV-1-1-c). Its intemsity was only
Fy .
about 0.37 of the acrylate signal. This shall singlet was attributed to

13 N - £ . R
a phegmoxy radical formed upon contact with the inhibitor and adsorbed on

v
a
>

the soi;d surface. -

)

- ¢ »
k]

A * ) ’ o
 We can thgf%fore conaglude that the step~decrease in radicdl concen-
. N .

tration observed bn Fig. iV-l—z upon treatment of the sample in thejopen
air w}th an inhibitor, reflects the more abundant suﬁﬁly of oxygen to the

\ A

of the dihydrate radicals got oxidized. "

* [ Y

] + v
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A

( } IV-1-2 In the anhydrate
. —
R ' . The anhydrate shdwed the symmetrical triplt:dcharacteristic of
.long polymerization times (Fig. IV-1-3-a). Some“differences from the

di@ydrate were noted: the shoulders on either side of the central line oo

¢
and those on the outside of either wing were itch more pronounced,

.

;Within the f;rst minute after breaﬁing tge seal a\deéastating effect
‘was produc;d on the ce?tral line, whféh vanished rapidly to the profit of 7
the peroxidesline (Fig. Iv-1-3-b). As for the digydrate, the rate of oxi-
dation was monitored by the deéay of the two outsdde lines of the acrylate (‘
{ triplet. Regults are shown on Fig. IV-1-2.
As in ‘the case of the dihydrate, the dhme_afgumgnt may:be made to show
that most of the radicals-were trapped within the bulk of solid rather than!

v £
at the surface. 97Z of the anhydfate radicals got oxidized after 64 min,

[ ,

and 100% ultimately. ‘ . ' )

Iv-1-3 Conclusions - ) C

3 ! L

»
‘i . The study of the oxidation of the acrylate radicals by ESR hés esta-

. blished earlier that the rate of the chemical reaction of oxygen was very

¢

A fast even at 77°K. As a result, the rﬁtes of oxidation were concluded to

-
., be diffusion—limited in all eases. The extents and rates of oxidation can

therefore be Faken as a measure of the openness of each samp%g to the pene- |

- ]
3 .
. i »

tration of oxygen. & ' .

¢

' o The initfal rate of oxidation for the anhydrate at the limiting con-
' { & .
version stage vas found to be 3.8 times 1arger than that of the dihydrate.

' ‘?his is easily explainable\by their amorphous and crystalline natures, but

§
'

h seems to indicatg that although half of "the monomer had polymerized iﬁgboth
! ’ .
~N ' cases, enough of the dihyd;ate lattice was left unperturbed to pose a Per-~
3
. ; /

tﬁ ’ 3
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Fig.1V-1-3 : ESR studv of oxygen diffusion at 25°C through CaAc anhydrate

at the limiting conversion stage .
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{

(J. sisting barriler to the penetration of oxygen.

: oo The same concllusion is strongly supported by the limiting extents
‘\7

I e
. of oxidation. Altﬁlugh the anhydrate ﬁioved 1007 diffusable at all

N e ey e

stages, the dihydrate was diffusable only to the extent of 2% right after
irradiation and 567 after 14 days. An additional measurement after 1 day .

gave a value of 147. It 1s extremely revealing to remark that the frac-

R S

| tions of the accessible radicals after 0,1,and 14 days,were approximately

equal to the extents of in-source and post-polymerization respectively at

the'same times. As the virgin dihydrate was demonstrateg to be completelx
impermeable to oxygen, and as the poly?er/was demonstrated by k—ray to

form a heterogeneods phase, we may safely lconclude that in the dihydrate, .
the oxidizable radicals are polymer radicals. ' .

Alternately, these could be suggested to-be dimer radicals placed in

I Sty
I g L T AT RPRIET P WORRPIEC T, 95

- ¥
a "disruption sleeve" between the polymer phase and the lattice, and where

they could be reached by the oxygen diffusing thréugﬁ the polymer phase.

e e

o5

_However, it will be shown later, by Wide-Line NMR, that this digruption

sleeve is a phase of high moﬁility. Since polymerization in such a phase

should prove very easy, dimer Tédicals should bé Bhort-lived, and the above

suggestion should be rejected. ’

l .

Finally, the location of the polymer radicals was determined to be imn

N

the bulk of the solid samples., Only an estimated 0.37 of them were acces-

L4

! .
sible to the inhibitor solution brought into contact with the fine powders.
« N “kv

This demonstrates that 'the growth of the polymer does not terminate when

tﬁe living chain ends become trapped'at the grain boundaries b& the lack

v

of freshhmonomep feed. As the oxidizable radicals in the dihydrate are

O ° : : | .
> believed to be polymer radicals, we must gﬁerefore conclude that polymeri-
¢
- \
£
Tkl 5 255050 st ORI B e T B R A NG SN Fnd s b OB ‘ L " g s ‘»-— M.«».W

« .

o - , s vy
‘ - N ¢ o LN N4
. . . N )




- - .- PN P P

. 160 4

"

; (:} - zation in this system does not terminate in the usual chemical sense of the
term, but rather, that the chain ends become trapped in the polymer after

N,

having exhausted all the monomer molecules accessible at the level of ther-

P

!'}\’ i\.{
; . mal agitation available. ' :f
IV-2 Molecular motions during polymerization
We have seen in Chap. III that the study of molecular motions in the
b
LN monemers as a function of dehydration, irradiation and temperature could

L4
not offer~a satisfactory explanation of the polymerization mechdnism,
-ly

although it had been very informative in itself.
f’i 'V
L !
A, ! . Accordingly, it was felt that a study of molecular motions during the
A,
polymerization itself 'held the hope of shedding more lighg on its mechanism.

NPT, WL 5 e
5 R e ST,

o el 2o Gerk s

i The three di-H2

) ol ‘
were irradiated for the study d{séussed'in section III-3~3 had disclosed

o

O-hydrate, di-DZO—hydrate and anhydrate sampleg which -

l .
Widé~Line NMR spectra identical at 50% to those of unirradiated Famples. !
: j :

However, after only 12 hrs post-polymerization at SOOC, the central

. e e

e’

s e

part of the dihydrate spectra began to show an obvious distortion from the

2y

initial shapes. After 1 day, it became apparent that the distortioqfﬁas -

1]
dué to the presence of_ a narrow line growing at the cqnter of the broad P

!

;Eonomer line (Fig. IV-2-1). The D,0-dihydrate showed a sharper and bettgr

2
geparated narrow line than that of the HZO-dihydrate (Fig. Iv-2-2).

s

By reducing the modulation ampligyde of the sweep field below 0.35 :

X Gausé; it was possible to nearly isolate the narrow component from the
i ) broad one. Its line width was measured to be 0.86 Gauss for the HZO—dihy- .

drate, and 0.40 Gauss for the D, 0O-dihydrate. Such line widths indicate a

2
degree of mobility much higher than in the solid state, but lower than in

I :
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¢ - Fig. IV-2-1 : Wide-Line NMR spectra of trradiated calcium acrylate , 2 H20
after various times of post-polymerization at 50°C in vacup (recorded @ 50°C)
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4 Fig. IV-2-2 : Wide-Line NMR spectra of irradiated calcium acrylate , 2 D20 i
‘ (y . after various times of post-polymerization at 50°C in vacuo (recorded @ 50°¢)
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4 measured, and was found to increase“logarithmically with time
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+ .

the liquid state. The peak-to-peak height of this narrow component was °
(Fig. IV-2-3). The H20—dihydrate ghave a less accurate fit to the logarith-
mic line, because thifhiéh r intermolecular broadening due to the water
imparted a lack f resolution between the spectrum components, especially -

S

at short and long times.

The growth of the Dzo-dihydrate line seemed to
\

level off aftg& 300 hrs, whereas that of the H, 0-dihydrate only slowed

2
down between 300 and 1000

At this stage, the p egegﬁe of a sharp narrow line may be hypothesized

as originating from three possible provenances: motions of the Gater, the

*

monomer or the polymer. The exothermicity of the polymerigation rjéction

»

may favor either molecular motion locally and t porqéily, because of the

1

poor heat dissipation characteristics of solids. :

IV-2-1 Mobjility of the water e
Strong support for the water as an origin for the narrow lihe appears

to come-from the experiment on irradiated anhydrate. No narrow line was -

’ j
observed there during post-polymerization, and the spectra were identical

with those of unirradiated anhydrate for more than 8 days at 50°C. Of

course, the presence of a narrow line in the Dzoqdihydrate goe% against |

L]

this first hybo#hesis (i.e. that the 320 is the origin.of the narrow line)
but it could stil% be rationalizediéince, on the basis of ESR and mass
spectrometry evidence presented earlier, irradiation brings abaﬁt Qn im-
po;tang)random¥zation of the0020 deuterons with the acryl;te protons. The
HDO present after irradiation would thus be detectable by . C

(40,89, 90)

&
However, négro&~lines hare been observed supeyimposed on the

}
J

iiradiated monomer spectra of several other SSP systems where water was

LI
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() 3 Fig. 1V-2-3 :

pduring the post-irradiation polymerization stage at 50°%C .

Conditions : (a) 1.4 Gauss modulation amplitude ;
. *

o

- % 4

2.5 "

Peak-to-Peak height o}#che NMR narrow line in CaAc dihydrates ,

(b) 0.5 Gauss mod. ampl}itude

g 3.0 ©
log(time,hrs)
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~ found to .increase until the end 0f polymerization.

!

totgily absent. In particular, acrylamide and acrylic @kid(go) exhibit
0.7 and 0.3 Gauss lines respectively, compared to 0.7 and 3.5 Gauss for®

the corresponding pure polymers. Consequently, it appears that the ori-

a

gin of these narrow lines should be looked for elsewhere than in the mo-
{

bility of the water.

Let us naew envisage what happens during polymerizatign. Imn the case

bN
of a heterogeneous SSP such as ours, the making of polymer links much

shorter than the intermonomer distances in the lattice results in a polymer
density greater than that of the ménoﬁer. This has been obgérved for vinyl

SSP in general and for calcium acrylate in particular (d = 1.555 g/emYy |
i

‘ = : - (84)
dyipya, = 1-4615 4y p g T 1.425) 7.

leave the living chain end in a "cavity", such as illustrated on Fig. IV-2-

poly
The ensu¥ng contraction will soon \\

4. At this stage, further polymerization may only proceed by either one or
a combination of two mechanisms: the monomer may diffuse towards the reac-
tive chain end, or vice-versa. r

IV-2-2 Mobility of the monomer

The monomer mobility may assume two forms. In the first form, a mono~

vk,

mer might leave the cavity wall and diffuse towards the redctive chain end.

This form should be rejected as an origin of the narrow line for three
i

W

reasons: \;D #
(1) the natrow lfne should then be highest at the beginning (where poly-

merization rate and local thermal agitation are maximum), whereas it was

- . } "

ki
(2) the concentration .of such diffusing monomer is going to be of the
order of that of the growing chains. As the limiting degree of polymeri-

zation/is 2 x 103 and the yield 307, the order of magnitude of the concenr

o 5 /Q’:
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Fig. IV-2-4 ; Schematic representation of a physical model of S.s.p,




\ ( ; « tration in "adding monomers" is 10—4. This is far too small ko be Bb— Q '
: seryed,’&n regard of the low sensitivity'of Wide-Line NMR.
’ (3) the "sublimation'gof a mon?;er requires the severance of strong
Gg-COz and hydrogen bonds before the heat of polyégrization is available é
- to providg the necessary energy, which is Yfry difficult. . by

~'n As a result, Fig. IV-2-4 presents a solid-state polymerization model where
\ ‘ ) ;ﬂ;in growth 1is ac@ieved by wagging of the chain end inside the cavity i
- . until°i£aaits a wall and a@stgact a fresh monomer.

In the second. form of monometé mobility, the narrow liné observed .

during post—polymerization would take origin in a new monomer phase located -
| o

& g at the interface between the morfomer lattice and the polymer chain. This :
?

new phas7 would not be a temporary phenomenon such as local melting; since

. - the narrow line persisted évén after polymerization had virtually stopped.

»

' on the ‘contrary, a permanent "disruption sleeve" would be created by the

“\

T, 0n L NI

exothermicity of the polymerization. A destruction of the caleium coor-

TN N e Ao, s, o

dination Lolyhedron, and a local dehydration would accompany the reaction.

B d w"’w"ﬁ'ﬁ Y

Such a "sleeve" could very well include the walls of the cavity men- =~ -
b ‘ ’ «

tioned earlier, as depicted schematically on‘Fig. IV-2-4. Whatever the
shape of this interphase boundary, its existence may be deduced simply n
¥ 4 s

from the &%ystalline structure of the dfﬂydrate. 0f course, the loosening!
) ¢ .

a

of the lattice bonds along the disruption sleeve'wquld result in an in-

5

creased monomer mobilify and could thus very well %qcount“for the obser-

¢ e

vation of a narrow lime by NMR.

‘ ‘ “Iwo kinds of experimental evidence may be brought to support ,this hy-

3

pcthesig. Both are based on the fact that if such a disruption sleeve 1s Y

! ] N

(,_‘t producedfaround the polymer chains, the amount of monomer molecules in-

,
IURPINUED Se. TR i v s PV " N U o .
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yleld,was constructed at various post-polymerization times, as is shown,
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a

volved in it ia going to be proportional to ehe amount of polymer formed.
The first experimental evidence has been presented in section IV-1,
\ ; ) o
wvhare an empirical proportionality between the polymer yield and the frac- - '

tion of monomers accessible to the diffusion by oxygen was demonstrated by

>

¥

ESR. . Ly T,

-3

The second experimental evidence.was obtained directly by Wide-Line'

NMR. A curve of the peak-to-peak height of the narrow line versus the polymer
L3 i ) » []

on Fig. IV-2-5. They were found to follow & good proportionality line up
‘} -
to the limiting conversion. The fact that the amount of this new monomer
3
phase was proportional to the polymer yield is perfectly congistent with

i
the model of the "disruption sleeve" and/or "cavity" depicted on Fig. IV=- "~
<« v N

=4 . P \( ) T g

Y ‘ , T
l . . -

However, two objections may be opposed to the hypothesis,of the mo-
nomer-originated narrow line. The first is that the narrow line was nqt
observed :Ln the polymerizing anhydrate. This conspicuous absence may be

rationalizei by considering that t:he anhydrate might not require the pre-.

sence lof a high-mobility monomer—-polymer interphase. The amorphous na-
ture of the anhydrate, and the intrinsically higher bulk monomer mobilitgy
in it, might be' responsible for a crumbling and packing of the monomer
around the polymer as it grows —\ﬁmreby quenching the" mobility of both mor

nomer and polymer by the establishment of new Van der Waals Bonc_ls besween
them. ¥

The second”objection to the hypothesis that the narrow line takes ori-

gin in the monomer mobility is that such a line could very well origina‘te \‘ ’

in thet polymer thain itself, as will be examined below.
N b .

i

-
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e
IV-2-~3 Mobility of the polymer

In order to establish a comparison basis, Fhe motions in the poly~
mer were investigated directly by recording the Wide-Line NMR spectrum !
of a sample of isolated pure polymer (Fig. IV-2-6). The. spectrum was .

found to consigt of a 10 Gauss broad line sgperimposed on a 1.2 Gauss

narrow component (which was measured by reducing the modulation amplitude
below 0.35 Gauss). o
The origin of the narrow line in the pure polymer is believed to re=-

side in segmental¥ebility of the chains, as when a macromolecule has al-

ready grown to any sizeable length, 1t is 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 is 302 larger than that in’

: 1
the polymerizing Hzo-dihydrate (0.86 Gaujs) and three times larger than

that in the D20-dihydr;te £0.40 Gguss).& However, all or part of the dif-

ference may be ascribed to a slightly different temperature (25°C for the
. . . p
polymer thstead of 50°C) and to a different solid environment. As a re-~

sult, it-is quite possible that the narrow line observed in the polymeriz-

N

ing system could come from the polyﬁer mobility rather than from the mono-

Whether the mobility disclosed comes from agitation -of segments in-

side a disruption sleeve or from wagging of gle chain end inside a cavity,
el ther mechanism would be consistent with the proportionality of the narrow
line to the polymer yield. |

I,
+ On the other hand, the absence of a narrow line in the anhydrate might
. 1 § '
still be rationalized with the argument developed earlier, involving a
quéncﬂing of the macromolecular ségmehtal mobility by the progressive pack-

ing of the anhydrate.
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IV-2-4 Conclusion: physical mechanism of SSP
The investigation of the mflécular mobility by Wide-Line NMR has
led to the observation of. a new phase during the\post:-polym0 ization of

hydrated monomers. This new pﬁasg is characterized by a mobility inter-

mediate between that of a solid and that qf/a 1iquid; and was found to

grow proportionally to the amount of polymer formed. It was not observed

in the anhydrate.

i
~

The reported existence of an identical behaviour in water-less sys-

tems was interpreted as meaning that the mobility disclosed was not that

N

of the water qf hydratiod. .

-The mobility of the monomer in an interfacial "disruption ;leeye" Q
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 logically predicted and explained on the basis of
the known pgsperties of the system, and both are perfectly consistent
with the body of experimental evidence available. No experiment could be
devised so far‘to distinguish between them. On the other hand, it is cer-

tainly possible that both mechanisms could 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 ag the crystalline dihydrate does, because 1its looser texture is

-~

more apt to collapse and f£ill the voids created by polymerization, thereby
- : -
quenching any unusual molecular -mobility.
Practically, the proportionality observed between the polymer'jleld

and the height of the NMR narrow line makes it ghe basis for an attractive

o

3
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non~-destructive method for measuring the ,extént of mo/nomer conversion.

This analytical- tool is novel, and one of the'very few available so

[y

2
far to the solid-spate polymer scientists interested in kinetic studies, ®

Finally, a soiid-staie polymerization model w%s proposed, where

’
u

chain growth occurs by wagging inside a cavity uﬂtil it abstracte a new
monom;r from the wall, Such an a?stracfio; would increase the range
dccessible to the wagginé chain end faster than it would increase 'the
average dilameter of the cavity, thus providing for a rapid polymerization
to high molecular weights. This model fits the polymerization data
ayailab}e, and predicts that control of the stereotacticity of the polymer
by the crystalline lattice shouldl not be observed. Indeed, the 13C—NMR
experiments support th%s model, as will be developed in the following

section.

o ! ’ ,

IV-3 Stereotacticity of the polymerizatiqg

For a full understanding of the mechanism of S8P, a knowledge of

the stereoregularity of the polymer is required. The possibility that

" the strict order of the monomer crystal ecould 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 the chemical:'shifts upon the steric

environment, the NMR signals lend themseives to a stereotacticity analysis.
| ' . .
13C—NMR 1s more powerful in this respect than proton-NMR for the following
’ /

L L

reasons: R ;

o
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method for the stereoregularity analysis of macromolecules.
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i ‘
- 130 chemical shifts cover a range of/ 300 ppm compared to only

12 ppm for protons. ~

13

/ It
- ~7¢ shifts are much more®sensitive to Isteric environment éhan

proton shifts.

- - 130 spectra’are simpler to interpret because all spin-spin inter~

actions can be removed by heteronuclear decoupling. - i
?
!
- dipolar broadening of peaks 1s very much reduced in 13C polymer
9 ¥
spectra compared to proton polymer spectra.

“

The sensitivity of 130 gpectrometry 1s 5720 times lower than that of
proton~NMR, however, because of the low natural abundancé of 13C (1.17%)
and of its loé;f magnetic moment. qutunately; this seﬁ;itivity problem
may be offset by the use of larger sample tubes, of the Fourier-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-

dern fast Fourier-Transform spectrometers has madq,}3g—qym ;iﬁteferred

R TP

/

B
’T‘?

\ S

Five polymer samples were prepared as described in section II-12,
They were:
- Early polyacrylic acid (15 hours post-polymerization time giving a
yield of 14%) from a Ca acryfgze di-hydrate under vacuum.
- Late pqu-acid (14 days, yield of 5621 also from di-hydrate under
N 1

vacuum.

, \
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

3y .
©

[
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(:} fstudied,on some samples, and the optimal conditions thus determined were ) “l !4
- . . .
1 (ﬂflused for the recording of all other spectra. {
N ‘ ) | |
%;&;V—3—1 Effect of the pH of observation ki '
P /
1 ) The pH of the sample solution was 1, It could be adjusted by the
addition of a Eew drops of KOH to pH 5 and 9. Changes in the chemical

PR,

sh%fts and the shape of the spectra were immediately apparent, as shown

i
§ on Fig. IV;3-1, but were more drastic for the CH and CH% groups than for - "
. g the 002_., The chemical shifts measured are listig in Table IV-3-1,  in /'
) E parts per million relative to the internal reference standard of dioxane.
) The aizignments were ma;e after Sch;effgrcgl). ? '
- L
- /
co, CH e CH,
. PH (Singlet) syndio| hetero | iso syndio | hetero }so .
1 111.5 -25.0 (singlet) -31.9 | -32.3 |-32.7 s E
5 broad broad singlet singlet |
9 117.8 | -19.6 | -20.4 |-21.4 | -27.8 | -29.4 ‘-30.51 ) :
~_ o ' TABLE IV-3-1
| 13C chemical shifts (in<ppm) of poly-gcrylic acid, relative to dioxane
r——— \

The CH2 signal changes from a égor triplet at pH 1 to a bettef re-
golved triplet at pH 9. The low~field peak (left-hand side) i§ barely
perceptible at pH 1, but/grows more intense\at pH 9. The high-field éeak
remains partly merged with the central line at both pH. On the other hand,
the CH signal goes from a sharp singlet at pH 1 to a triplet at pH 9.

\
\
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These changes are believed to :be due to conformt}onal changeS}.

It is known that poly—acryﬂé- acid in water approa'ches a random coil at

acidic pH; whereas its being neutralized extends the chain by increasing
the coulombic repulsions between the pendant carboxylate groups. This

1is consistent with the observed sharp increase in the viscosity of the
/ -

solution upon neutralization. \

. f .
As a re¢sulty the analyses have been made at pH 9, 45 the spectra thus

\

recorded display much more information about the tacticity of the poly-
.&cia- )

& IV-3-2 Effect of the temperature of obsgervation

\

As the temperature of thé sample was raised from 300. to 353°K, no
change in the chemical shifts was observed. The behaviour was similar for
pH 1 and 9. 'The CO2 peak intensity somewhat decreased relative to the
others. The resolution of the CH and Cﬂﬁiplets was noticeably improved, 9
with the iso a[‘nd syndi? peaks increasing ;n either gside of the central

hereto peak of each triplet. . =

The improved resolution is thought to be due to the decrease of the
. !
viscosity of the sample. At pH 1, the poly=-acid viscosity changes sharply
[
with temperature. At pH 9 however, the viscosity of the extended chains

of the high molecular weight poly-salt de&gds more on segmental mobility
- s

W o
than on newtonian behaviour, and decreases only slowly upon heating. The

microviscosity is still much reduced, and the best spectra were thus re-
corded at pH 9 and elevated temperature, which were chosen as, the conditions
{

il

for the rest of this study.

IV-3-3 Analysis of the results !

The spectra recorded at pH 9 and 353°K, i.e. in the best conditions

BT SRS B
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5, - B )
found, were identical within the accuracy of the experiment for all five

samples regardless of the:-level of hydration, the presence or absence of
Y It
oxygen and the extent of polymerization (Fig. IV—3—2).

¥

With the help of Schaeffer's work(gl) C of poly—acrylic acid,

observation of the ratilos of the syndio/hetero/iso peaks could yield

information on the triad sequences of the polymer.

be measured from either the CH or the CH2 signals, an attempt was made to

determine which one would give the more consistent results.

er may think of using either the peak heights or tﬁe peak areas to
measure these ratios. However, it ;as agscertained that the peak heights
were not a valid approximation of the peak intensities. Indeed, the in-
tensity of the iso pegk'relative to the syndio peak renged from 1.1 to 1.9
times larger when measure& from peak heights than when measured from peak
areas. This shows no consistent correlation between the two methods.

The peak areas weére used from then jon, and the relative‘percentagee
of occurrence of syndio, hereto and ise tfiads were determined from the
CH and CH2 parts of each speetrum: Ue ertainty arose ?n the drawing of
the peak wings and baseline for tbreexd%fferent reasons:

-~ the inherently noilsy baseline onthe {30 spectrum, #

. = the occasional presence of spinning sidebands on either side of
each peak. These could not always be suppressed because of the
high yiscosity of the samples.

- the presence of ill-resolved components of sequences of a higher

order. Both CH and CH2 groups showed signals that were partly

sensitive to tetrads and pentads sequences, although these have

a much lower intensity than the main triplets of the triads.

As these ratios could -

AR A
’ N »‘
) B

£/

s ne




«pimnd e B - e e amd . oy e g Y O TR BRI

i ) \
R | ‘ . ' e, 179
. ‘ ' . | P " !
. . o o
’ Late dihydrate Dihydrate , )
* -—_-—-_-r - ) 1‘
] in vacuo o in air /
s //
\ ! : (/ \A
| | R\ | 1 ;
/ . N
s . .
1 ) oo ;
/l ¢
' // .
f
/‘
\ /
/ - /
\ )
) !
. \ / .
Y ‘ g
/ ! |
. . . ;
o \
, Anhydrate .
g er——————
" 4 ’
Anhydrate . . '
Y in air
in wvacuo .
\\ . ‘ / \
’ \
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(7 In order to solve these difficulties, the following tests were mide. «L”" \VL

e e

Two determinations of the syn/het/iso percentages were made on the CH of -.
\

the "early polymer from dihydrate under vacuum" while drawing broad yings \//

encompassing the afo;gmentioned spinning sidebands and higher order com-

Y

ponents. They ylelded an average of 24.8/44.5/30.7%. Two more determina-

tions were then made on the same sample, but this time drawing wings that

. excluded the interfering components. They yilelded an average of 23,7/ K

i

46.6/29.8%. The differences between these two methods of measurement

\ ) appear small and within the normal range of scatter on repeated scans.

It was thus decided to draw arbitrarily and congistently the wings midway

i I i B BT X v gy s b oo
.

3

AT o tmmag -

between these two extremes. The use of electronic integration would ob-

viously prove of no value in alleviating all these problems.

ey

In order to check for a possible systematic difference between the

measur;ments derived from the CH and CH2 groups, the following test was

run. Six determinations of the syn/het/iso percentages were made on the

CH group from three different samples, and yielded 23.3/4%.7/31.02 with

a gtandard deviation of 1.87, 1.06 and }208 respectively. Four more de~ i
| #
‘ terminations were made on the CH2 group from the same samples, where the

resolution allowed it. They yielded an éverage of 21.3/55.9/22.87 with

v

standard deviations of 3,97, 1.88 and 3.41 respectively.
, Pt appears that the determinations made from the CH2 peak areas show

an excess of 10 points for the hetero triads,at the expense of the synd16

for two points and of the iso for 8 points, over the CH-based determina-

tions. The standard deviations for the CH2 were nearly double those for

1

= * the CH groups. It seems possible to expiain these results with the ob-

served‘shapes of the two groups of lines: shoulders on the side of the
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‘ syndio and hetero peaks regularly appeared in the \CH group, probably
, manifesting some sensitivity to tetrad sequences, Close scrutiny re-
l . ’ ! , '
vealed that although the iso peak appeared to be-a pure singlet, the , { ;
Al
N \
syndio and hetero peaks of the<CH signal seem to be in fact nearly coa-

lesced doublets.,

N The situation is similar for the CH2 gignal, although aggravated

by a poorer resolution. The broader and more ovei'lapping peaks result
© [ |

‘here in a more arbitrary drawing of the wings and a more inaccurate mea-

‘c

PR AN LA iz

Hx
. o

surement of t:h/eir relative areas, than in the case of the CH signal. 4’7 .

In consiéeration of all the,preceding arguments, it was fin\ally
Judged that a systematic difference could not be established betwee‘ﬂ the
measurements made from the CH and CH2 signals, and that according‘lya, all

1

" 13 determinations made from them should be retained and averaged in. the

hope of minimizing the influence of arbitrary choices. A confidence level
of 95% and a "Student's t factor'" of 1.77 were used to calculate the

. © means, standard deviationls and error limits shown below:

S

syndiotactie: 22.9%1.37%; o = 2.6

heterotactiég 48.8+2,5%; ¢ = 5.1 .

isotactic : 28.3£2.1%; 0= 4.3

IV-3-4 Fit with Bernoullian statistics

~

A macromolecule 1s saild to follow Bernoullian statistics when the

isotactic placement of the next monomer to be added onto a iiving chain

cap be described by a single probability. We shall call this probability
(92)

(1)

Pm in accordance with the notation of Bovey To say that a polymer is
Bernoullian {s equivalent to saying that the addition is influenced only

by the end-unit of the growing chain. Such 5 statement shoul!d not be

L]
7 i
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understood to mean that gzgdition is ?.nfluenced by the stereo-chemistry

»

of ché end of the growing chain', for one sonomer unit considered alone

hasl no stereo-chemistry, but caun of course exert-a steric influence. '
According to this scheme, the probability to Find an isotactic triad

. ) .

will be sz, that of a ayndiotacl.:ic triad (l-Pm)z a\nd that of an he}:ero-

tactic triad 2 Pm(l-Pm) . Therefore, experimental ‘results should lie on

a single vertical line on the| graﬁh of Fig., IV-3-3. 1It can be visually

ascertained that the :above experimentally measured probabilities comply

wiEh this requirement. Another way to ch;ck the fit with \Bernoulluian -

trial is to compute the theoretical hetero and syndio percentages from

the isotactic one. The Pm was calculated to be 0.532, which gives syndio

and hetero probabilities of 21.9 and 49.8%. These match very well the

‘expeimental average values of 22.9 and 48.8% xespectively, within the

!
)

_estimated error limit. ‘ ,

! \

It can thus be conclt;ded that in a first approximation, the poly-

_acrylic acid obtained from gamma—initi?ted solid-state post-polymerization

\ ¥
. follows Bernouliian statistics regardless 'of the level of hydration (0 or 2)
&y

J
of the monomer, of the presence or sbsence of oxygen, and of the extent of »
|

conversion. ‘

According to Fordham(gs), the kinetic rate constants for the addition

of a monomer in the syndio and isotactic placements obey the eljuation:

-

: %* x . L]

kg -AF - AS -0
;: = exp (3 ) exp (3 ‘

\ ~,
where the starred deltas represent the differences between the correspond=-

ing free energy, entropy or enthalpy for the syn and iso placements.

N 3 ““ I :
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mediate addition complex to give a non-zero A(AH) in contrast to the
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(94)

Matsuzakl et al: , using proton NMR, measured an average Pm of 0.525

for several samples.of poly-methyl acrylate polymerized at various tem-

peratures, in various solvents or in bulk, and initiated by either UV

i

or gamma-rays. None of their samples exhibited significant deviation

from the mean, showing a remarkable insentivity of the polymerization -

mechanism towards the traditionally important environmental parameters.
. { {

Fordham's treatment of Matsuzaki's data gives a

- P4 ’ - =
AHS - éﬁi 0 cal/méle and a ASs ASi

'

Bove§92) 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 temperature, of the ester group and of the solvent. .

It appeared therefore justifiable to assume in a first approximation

Fordham's treat-

’

a A(AH) of zero for the calcium acrylate system as well.

e} 4
ment then leads to: .
Uy
" i}
l kg 1P
= - 3T - 0.880 ,
‘ i m
{
- s ,&‘ , ,
k" B - [ ,
AS_ - AS, = R Ln(—>) = -0.26 entropy units, )
8 i ki
. N -
> \

. which 1s consistent with Matsuzaki's and Bovey's findinébi\

Upon closer scrutiny, however, it is possible to envi;%ge the ionizgd

nature of the acrylate salt altering the activation energy of the inter-

Q

~-0.20 entropy units.
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behaviour of all the acrylate esters. Only a study o{/;ﬁé/;Ossible \\\f*

temperature dependence of P for the solid-stat i;:acrylic salts

could éstablish beyond doubt whether A(AH) is zero or not in this parti-

cular system.

Iv-3-5 Fit with higher-ofder statistics J

Bernoullian statisticg! This means that o one’probability Pm is neces-

sary to describe the system, because the ﬁiacement of the adding -monomer

is only influenced by the last unit added. However, Bovey(gz) states :

cﬁat mechanisms of a higher order than can be tested can never be ruled

out, ;.e. those involving the influence of the penultimate or antepenul-
' : 1 .

timate link. Such mechanisms require more than one probability té be d

cribed, as for example the Markov or the Coleman-Fox statistics.

An attempt was made at testing the fit with such higher-otder statis~ -

t

tics. Assuming the 13 determinations o@ syn/het/iso were rahdomly scatter=-

ed, a fuller application of the laws of statistics should enable one to

reject those data that fall outside a reasonable err 1nterval)defined

from the standard deviation. It turns out th three determinations would

— RN

thus be rejected. The average of the 10 remaining would then be (applying

-

the same 95% confidence level):

e ~-syndiotactic: 23.8t1.0%; ¢ = 1.7

i - heéerotactic: 46.4+1.5%; o = 2773

- igotactic : 29.8:1.8%; ¢ = 3.30
\ &

These ﬁrobabiliéies are slightly‘different from those determined in
section IV-3-3, but their standard deviation sigmas are 40%Z lower which

indicates a greater homogeneity in the data.

7
‘
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(:3 A placement probabi%ity Pm of 93545 was derived and used to check

the fit’with Bernoulli's statistics. The resulting syndio and hetero

3 ogabilities were 20.6 and 49.5Z respectively. These calculated values

E fall outside of the above eiberimental ones by one to two sigmas. This

of

qonstitugés a deviation from Bernoulllan behaviour which is apparently

significant. As a result, the calcium acrylate polymer may thus be pos-

tulated to follow some higher orqer statistics such as Markov and Coleman-
Fox. Alternately, it could-be argued that these statistics were all de-
///f rived for liquid-state polymerizations and that possibly, factors speci-
fic to the solid-state could domiuate qhe traditional parameters in such

a way as to obey a new type of’statistics of its own, /

¢ However, due caution must ge exerted in the interpretation of these
results. It turns out that the three determinations rejected on™the basis

of the so-callédd statistical arguments were all made from CH, signals, and

2
that the only other QHZ determination was also right on the borderline of
rejection. Acébsdingly, the non—ran&ééuﬁature of the scattering of the

data do not justify a blind application of variance analysis.

Ih conclusion, we may state that the tacticity analysis of the CH /—

o~

Bignals indicates a slight deviation from Bernoullian statistics and sug~
gests that poly (calcium acrylate) made in the solid;state may follow a
higher~order statistic. On the other hand, the analysis of all data from
iib ~ the CH2 together with the CH signals 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 {s difficult to achieve,

as it would require excessively long times to accumulate more scans in the
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( . spectrometer, and a painstaking multiplication of experiments to broaden

— i .
the statistical basis of the variance analysis..

IV-3~6 Conclusion: Tacticity control in SSP
The above discussion has established that poly-calcium acrylate fol-
" lows a Bernmoullian placement statistic iniéﬁffrst approximation, even .
though higher-order statistics may not be ruled out at the present time,

owing to experimental limitations.

Regardless of which hypothesis one chooges to accept, a probability e

Pm of isotactic placement of slightly above 0.5 reveals that therorienta-
tion of a new adding monomer unit is nearly'%;ndom.('This, together with
the fact that the values of Pm and A(AS) are the same for 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 di-~
hydrate monomer fails to bring about any degree of obéervably signifiﬁant

ordér, and because local melting of the monomer is precluded by its ex-
. :

\

tremely high melting point, one is led to envisage a sublimation-like dif-

fusion of the monomer towards the growing chain or vice~versa, resulting
AY

3

in a random orientation of the aﬁding monomer.l

This polymerization model is supported by the crystallographic results
(which show that polymérization cannot proceed in. the perfect lattice) and
by the Wide-line NMR results (whith show the presence of a high-mobility.

phase in the polymerizing monomer).

" IV-4 The molecular weight of the polymer and the chemical mechanism of
polymerization

The knowledge of the molecular weight of the polymer produced by
= . ’
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' , /
‘E SSP is vital to the understanding of the polymerization mechanisms. /
. However, mole than the absolute value of the molecular weight itgélf,
- its distribution and its relative variations as a function of time, tem-

perature and hydration level are likely to hold the clues leading to the

mechanisms involved in SSP.
x

¢
Accordingly, an investigation of the malecular weight disttibutions was

:

undertaken by exclusion chromatography. However,'this technique is only a

-~
T

method of separation, and gives by itself no measurement of the molecular

%

T

weights, Exclusion chromatography needs therefore to be calibrated against

.- \

. samples whose molecular weights have been independently determined by other

methods such as light scattering or viscometry.
L] /
]
IV-4~1 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 v;sc;me;ric-ana-
4“‘.‘ lysis of a sample of poly-acﬂylic acid was undertaken. Th§ gample was pre-
mI:ared from poly (calcium a;rylate) as was described in the expeﬁimenta%
section (II-10).
The viscometry was done in two solvent systems, p-dioxane and 0.2 N HC1,

which have been reported to be Theta-solvents for poly—aérylic acid.

Unfortunately, the relative scarcity of the data available in the literature

and thelr questionable reliability will be seen to leave some degree of
A

l -
uncertainty as to the absolute value of the molecular weight found.

t . B

IV-4-l-a Viscometry in p-dioxaﬁe

%

»

Newman et al.(gs) have found that poly-acrylic aciés ranging

from 134 to 1220 kg molecular weights exhibited a Theta-point at 30°C in
(f) p-dioxane. ' ) ’
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rature and the solvent system are such that the interactions between the

R 7._.,. - LT

.of 76 x 10

- though not very sharp. /In order to improve the accuracy and the repro-

189
A Theta-point ig encountered in a polymer solution when the tempe-

macromolecules and the solvent molecules are balanced with the interactions

between the macromolecules themselves. As a result, the polymer chains ~
assume a random coil conformation in a Theta solvent, and are characteri;;&
e

by an unperturbed dimension which is theoretically the same in all poss}ble

\ .
Theta solvents. ‘ //

| -

The Mark~Houwink viscometric constants were reported to be a == 0.50

(as expected in a Theta solvent) and K = 85 x lO-'5 dl/g. However, Brand-

(96) (97)

rup and Immergut quoted the value \vﬂ

-5

as well as Kurata and Stockmayer
dl/g-for K, although citing Newman et al. as their source.
3

No explanation could be found for this discrepancy.

The dissolution of the.Eample in dioxane at 30°C was difficult. The

swelling of a 0.26 g/100 nl suspension occurred easily, but even after
étirring for one week, an apparently large quantityﬁof:insoluble gel had
deposited on the walls of the flask. Upon close examination, refractive
index irregularities were observed throughout the liquid, even though no
individual particles could be distinguisheqfl In an attempt toifind a
better dissolution temperature, it was found that'the turbidity of the raw
solution increased sharply outside the 20-40°¢ ranéé, and that massive

precipitation occurred outside the 5—55°C range. The solgbility gap at

,
this concentration is thus quite marrow.

Titration of the poly-acrylic acid by a standardized solution of so-
dium hydroxide was performed’ in order to measure the actual amount of un-

dissolved polymer. The pﬁenolphtalein end-point was found usable, al-

=y

| '
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1 ‘ ' /

ducibility of the titration, two colour standards were made up with the
same concentrations of all constituents as those used for the titrationm,
One was left colourless and the other was an over-titrated pink sample. ,
The end-polnt was assumed to have been reached when a colour intermediate
between the two comparison standards developed and remained stable for
oné—minute. This technique yielded very reproducible end-points.

It w;s used to titrate first 10 ml of thaléolution drawn in a syringe
through an 8 microns paper filter, and subseque?ély to titrate 10 ml of
the whole shaken gel suspension. Adding water to the titration vessel héd .

no other effect than suppressing the milkiness resulting ffom the insolu-

-bility of the sodium salt in dioxame. The same concentration of 0.260 g/dl

" was found in either case.

s

This result indicates that the visual observation of a "large amoPnt
of gel" had been misleading, as the actual amount was not detectable with-
in the 1% accuracy of volumetric titrationm.

This gel 1s thought to be due to either (NENNNR crosslinking, or

ionic interactionms. Crosslinking 1s unlikely, since one would expect a

3

. ecrossglinked gelfté be equally insoluble in dioxane and in the other Theta-

solvent (0.2 N HCl aq.). However, it has only been observed in dioxane.

.

On the other hand, a very small fraction of Ca++'ions remaining from an

incomplete ion-exchange could easily account for the formation of a gel in
| .
dioxane and its solubility in the more, polar aqueous solutions. -

. The relative viscosity of the unfiltered solution decreased markedly
upon dilution (30% over one decade in concentration) and gave very scatter-

»

ed points. - N

The results of the vigcosity ?easurements made on a filtered solutidn
. :
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are éhoyn on fig. IV-4-1. A straight horizongal line.is Abtained, show-
ing that the polymer is indeed at a Theta temperature. The limiting
viscosity number was 0.691 dl/g, which corresponds to ﬁ; = 661 kg accord~-
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 HC1

\
Silberberg, Eliassaf ande&kchalsky(?S) have studied poly-

acrylic acid in 0.2 N aqueous HC1l by 61scometry and light scattering over
a range of 20-30°%C. They found a Theta-temperature of 14°C 1n this solvent
and reported the dissolution to have been difficult.,

However, the dissolution of the solid-state post-polymer was quite
easy (20 min at 25°C). Yhe clear and homogeneous solution was filtereg
through anﬂ? microns paper filter before injection. The viscometric re- ,
éults at 24;00 + 0.02°C are shown on Fig. IV-4~2. The points give a good
straighg line fit of small positive slope (7% over one decade in concentra-
tion), showing the proximity to the Theta temperature. By extf;bolation
to infinite dilution, the limiting viscosity number was found to be
0.688 dl/g (it is interesting to note how close this value is to the pre-
viously ﬁeasured 0.691 d1/g dioxane).

The concentration'of the initial solution was found to be 2.292 g/l
by two methods, gravimetry and citrakion. Silberberg et al. stated that
gravimetry gave an 8-10% excess in concentration, because the very,stréngly
boundlwater ¢ould not be removed by dégsication. However, it was found
that the evacuation of the freeze~dried poly-aciq at 80°C for 2 hours gave

a concentration vaiue identical within experimental error to that measured

by titration with sodium hydroxide to the phenalphtalein endpoint.
4 .

—e
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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 thelr .

sample (D.P. = 6000, ﬁv ="430 kg) as a Na+ salt in 2, N NaOH, \using visco~

I

sity constants derived from a 1933 reference. The trustworthiness of
tonstants determined in these indirect conditions is at least open to -
-,

question. Indeed, it is to be noted that thelr molecular weight measured
by light scattering was ﬁ; = 1.1 Mg. As it is known ‘that the viscosity

molecular weighﬁ ﬁ; is usually much closer to the weight-average molecular

N

welght ﬁ; than to the number average molecular weight ﬁ;, a rough esti-

mate of the ﬁ; of Silberberg et al. would give a value between 10 kg and

-

50 kg. The polydispersity ﬁ;/ﬁ; of their sample wodld then have been /

‘between 110 and 22, which 1s unheard of for poly-acrylic dcid synthesized

b
by any known method.

Secondly, the viscosity data of Silberberg et al. show a rather large
amount of scattering (+ 77) leading to a\somewhat arbitrary extrapolatidn.
Thirdly, the reported difficulty in dissolving their sample might

possibly be blamed on a crosslinked, GNEENEER or somehow impure sample.

Interpolating the limiting viscosity number between 20 and‘SOOC

for Silberberg'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
I

Mark-Houwink equations:
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Only "a" needs to be estimated. To a first approximation, a value of

0.6 may be used to account for the fact that the system 15(somewhat re-
X

moved from the Theta condition. The calculated vglue for the solid-

state polymer would then be around 108 kg/mole, which is unacceptably ,

low when compared to the values inferred from the viscosity in dioxane /
and from Exclusion Chromatography. ' f
In view of the severe 1imitations in the credibility of the data o%
x
Silberberg et al. it is suggested that unf%ktunately, although the resuhtq
of the viscometry in HCl appear to be experimentally satisfying, they 1
should not be taken into fﬂ?éher congideration until reliable Mark—Houwink\
‘ - \

éoeﬁficients can be found.

IV-4-2 Molecular weights distribution measurements by Exclusion
Chromatography

Exclusion Chromatography (E.C.) is a separation technique involvings .

the sorting of the solute molecules according to their giaes. It involves

= /
(vt‘g

the pumping of the solution at high pressure through columns filled with a
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highly porous materialbsimilar\to molecular sieves, or with an organic

crosslinked polyme; gel (Gel Permeation Chromatography).

The quantity actually measured by E.C. 1s the Stokes radius of the
macromolecules. Large molecules cannot enter the pores and are quickly
flughed by the eluant stream, whereas small molecules spenc:some time
;nside the pores and elute icter. The Stokes ccdius depends on tpe mole-
cular weight of the macromolecule and on its coefficient of expansion a.

Because of that, the E.C. technique rdquires a calibration w}té/ /

samples of known molecular weights determined by another method, ‘and

places an alternative before the experimenter: either standard jsamples -

must be found ¥hat belong to the same chemical class as the unknown and ¢
which may safely‘he assumed to have the same expansion coefficilent, or

i

- the expansion coeffipients of both standards and unknowns nee? o be .

kno&n, 1n order to apply the suitable correction.‘

Unfortunately, neither of these two methods could bf succesgaf ly
followed in the case 7f aqueous poly-acrylic acid, fcr the following\rea-
sons. First, well characterized samgles“of poly-acrylic acid to be used
ag standards for the ptesent study could not be\found anywhere in North
America. Secondly, the values of the expansion coefficients in the
aqceous sclvent system selecth were not availab%e for the poly-acrylic
acid and .the standards chosen.

The selection of an aqueous solvent was regarded as mandatory at the
time this study was iqitiated, in order to share the E.C. chromatograph
with another member of this department whose polymers were insoluble in

organic solvents. This person was planning to study the molecular weights

, distributions of éeveralTSSP systems similar to calcium acrylate, and the
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-compariéon‘of all these results would have been highly informative.
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Unfortunately, he abandoned the project after it was underway.

In order to circumvent tbe calibration difficulties ment;oned above,
one ﬁay take advantage of a “uni;ersal 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
analysis, by correlating their viscosity and molecular weight.

2

IV~4-2-a Benoit's calibration

"t

+  For work in aqueous solutions, only two kinds 6f standards
appeared to be available: biological material and Dextrans. A great many

globuiar proteins, enzymes or viruses such as ribonuclease, myoglobin,

. alpha-chymotrypsin, ovalbumin, tobacco mosaic virus etc, exhibit a good

!

correlation between their molecular weights and Stokes radii. However,
the most commonly employed standards are the Dextrans, polysaccharides
from Pharmacia Laonatories.
The characteris;ic; of the five Dextran standards and the E.C. columns
used have been described in the experimental chapter (II-11-f and -Z).
' The best attempt that can be made at, using the Dextrans as standards’
for the poly-acrylic acids involyes the use of the universal calibration

“(99)

method" 'developed by Benoit et al. and reviewed by Coll and Gildinéloo)

i

This method makes use of the fact that the hydrodynamic volume of a macro-
molecule in solution is proportional to [n]x M, product of j:i.t:s intrinsic
viscosity and molecular weighf. A plot of log([h] x:g)versus the elution

volumes gives an empirical lineat relationship for data obtained from a

great many different types of polymers. Such a plot is shown on Fig. IV-4-3°

\

for the Dextrans, using the data given by the manufacturer.
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Fig. IV-4-3 : "Benoit calibration plot" for the Dextran standards-.

t




199

' 4 £

.."
” 8

‘:? The manufacturer'é‘dgta were checked by measuring the inérinsic ‘“ﬂ/ ]
‘ | viscosity of the 35 kg Dextran. The value found agreed perfectly with -'/ ;\"
. : ’ ¥
\ : the va'lue' given. . ’ //; ; ) '
] n Somevamhvi,guity arose when constructi;rlxg"l the graph of Fig. IV-A—/B}/
because the p?axtrans exhibited broad- moi;acular weights 'distribut;égs. ' ;
x’ - E.C. measur;s essentially Ev’ whereas only ﬁw and -ﬁn were giprén, and =
: they were different by as much as a factor 2.5. |

These three molecular weights averages are defined as follows:
- S

P
&
.

Mn - (z N:L Mi) /L N:L = Number average

v . - .
e M TN M, )/t N, My, Weight a.verage

=
25wk, " ¥

_ 1l+a i/a
M o= c N:L M:L Y/ E Ni Mi = Viscosity average

where Ni is the number of molecuies of molecular weight Mi’ and a is the
exponent in the Mark-Houwink equation.

The value of -ﬁv is nearer to -D-'I—W than to En’ and accordi'ngly, the

+

viscosity-average molecular weights have been represented in a first appro-

ation on Fig. IV-4-3 by points dividing the segments Pan in a ratio of
one to three. In accordance with Benoit, log (n Ev) was found to be per-
\fectly linear with the E.C. elution volumes. .

The ’viscosity of the poly=-acrylic acid sample (P.A.A.), already mea-

sured in dioxane and 0.2 W HC1, needed to ‘be measured again in the phos-

phoric buffer at pH 3 used throughout the E.C. experiments. The results

IR
e

are shown on Fig. IV-4-4.

|
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Fig. IV-4-4 : Viscometry of poly(acrylic acid) in the phosphoi;ic buffer used

fotr thesexclusion chromatography experiments ( pH 3 and 24.00%0.02°C )
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.(pH = 0.7) and this probably allows sufficient fonization of the poly-

e
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The intrinsic viscosity in this solvent was 2.19 d1/g compared to
d.ﬁ9 dl/g in the other two. This three-fold increase is believed to
reflect a more extended conformation of the macromolecule. Indeed at

b\

pH 3, the acidity of the solution 1s much less than in the 0.2 N HC1

acid to provoke coulombic repulsion between adjacent carboxylate ions.

Using the "Benoit calibration plot", the apparent molecular weight

re

of the P.A.A. sample was then calculated: - ‘3

6.72

EVF (a/n) x 10 - 2.4 Mg

n— .
This is much larger than the Mv previously measured in dioxane.

This surprising result is thought to be possibly due to interference

r

from adsorption of the Dextrans onto the highly divided glass surface.

A series of tests were performed to verify this hypothesis. In order to’ ﬁ >

determine the "total permeation volume' of the columns, light monomeric

substances were sultably diluted and injected. Thg retention times were

2’

soon found to vary enormously with the chemical nature of these compounds,
as is shown diagrammatically on (Fig. IV-4~5). It is clear that the elu-

tion order does not follow the order of decreasing sizes, but that the

i

presence of_aigéhol and particularly of ether fhnctional groups tends to

- r

delay' the elution because of surface adsorption.

This effect caused a delay ranging between one and five counts com-
pared to ‘the elution volume of calcium acrylate. The oxhydryl- and ether-
rich Dextraaf could thus be delayed by adsorption onto the glass suEstrate,

and artificially shift the calibration curve 8o as to give apparent mole-

cular weights anywhere between 2 and 17 times heavier than the true ones.
* \
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Fig. IV-4-5 : Effect of the chemical nature of the solutes ot their elution
volumes,in exclusion chromatography over porous glass columms . .
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As a consequence, the uge of Dextrans in the conditions of this study seems to

be able to yield deceitful results when the traditional procedures are follo-

.

wed .

In order tv circumvent this difficulty, an attempt was made at modifying

PR N avee e e
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Benoit's method the following way . The 1og(ﬁ;) of the Dextrans were derived

from the Benoit's curve of Fig. IV-4-3 :vand plotted on Fig. IV-4-6 as a func-

tion of the elution volumes

K

ly translated until it passed through the point P defined by the observed el-
' )

. A straight line was obtained, which was linear-

ution volume (18.5 counts) and the molecular weight of the P.A.A. sample mea-

sured earlier . This molecular weight was -derived from the dioxane viscosity

Y B —_
data only, and arbitrarily taken as the aqérage of the Mv's calculated using

Newman's constant (661 kg) and Brandrup / Kurata's constant (827 kg),i.e.744kg.

A justification of this procedure may be found by noting how close the

resulting calibration curve passes to the point obtained experimentally for

the monomer . .Consequently, it is believed that the curve on Fig. IV-4-6 comes

o

as close to a true calibration curve as could be obtained, and is even 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 ﬁ; distributions of polymers from dihydrate in vacuo

and in air

. -The curves of the polymerization yields versus time are first

shown 6h Fig. IV-4-7 for the samples in vacuo and in air . They illustrate
’ |

; the absence of anomalies during these two runs,;and réveal the 70Z inhibi-

tion achieved in the presence of oxygen .
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Fig, IV-4~6 : Practical molecular weights calibration curve for the exclusion

. chromatography experiments , at 25°C in the pH 3 buffer .
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Fig. IV-4-7 : Polymerization curves of calcium acrylate dihydrate in vacuo
‘ . t -

and in air . Conditions : 0.95 Mrad at -78°C » post-polymerization at 50°C .
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The exclusion chromatograms of\the same gamples are shown on

Fig. IV-4-8 in vacuo and Fig. IV-4-9 in air, and exhibited notsble |
differences of considerable' interest, uLittle variatién was obgerved

from 15 hrs to 14 days pogt-polymerization, and the pattefns comprised

basically three features. W

(1) The very small peak around 32 countglis probably due to a
small quantity of oligomers, or of impurities released by the résin,&uring
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-4-10.

Over an initial périod of two days, the molecular weight increased
slightly with time (200 kg to 600 kg). The curve then leveled off abrupt~
ly, with little change being observed for the {gmaining 12 days., It is
to be noted that this abrupt bend bears no’resemblance to the smooth cur-rx

vature of the yield plot over the full 14 days period, and that the mole-~

cular weight extrapolated to zero time is not zero, but instead a high

e
Ia

-
value of 200 kg. The polymer made "in-source' could not be analysed,
. Foa

»
»

begause the yield was too low to be practically usable .

Al

From this, it $an already be concluded that for the dihydrate in

vacuo:

-~ The propagation step proceeds very rapidly until 200 kg Molecular
Weight 1s reached.

- Until appgoximately 502 of the limiting conversion is reached,
the growth of the polymer is limited by a combination of initiation and
propagation kinetic factors. However, the disruption of the lattice may

play/an important role as propagation proceeds during this phase, influ-

‘
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Fig. IV-4-8 : Exclusion chromatoprams of polyacids from dihydrate in vacuo -, -

after various times of post-irradiation polymerization at 50°¢C .
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Fig. IV-4-9 : Exclusion<chrom3tggrams of pofyacidshfrom dihydrate in air ,

after various timés of post-irradiation polymerization at 50% .
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Fig. IV-4-10 : E.C.elutfon volumes as a function of post-polymerization times.

Molecular &eights estimated from Fig,IV-4-6 are shown on the right-hand scale. *
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| I e
O palyacid from dihy']glrate in vacuo (main p‘eak\ only) ‘ ‘
- 0  polyacid from di 4drat:e in air (main peak only)
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i (_g encing the initiation rate. The resulting kineticiequations are likely

to be very complex.

- The last 50Z of the limiting conversion are accomplished solely

: by increasing the number of chains, but not their length. The growth

; ' is then initiationglimited, with the attending simpler kinetic scheme. 3

(3) On most chromatograms displayed, a shoulder or a sharp peak

may be seen at 16.5-17 counts. This is an artefact due to the sharp
A ' [s] \

; exclusion limit of the columns. Even the largest pores used (1422 A)
. I

were gtill too narrow to separate the highest molecular weight fractionms.

. .
All macromolecules larger than about 2.5 Mg (16 counts) were thus total- ¢

é ly excluded from the pores, and massed up arbund 17 counts. The use of
a \larger pore columm (2000 K) effectively suppresséd this artefact, but
degraded the resolut\:ion’tof the other columns so'much that 1t was abandon- =
ed. ; °

. However, by comparing the chromatograms for the one-day old dihydrate
in vacuo dnd in air, it is obvious that the aforementioned "exclusion

artefact" cannot explain all the difference between the two line shapes. ,

i
~

Both main pedks 4re centered on 20.4 counts (302 kg) and the "in air" i .

curve is a symmetric Gaussian with a normal, very weak artefact shoulder o>

by RO,

around 17 counts (1.5 Mg) . -Because the exclusion artefact peak on the

"in vacuo' curve is stronger by a factor 10 than in air,\ it indicates b
that there is a non-gaussian distortion of the main peak on the high-

'molecular welght side, This is believed ‘to come from an unresolved second

————

gaussian component in the 'in vacuo" curves, centered around 16.5 - 17.5 A

sz o

counts, \and of an intensity approximately 1/3 of the main c‘)‘mpgnent.

G-

On the other hand, the dihydrate in air exhibited a behaviour dii:J

®
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ferent from that in vicuo. Theé initial chromatografs showged a single,

symmetrical Gaussian.main peak.

3

The exclusion artefact was only a very .

. small shoulder on the far end of, the wing. This indicates the absence

)

of the second Gaussian component observed in vacuo.

\

The overall distribution is thus actually binocdal in vacuo, répre-

senting two different mechanisms at work in the sollid-state polymefization.

The selective inhibition of the higher ﬁ; node by oxygen 1g a strong |

‘W.
argument in favour of the existence of an ionic mechanism for the lower

node, in-addition to the traditionally accepted radical one,and will be

—

® \Sifcussed‘further later (IV-4-3).

{

[

¥

Contrary to the in vacuo dihydrate, the peak(maximum did not shift b

appreciably with time, but remained constant at 20.6 counts (260 kg).

Rather; all the lower molecular weights dowm to the oligomers g;aduglii

¢y~ 1increased their concentrations with time. Two shoulders developed pro-

gressively at 22 and 26 counts (100 and 20 kg resp.).
S

N
s - It is not clear yet whether the presence of oxygen promotes the for-

\tiea\aﬁ\§ggé‘low degree of polymerization components by»a chain transfer

—~——_

mechanism, or whether these are produced aduring the post-recovery stages.
' T — S

It s very possible that heavy macromolecules containing one or more

©

peroxy-ether internal links could be hydrolized into smaller fragments-

during the ion-exchange acidic treatment or inm the pH 3 buffer solution.

To distinguish between {these two possibilities, experiments should be

conducted by carrying put a deliberate, conﬁrglled, hydrolysis with radio-

labelled reagents before the lon-exchange, and then counting the activity

~

_incorporated into the emd-groups.

However, the fdct that the molecular wgighf§j8f all these samples
’ —

i

-~
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were found to increase very little if at all 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 iqter:zdiate !

molecular weights appear to have been actually formed during the SSP stage

itself. '
: ‘ , 4
Finallymhan informal analysis was made of a polymer formed from heayy-

AR

water dihydrate at the occasion of the Mass Spectrometry exﬁeriqents. The
. | .

conditioﬁs were different (2.25 Mrad irradiation, 8 days post-polymeriza- °

tion at 22°C in vacuo), but neve;théiess, the results were found to be
&

& <
similar to those of the regular samples. -

IV=4-2~c f distributions of polymers from anhy‘dratel in .
| acuo and in air " :

. -~
The exclusion chromatograms obtained were found to be qggli=~/”/“
tatively very similar to those of the dihydréte gamples, but with remark-

able quantitative differences.

The anhydrate in vacuo (Fig. IV-4~11) gave a binodal distribution,
®as in the case‘of the dihydrate.' However, thg twé! nodes Qere much better
resolved and of comparable intensity. The loger ﬁ; node Qas found around
22 counts (138 kg), and the higher one around 17.5 counts (1 Mg), but it-
was difficult to measure accurately because of the exclusion artefact.

The anhydrate in air (Fig. IV-4-12) gave a monodal distribution, as

did the dihydrate. It yas éentered around 22.2 - 23 counts (126-86 kg), -

exceps for the in-sourée sample which stood apart at approximately 17.5
counts (1 Mg). Again, as for the dihydrate, the shape of this distribu-
tion was Gaussian at short times, and became distorted by the presence ‘

of an increasing amount of irw-molecular weight fractions at longer times.

.
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Fig. IV-4-11 : Exclusion chromatograms of polyacids from anhydrate in vacuo ,

after various times of post=irradiation polymerization at 50°%¢ .
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Fig. IV-4-11 (continued) * Exclusion chromatograms of polyacids from'

\

anhydrate in vacuo after various times of post-irradiation polymerization .




~

\ K Fig. IV-4-12 : Exclusion chromatograms of polyacids from anhydrate in air ,

after various times of post-irradiation polymerization at 50°¢c .

continued ../..
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_Fig. 1V-4-12 (continued) : Exclusion chromatograms of poliacids from anh. in air
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The two small shoulders observed in the dihydrate were absent in the anhyd-

'rate , however .

i

IThe evolution of the molecular weights with time is illustrated on
Fig. IV-4-~13 . All peaks maxima remained\;t the same position/during the
whole polymerization time, except at zero time (in—source),’where tﬁe mole~
cular weight was markedly higher . Th;s constancy of thé ﬁ;'held to a much

greater extent than for the dihydrate samples, where the ﬁ;'were seen to

completely stabilize only after two days' .

. Y
Contrary to the dihydrate samples, the anhydrates gave rilse to an un-

usual variability in the polymer yields (Fig. IV-4-14) and in the shape of
the chromatograms (Fig. IV-4-11).. An eﬁplanation for these inconstencies

will be proposed below, along with the interpretation of the moleécular

welghts distributions .

IV-4-3 Conclusion : chemical polymeriiation mechanisms and kinetic
parameters

IV-4-3-a Chemical polymerization dechanisms {

One feature of the exclusion chromatography results emerges

as being of capital significance : the presence off binodal distributions .

* In vacuo, both the dihydrate and the anhydrate samples exhibited two peaks,

representing molecular weights differing by as much as an order of magnitude.-
‘ ™
In itself, this finding is considered a very strong indication that at least

¢

two different mechanisms of polymerization are at work in the CaAc system .

But the observation that air inhibited selectively the higher ﬁ; peak
in both samples strongly supports this conclusion as well, and points towards

an ionic mechanism as the one responsible for the lower ﬁ: peak, which re-

mained 1little affected by oxygen .

N
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= ' Fig. IV-4-13 : E.C.elution volumes as a function of post-polymerization times.

Molecular weights estimatl:led from Fig.IV-4-6 are shown on the right-hand scale.
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® ® polyacid from anhydrate in vacuo (both peaks shown)
O polyacid from anhydrate in air (main peak)
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Fig. IV-4&14 : Polymerization curves of calcium acrylate anhydrate in vacuo t

and in air . Conditions : 0.95 Mrad at -78% » post-polymerization at 50°C .
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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. IV-4-14) whereas it was able to do so in the 0.5 hydrate(84’852

(85)

Furthermore, Watine has observed a surprising effect of NZO (which is an

ionic inhibitor) whereby the polymer yield of the dihydrate was enhanced 257

over the yleld in vacuo ,
!

The unusual variability in ihe yields.and ﬁ; distributions shapes of
%

the anhydrate samples 1is also ®onsidered to reflect the existence of an ionic

mechéniqm . Small differences in water content betweenlregular dry and care-

t

fully prepared "super dry" monomers are known to profoundly affect ionic po-

lymerizations(32’60'651111)

. The absence of these inconstencies in the di-~
hydrate is perfectly logical, since 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 "sdper dry" anhydrates .

In source at -78°C, the molecular weight of the polymer was found to be

an order of magnitude larger than that of polymers made at 50°C at aﬁy later

(84)

also measured that the ylelds In source at -78°% amoun-|
S

time . Costaschuk
ted to 2—3%1 whereas no additional polymer was formed even after 10 days at
the sgme temperature . These two observations tend to show the possible exis-
tence of a particular mechanism gnder the irradiation conditions y but nothing
yet allows us to distinguish whether it is a particular case of the already
known radical or ignic mechanism, or yet a third one such as one of those

mentioned in the introduction, i.e. a tollective "electronic" or "hot track"

mechanism (I-4-2) .

It is therefore concluded that at least two polymerization mechanisms

are at work in the SSP of the calcium acrylate system . The presence of an
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ot 4

ionic as well as of a radical mechanism appedrs to be clearly established by

the several independent types of experimental evidence available . A third

special mechanism might also exist at low temperatures under the irradiation,

I

but othet experiments are required to determine its exact nature .

1

1V-4-3%b Kinetic parameters

The presence of high molecular weights fraEtiPns in samples ha-

ving been post-polymerized for only very short times'inéicates that propaga-

tion is not the rate-limiting step) but that-it takes place on the contrary
— : i .

quite rapidly . /j

\

(84)

This statement goes againét the conclusions of Costaschuk , but he

«

reported having made his study of the molecular weights by dissolving his

(96)

poly(acrylic acid) samples in benzene . However, P.A.A. is known® and has

%
been verified here to be insoluble in this solvent. As a result, it is be-

lieved that all his conclusions about chain transfer, branching and kinetic
-
equations of polymerization were unfortunately unfounded .

No evidence for chain transfer could be found in thi present study ,
except possibly in the presence of air . On the other hand, bimolecular ter-
mination is believga/zz_ggi;irtually absent in most SSP‘s§stems,‘because of
the low probability that two macroradicals embedded in a solid, phase would
encounter each other . In this particular system as well; the ESR study of
radical oxidation, coupled with the NMR study of mo}ecular motions at long
polymerization times, concluded to the virtual "immortality" of most polymer
radicals (section IV-1-3) .

By elimination, we may therefore conclude that ‘it is 'the "initiation"

which is the rate-controlling step of the radical part of the mechanism . By-

"initiation", it is here understood the thermal unlocking of dimers trapped

-

-
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3

\

in the solid, the heat of-polymerization being subsequently sufficient to
promote the monomer diffusfon or chains motions necessary ;o aliment propa-
gation . éuch 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 hgain by raising the temperature .
This model also accoun£§ for the fact that the last 50% of\the limiting con-
version are accomplished by'increasing the numbe; of macromolecuies without
increasing their length (Fig. IV-4-10 and IV-4-13) .

However, during the first 507 of the polymerization, the heterogeneous
polymer growth will interfere with the."initiation" rate by accumulating
stresges in the dihydrate lattice, which will certainly fesq;; in a more
complex kinetic scheme . :Indeed, dual-range kinetics have recently been re-

ported in other similar acrylic SSP systems(39). Y ¥ ’
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V-1 Summarizing discussion

‘ ‘

Owing to the multidisciplinary nature of this thesis, it was felt desir-

able to gathér-in a summarizing discussion the main points pertaining to the
three mechanisms investigated (dehydration, chemical and physical polymeriza- '

tion mechanisms). Short conclusions will be presented in section V-2 .

’ ‘Y-1-a Dehydration mechanisms

e T ¢ S TR N

Previous authors have presented two dynamic dehydration mechanisms,that

0

were compared on Fig. III-1-1 . Costaschuk proposed a model involving two pha-

;

ses (crystalline dihydrate,amorphous anhydrate) and a thin boundary, while Wa-

y

e

tine ﬁroposep a three-phase model . In this model, the dihydrate would Tose

g

water to the profit of an intermediate "active volume phase" of constantly va-

rying composition x , until around 0.5 H,0 where this ''x phase' would permeate

the whole volume of each particle . Upon further dehydration, thff "x phase"

would then progressively give way to the anhydrate .

X

3 \ The reinvestigation of this problem led to the conclusiog/ihat Watine's

4

. model should be rejected for the following 4 reasons : / <
/

\\\\\ (1) The finding that the water's oxigens lent a strong negative contribution

Q\to the intensity of the diffraction lines chosen by Watine measufe the per-

N
. centage crystallinity as a function of the hydration levelg,led to the conclu=~

sion that the non-linearity observed by Watine in the 0.7/to 2 H20 range was v

actually 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-

o

bling was limited to less than approximately 2 % .

(2) Costaschuk's observation of a reduced, but clear dihydrate X-ray pattern

? (g all the way down to the very low (.28 H20 level goes directly against Watine's
)

o

-
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contention that the last traces of dihydraie 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

Lo
= P

‘0?§“ﬁ20 , may be simply reinterpreted as an

indication that the dehydration proceeds by an

Watine for hydration levels be;

ab ndant nucleation of small

centers . Another artefact results of thig, since the fall of the

o .
diameter below 1000 A broadens their diffraction lines and thus leads to the

misleadihg observation of a redyced intensity .

(4) The acc&huiation of'ehe s'turated solution and vapour phases present du-
ring equilibrium dehydration conditions (such as encountered during differen-
tial scanning‘calorimetry in-a sealed sample pan) was concluded to be very
unlikely under dynamic dehydration conditions, because water is believed to

"

diffuse relatively easily through the dihydrate (and very easily through the

_anhydrate) at these temperatures ., Tt

( ”

Accordingl&, it was decided to retain the dynamic dehfdration model of

Costaschuk, involving the dihydrate ‘and anhydrate phases, and a thin boundary

susceptible to play a crucial role in the physical polymerization mechanism .
-

The existence of such a boundary was further supported by the finding of a

maximum in radiEal/concentration at the 0.3 Hio level, since the abundant nu-

=
cleation logically leads to g maximization of the interfacial area at this

composition, and singe the higher local molecular mo ility at the interface

decreases the '"'local cage recomb{;ation" of the ikfftial radicals .
T ' X

- '

’

On the other hand, equilibrium dehydration was concluded from the ther-

\&

. . ‘
mal analfsis experiments (in & sealed sample pan with a pinhole) to present

‘an inva iant quadruple point at 79 6° C involving 4 phases (sharp endotherm):

“ ¢
»

dihydraté anhydrate, saturated solution and water vapour . The loss of water

4
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occured only at higher temperatures, and progressively (broad endbtherm) .
. -

-

Finally, although no direct evidence of its existence cguld be found sq‘v

,,,-Q
(5]

far, the existence of an unstable intermediate hydrate under certain special//

ult
N T

? conditions cannot be totally discounted . The presence of two slightly diffe-

o

rent &{Pés of water molecules in the dihydrate lattice and of a small unex-

———

/ ¢ 4
ﬁ ““‘-~m-*~“w~piathed\feature in the DTA dehydration endotherm are indicatjioms to this effect.

’

V-1-b Chemical polymerization mechanismsg

/
B /
™ Up tos this ddte, the SSP mechanism of calcium acrylate had always been

assumed to be a free radical one . Howéver//ghe exlstence of at least two po-

lymerization mechanisms was indicated by éhe failure of oxygen to provoke a

total inhibition in the anhydrate, althoﬁgh it was demonstrated to be totally
{

diffusible by oxygen .

PG N, R -
.
-

The existence of a second mechanism was cggflusively established by the
finding of a binodal molecular welghts distribution by exclusion chromatogra- o

phy, and it was demonstrated to be ionic by the observation that oxygen inhi-

AN R

| ~ bited selectively the higher ﬁ; ngde . The poor! reproducibility of t%e polymer
— ' |

ylelds and ratios of the two Mv nodes in the anhydrate was taken as a further

argument in favour of an ionic mechanism, since the act¥ve idnic species are

PR 0

known to be very sensitive to the differing amounts of residual moisture tra- o

ces found in "dry" and “super dry" samples (32’60-65’l£ﬁ).

The coexistence df ionicland radical mechanisms is not a:rare occurfnce »

L

in the solid state, but has been reported along with binodal ﬁ;'distributions !

(63—65)_ The inhibiting action of polar mole-

for a few common vinyl monomers

cules such as water on the ionic species, usually total in the liquid phase

~

. .
(i§ ‘ polymerizations, has been reported to be sometimes sharply curtailed or suppres-

R A A : - v ~ bl
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(63,64) ,

sed altogether in the solid state . Indeed, large differences can be

found in solids between average and local water concentrations, and can easily

account for this behaviour .

o

As regards the acrylate radicals, the study of their concentration as a
A
e ,
function of hydration levels and that of Wheir decay behaviour upon annealing

andtoxvgen inhibition disclosed the presence of three chemically equivalent
N \
types of radicals, to be distinguished according to thei{ fate during the post-

I Arradiation solid-state polymerization :
- active radicals, leading evemtually to polymerization ;

- inert radicals, trapped in the dihydrate lattice under the form of dimers ;
o
- radicals doomed to bimolecular recombination and disappearance . b
. . \

The observation of a small maximum in radical concentrations at the 0.3 ﬁzo

N T

level 1s the second most important finding of this work, and will be related
to the physical polymerization mechanism in the next section .

: 3
Finally, two observations have been made, that indicate the presence of

a special polymerizatlon behaviour at low temperatures under the gamma rays

- a small percentage of conversion to polymer was observed "in source'" at a
temperature too lé@ for post-polymerization to occur ;

~ the ﬁ;'distribution of the "in source' polymer was found in one case to be
monodal and ten times heavier ghan that of post-polymers made under any othér ‘

conditions .

1

. |
This appears tq leave open the possibility of finding yet a third polymeriza-

"tion mechanism . Whether it be a particular case of ionic br radical, or still

(110 (i.e."collective electronic" /

another one among thoge suggested by Tabata
™~ ‘
or "energetic chain"), the particular behaviour taking place "in source war-

rants further investigation .

e
e
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V-1-¢ Physical polymerization mechanism ‘

(1) In the dihydtate, the polymerization was shown by crystallography

to be impossible within the perfect lattice . Since the ﬁSR study of .oxygen
inhibition and the surface scabenging study have shown that the initiating and
propagating species were entrenched in the bulk of the solid, we must conclude
that propagation takes place at lattice defects, at least inifially .

The polymerization itself, being heterogeneous, will engender and adeu-
mulate stresses'in the 1a£t{ce‘. Attention must be drawn to the possibility

o
g
1 .

that the water of hydration could, play a role in relieving those stresses by

- acting like a plasticizer in the ﬁigration of dislocations, or by being invol- 1

I o
ved in a concerted vacancy diffusion process .
The ESR study of radical oxidation at, the limiting conversion stage con-

cluded to the "immortality" of t%e majority of the polymer radicals . As a re-

sult, polymerization was conclu Ld to terminate physically by the exhaustion

of all the monomers accessible at the level of thermal agitation available ,
rather than chemicallv by bimolecular recombination . The study of the mole-

cular weights distribution as a function of time also led to the conclusion

that the propagation occured guite rapidly, and was initiation-limited over j
most of the range (initiation|is: here meant as the thermal release of trapped

dimers radicals), . Such behaviour has also been reported .for ogher vinyl SSP

systems.(64) . ‘ e

Pt
- >

The interplay betwggg,—hé’g;heration of stresses by polymerization and
their relief by a thermal annealing process which tends to initiate more chains

in turn, is certainly conducive to complgx kinetic schemes .
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and to grow proportionally to the amount of polymer formed . Accordingly, a

‘ ]
j

physical polymerization model was proposed im which the macromolecule gfows

N ingide a "disruptionmsleeve" or a "cavity" by such motions as wagging the
. - i
« chain end until it abstracts a monomer from a nearby wall (Fig.IV-2-4). To

date, no direct evidence could be fourd to distinguish whether the mobility /

K observed stemmed from the motions of macromolecular segments or from>thoseiof
. <

] the monomers lining the disruption sleeve or the cavity .
However, it must be stressed that polymerization and dehydration are

:

inextricably connected in the dihydrate, which may lead to somé clues as to
what the new phase is . Not only does dghydration ;;lp polymerization by pro-
viding increased mobility at the boundaries, but polymerization conversely

promotes dehydration by Qestroying the coordination pol&hedron of t@e calcium

ion, and liberating water molecules from the lattice bonds with the help of

the reaction heat . !

\
It is therefore guggested that the new "intermediate mobility phase" is

~ Tmade up of polymer swollen with 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-

S 0

mers . 4

N

(~ (2) In the intermediate hydrates , the interphase boundaries are, of

. ‘ course, thé\most obvious of the defects to be considered . Although the study
b a |
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 explained in the light of the dehydration model proposed, as follows . f
, [
(:) The abundant nucleation of the dehydration centers leads logically to
, ~ the maximization of the surface area of the interphase boundaries between the
\\ ' ' '
\
m———- o " 1:,«'&:'1‘3",11;‘,‘4‘},‘:'3”?; T - SRR |
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dihydrate crystallites and thelr anhydrate shells, just before total dehydra=~

tion . The greater looseness in these regions certainly provides for an inc-

reased local mobility, which escgpes]deteCCion by NMR becausf thdir molar con-
centration is below the sensitivity limit of this technique . The mobility

and looseness at the interphase boundaries are the keys to a reduced "cage V\i

i . 4

) effect recombination" (resulting in the radical concentration maximum observed) 3
\ .

ds well as to an easier polymerization . Both factors combine, of course, to

increase the polymer yield in the formiof the maximum observed around 0.51H20.
The great similﬁrity of the partially dehydrated system with a eutectic

mixture must be recognized, for both are conmstituted by the juxtaposition of

’

finely divided phases, and as such exhibit a maximal boundary area at certain :

compositions . Indeed, a maximum in polymerization rates has often been repor-
(36,48-50) -

ted around eutectic compositions , ‘probably for the reasons expounded
above .
(3) The above physical Jilymerizétiou 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 tacticity of polymers made in the ii-
quid phase, 1.e. the solid state imparts no preferential orientation to thé

adding monomer .

’
D A IO T
G T Bokent T a Lot e



!
vy -,F.‘ A e e T T S

(U P

eH T2y
,
%
cosibaeinl

! | 230

i %

V-2 Short conclusions S S

X a)The main conclusion pertains to the chemical polymerization mechanism,
! /

&

é which was found to consist of at least 2 elements, radical and ionic , whose .
é proportions vary with the degree of hydration and theeffect of inhibitors .

£ P

%ﬁ ) . b) The second most imporéant conclusion pertains to the‘physical polyme~

5 ﬂ rization mechanism . |

N 1 In the Hihydrate, polymeri&ation was found to be impossible in the per-

fect lattice, but to proceed by the creation of a new }hase of intermediate

'

mobility, either in the form of a "disruption sleeve' or of a "cavity", and

involving motions such as the wagging of the chains ends to aliment the growth.
¢ i

\‘
"Initiation" occurs by the thermal release of trapped dimers, 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 polymgriza-
Ty ff_ E
tion itself will be the principal factors of the initiatioq!féte .

: N i
- ) Termination was concluded to occur primarily by entrapment and exhaus~
tion of monomer, rather than by chemical recombiqgtion . ‘
At all hydration levels, the polymerization was‘found to proceed in the’
bulk of the solids rather than 'at the surface, and without any stereotactical
control .
¢) The dynamic dehydration was concluded to involve 2 phases (dihydrate

and anhydrate) separated by a thin boundary .

The equilibrium dehydration was concluded to proceed via an invariant
N

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, all the above conclusions were used to explain the heretofore

puzzling maximum ‘in poiymer yield around the 0.5 HZO hydration, and which had

a
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\

been the prime motivation ‘behind the undertaking of the oresent work . It was

concluded to be the result of a maximum in the concentration of initiating ra-

gicals, and of a local increase in molecular mobility at the bbundary . Both

t;&se factors are directly associated Qith Ehe preeminent role played by the
" interphase boundaries, whose areas are maximized shortly before total dehydra-

tion . !
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V-3 Contributiong to original knowledge

a) The crystal structure of calcium acrylate dihydraté was reinvestiggted
in coopergtion with Drg-G.Donnay and Y.Lepage, and S.Fortier . Dimerization
was shown to be easy, but polymerization impossible within the perfect lattice
since the latter destroys the coordination polyhedr;n of the calcium ions .
The existence’ of two‘different types of water molecules was demonstrated .

The anhydrate was confirmed to be amorphous, but to have nevertheless
fetaine& some i&teratomic distances from the giggnt dihydrate .

b) Oxygen wss found to be unable to diffuse through tﬁe dihydrate, but
to have an easy access inside the anhydrate . .

c) The location of the radicals groduced by gamma—i;radiation was deter-

mined to be in the bulk of the dihydrate and anhydrate solids, both at the

initiation and at the limiting conversion stages .

d) The water of hydration was found to be radio-chemically iavolved in

the formation of the initiating species, and to a large eﬁ@ent .

]

é) The average molecular mobilities of water and of the monomer over the |

‘ hydration range were found to be unrelated to the presence of a polymeriza-
: tion maximum at the 0,5 HZO level . A new p?ﬁse’éf mobility intermediate bé%— -
ween that of a solid and that of a liquid was discovered to form during post-
palymerizatioq . Its amount was found to be proportional to the polymer yield,

whiéh led to the developement of a non;destructive analytical technique for

measuring polymerization kinetics . ~.

f) The presence of a radical concentration maximum was discovered at the

game hydratio% level where a polymer yleld maximum occurs . The existence of

three chemically equivalent types of radicals was derived from their decay

characteristics, depending on their fate during post-polymerization .

n
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g) The existence of a dual‘polymerization mechanism (ionic/radical) was
established by the finding of a binodal molecular weights distribuéion and of
the selective inhibition of the higher node by oxygen . '

h) Tﬁe stereotacticity of the polymers produced uﬁder varioug SSP cond-
itions was measured to be Bernoullian, and igentical to that of the pdly(acry-
lic acids) made ip the liquid bhase . The absence of topotactical 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 sign of the ionic mechanism.involved should be deter-
mined . Practically, a moge thorough study of inhibition should be undertaken,

if possible with specifie inhibitors such as NH

3"
° All inhibitors should be introduced by a break-seal after irradiation,to

{
&
;
<
!
!
L
N

prevent their degradation during this phase . Their effect on the polymer

yieigs an& ﬁ; distributions should be evaluated; and the same applies to a

comparison between ''dry" and "super dry" anhydrates .

The polymers made "in source" at 77 and 195°K should be prepared in quan-
13

tities large enough to allow ~“C-NMR and ﬁ; distribution analyses .

All exciusion chromatography experiments are now believed to be best
conducted at‘30°g in p-dioxane, which corresponds to Theta conditions for. po- \‘
ly(acrylic acid), and would allow the use of the accurate and easily available

polystyrene standards .

. b) The physical factors of SSP should also be the objects of deeper study:

- the effects of particle size and defects concentration on the polymer yields

and ﬁ; distributions should be measured . Dihydrate samples should be prepared

as large monocrystals, and under widely varying conditions such as slow or fast

crystallization, seeding, co-crystaBlization ggd“addition of "inert additives"

. . (carbon black, silica, aﬂtf::f-etc...) . .
: - a "reanimation" experiment should be attempted .
\
- gince SSP and dehydration are so tightly linked together, a dynamic dehydra-
6 -

tion should be undertaken on irradiated dihydrate, in the hope that it would

(:) result in extreme conversion rates as the interphase boundary sweeps through

( :

the solid . .

-




235

c) The dehydration mechanism should be further investigated byl perfor-

ming a MMNNSINEREER thermal analysis of CaAc,2 1,0 samples covering a broad
particle size range, with simultaneous effluent analysis, and by recording
X-ray patterns at intermediate temperatures .

Tagging with 180}12 should be used to determine whether the fast exchange

o of the hydration 020 with atmospheric moisture at room temperature, results

(85)

from the diffusion of the water molecules themselves or from a fast chain-

exchange of protons .
d) The Wide-Line NMR spectra of samples of a saturated monomer solution

- 4

as well as of polymer swollen in water should be recorded, in order to compare

their linewidths with those of the dry polymer and of the new phase discovered

in this thesis .
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(:f APPENDIX A: Preliminary mass spectrometric experiments

; The vapours above irradiated calcium acrylate di-deuterohydrate ‘ .

were expected to consist primarily of D20 and possibly of HDO and HZO

JQ well. Consequently, preliminary experiments were devised with

\’\

o
S

s

water, DZO and a model mixture of the two, in order to gain the ex-
ﬁertise necessary to perform the experiment, and to develop a method

for the treatment of the data and their interpfetation.

e L

A-1 Analysis of water

I
“ Firqt, the exact- positions of m/e = 4,3,2,1 were ascertain by

NPy g

admitting He in the spectrometer. Secondly, a sample of degassed dis-
b tilled water was analysed, and the spectra compared to the background

spectrum, The average of the intensities measured on 3 successive spec-

tra are shown <in Table A-1. The variations in the intensity 3f the

same peak measured on successive scans or on different lines of the spec-

~. tra were of the order of 10%. ‘ \
Particular attention has to be paid‘to the Argon peak (40). I; is

apparent from this experiment that the introduction of a large qu?ntity

+

of water vapour does not afféct the intensity of the Ar peak. As no
"masLing" was apparent, this peak was chosen as a reference for the sub-
sequent studies.
It can also be seen from'this table that the relative intensities
{ of the water peaks agree with those found in the literaturd. The slight

2
peak are believed to be due to residual traces of air dissolved in the

incregse in the air gases (m/e =‘32,28}14) and the doubling of the CO

water. /
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¥
Water \ Water i
Species m/e background (Avetage of 3) Relative Abundance (%)
. Experimental,Literature
) ‘\ ‘ ‘
CO2 44 80 170 - - 5
Ar 40 110 110 ) - -
02 , 32 1200 N 1400 - -
N, 28 " 3500 \ 3900 - - -
' |
Ethylene 27 5 14 - -
Acetylene 26 3 16 ) - .-
. 1
8%, 00 20 6 0.20 -
18 . - o\ |
HDO, H O 19 4 1.64 -
-
HZO 18 2100 Reference 1007Z
mot 17 420 20.7 . 21.1
0,7, o 16 37 0.7 -
N
N, 14 70 / - T
. ! fa
1
1}
He, 2 ¥ 4 b . ? - * -
DH N 3 - - \ - -
Hys D, He'' 2 - 58 0.041 - \
" 1 R 510 0.35 ° \ -
~N
TABLE A-1

?

Mﬁss spectrometric apalysis,of water: Peak intensities and relative abundances
: : ' i

of 'the ions.
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(:} 112 Analysis of D 0
2= K

. The analysis of a sample of freshly outgassed D20 was performed

A(247)

in order to obtain comparison data for the later analysis of the gases
above the irradiated heavy—bater dihydrate.

L k! )
Due to problems of adsorption of the three types of water, it was
found necessary to remove the 3 1 Pyrex expansion flask. The sgectro-

|

i
meter was then flooded with D20 vapour and re-evacuated several times.

} This procedure bore two consequences: the background air had been flushed
°> \

e

P

away (Ar, 0, and N, were reduced 8 to 12 times), and the water,'as measured
N 2 T 2 »

by the ﬁgai (17) of OH+-#as reducaﬁ more than 2.1 times.. This mages it
méaningless to subtréct the background spectrum, as ugually done: from

! the sample spectrum.

k Table A~2 presents the experimental results. The analysis of these

=

results is somewhat complicated by the presence of 157 HDO (as referred

! .

to DZO = 100%). The presence of HDO seems to be inevitable, as it per-
s}sted after more than six cycles of flooding the spectrometer with D20
vapour and re-evacuating. It is believed ‘that this HDO is the result of ¢

a chemical exchange taking place on the walls of the spectrometer between -

the adsorbed background Hzo and the passing D20 vapour. Assuming that

the 1% of OH+ comes totally from HZO’ the latter could be present to a

maximum of only 5%, which shows that the background H201is negligible as

compared to D,0, and nearly so in comparison to HDO. The consequence is

2
that OH+ is formed fxom HDO to the extent of 6.7% or even less if we allow

T

for some traces of water.

e

‘ ) | and an oD fragment from

i

If we now assume that the sum-of the prdﬁ%bilitigs of fof&ing an OH

90 is* nearly equal to that of forming an OH

e
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] L
Species+ Background D20 D20
Ay
m/e| sensiti- ix 51x 1x 51x Relative Abundances (%)
vity+ ! )
18
22 D2 0 - 8 47 i 2400 1.57
v S
a1 | unt®o - 2 [ 1 600 0.38.
20 | D,0 1 80 | 3000 [153,000% | 1007 (Reference)
. ‘ *
’19 HDO 19.5 1000 |- 450 22,950 15.0
*
18 HZO 350 )7,800 - - 19.6 from D20
* ) x| (Total: 21.7) )
18 | OD. - . - |’ 650 | 33,150 2.1 from HDO
17 | om 20 | 3000 | 30 1600 1.0 .
. " .
16 | 0 4.5 250 13 700 0.45
4 |, - - | 2.5 140 0.09
3| W - 0.25 0.5 40 0.03
2 HZ’D - 1.5 | 16.5 700 0.45
+ .
1|H - 0.25 | 0.25 19 0.014
CR e
* -
{calculated with the 51x sensitivity factor).
TABLE A-2  Mass speétrometric‘analysis of heavy water:
peak intensities and relative abundances of the ions.
p B
HZO HDO D20 -
ou™ 207 | ot <67 | - -
. - - | oo™ 4 | oot 196

\ TABLE A-3 Fragmentation probabilities (%) of the three isotopes of
_— 7 .

water in:the mass spectrometef.

s
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o

fragment from HZO (which {s 2Q.77%), we can deduce that the percentage of

0D formed from HDO is greater than or equal to: 20.7 - 6.7 == 147. We

can then split peak 18 between 147 x 15% = 2.1%7 OD coming from HDO, and

o

21.7% - 2.17 = 19.6% OD Eoming from,DZO. 18Oxygen contributions to the

peaks 18,19,20 were neglected. /

' To summarize, this experiment has yielded quantitative data on the

~

fragmentgtion probabilities of the three isotopes of water, which are

shown in Table A-3.

These results follow the expected pattern because of the 1sotopic
effect of deuterium. The deuterium requires more kinetic energy than the
lighter hydrogen to 1é ejected, and the 0-D bond vibrational ground state
is lower than that of the 0-H bond. It is therefoge logical to expect
ﬁhe ionization efficlency of DZO to\be‘slightly lower than that of HZO’
and also HDO to give more 0D than O fragments. 4

: S
A-3 Analysis of a model mixture 329122Q . >

] i ‘

A pgdel mixture of 507 H20 and 507 D20 was allowed to equilibrate

> a
for two déys, outgassed by repeated freezing and thawing under vacuum,

P

and then analysed. The results are presented below in Table A-4. The

first analysis was performed 5 min after the first background, then the

spectrometer was evacuated and flooded again with the vapours (6 times).
! N\

After a cﬁgrough evacuation, an "intermediate backgrouné" was recorded,

followed by the second analysis.

AN

_The species lanalysed being either the same as, or readily exchange-~
ébléfwith the’background water in the spectrometer, it is again meaning-
less to subtract the background spectrum from the sample spectrum. As

in the case of DZO’ we can neglect the contribution of 18O to the peaks

-
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Speciest Bazigzsund lst Analysis ;:z;;::g;d" ?nd Analysis
mn/e| sensiti-| 1x 52x 1x 52x | 1lx 52x 1x 52x
vity »
1 - -

22 | p," 0 7.5 5 o ol " 9| 3.5 - 290
o [ m | o 3.5 | 13 900 1{ 46| 13 750
20 | D0 1 105 | 800 |41,600"| 49|  2400| 650 33,§oo*
19 | Hpo 31| 1700 |1400 | 72,800" | 210 | 10,900" | 1400 |72,800"
181 | ‘8,05 o0 | 315 [16,400" | 905 | 46,800" | 310 16tl?0* 1000 |52,000"
17 |oB & 65| 3000 nzéo 10,400 | s8] 2900| 230 |11,960"
16 |0 4 ‘240 | 107 soo| 4 250( ‘9.5 500
4 |o,me) | o 7105 | @] o 1| 0.5 |30e2.5
3 | om ol 0.5 1. ga| o ] ! 85
2 | 8,0 o 1] s 320{ 0 2 5 290\
1 | = 0 0.5] 0.5 411 o of o.s "

* .
“(Calculated with the 52x. sensitivity factdt)

!

Mass spectrometric analysis of a model mixture of 507 H

\

AN

)
\

TABLE A-4

relative peak intensities at equilibrium

. L3

T

\

2

v

0+ 507 rDZO:
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) (;f o 18, 19 and 20. DZO and HDO abundances are then given by the peaks 20 \ 4

) 1 % o o \\\

: and 19, respectively. N ot 4 .

£ y . ' 3
, .

Y Usfng the fragmentatiop probabilities measured previously (see
K]

Table A-3) we can calculate the fractigns of the OD fragments coming

»

! - from DZOland H?O. By subtracting these from\thebm/e = 18, we can cal-
» ' v
culate the part of its intensity due to-HZO alone. The ‘abtindances of

the various water isetopes relative to one another are shown on Table A-5.
Ll kel

-

A good test of the validity of these assumptions andloh the exactness
of the results cin then be made by‘comparing the calculated and experi- ,
’

mental intensity of:beak 17 (0H+2. They were 207 and 200 regpectively

, for the‘first analysis, and 234 and 230 respectively for the seﬁond analysis.
- I . {

'
%‘ " This excellent agregyent juétifies ha post;rior%;'° the method used.
% However saﬁigﬁactory th%gnumerical method is, one‘should bq,?waée
§~: of the shortcomings of the exp;rimen;ag‘method,hwhich is under?ined by .o
f‘ - two main sources of error. The first~one igrche éreat gsensitivity of ’ ‘
‘%.. | " the DZO/HZO r;tio'to refatively miror changes in the heights of }eaks | \
? 20 and 18, as‘evidenced"by comgaring the first énd gecond analysié.
g The second shortcoming is the gresénce of a bacdkground signal dué
: to water on the walls of the sp;cfrométer.inhis water can be neither .
§ - fully removed, nor fulI& exchanged.with the isotopes of the sa;ple% nor '
simply,deducEéd from the ;ample speétru?. The onlylgopg 1lies ih flood~- g\
v ing tﬁé sgggtrdmeter with an overwhelming'amount of gaejsample vapour.
Failing téiq, the ratios of Dzﬁ/HDO/HZO will be shifted towards the iso- .
. « .

"

tope, last present\in the ion chamber, usualiy HZO' s

1
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lL[q;,::t:ope ~ First Analysis Second Analysis ’ Theoretical )

23
[
Qo

p. 1% © 0.91Z (re: D.0) . 0.86% (ze: D,0) : -

2

R 2
o kY
<
N

! 1 i v,

fv ‘e © ‘ 4 . R t o 4 ¥ 4 N
IS & . , . R
: 18 :
_“EDTO0 . 1.247 (re: HDO) 1.03% (re: HDO) ° - \ .
: ) . . ) |1 ‘1, | i | C i . CoNL e

0,0 29.1% 23.87 24z, N

Te / ;
* HDO - 51.0 3 © 51.4 47..2

2 .
4 v) - ot f B
b . \
t ¢ '
' - » TABLE A~5 . , ’,
* . ' e ———— ’ g
Relative abundances of the 3 isotopes of water at eqdil:l\.brium in a model § -
. ! ' *

. mixture of 507 H,0 + 50% D,0. : .

\

. : ‘ :
( )Theoretical yalues calculated with an eqfuilibrium constant K = 3.2 @ 200(;, .

after Farkas(as) : e ' ‘a

- 6 Sy ' ’ 4 b
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- .
The data presented in Appendix B refer to the analysis of the

.

T
' vapours above calcium acrylate di-deuterohydrate, pre-irradiated at

R e

“77°€ to 2.25 Mrad. The experimental technique has been described in

section II-8.

¥ . . — |
ki .
\ 1

B-1 Analysis at 77°k l ’

/
The/yackground spectrum was recorded after prolonged evacuation §:“\

of the hammer-magnet compartment. The seal was then broken, and spectra
y .
‘ (S
recorded again\yith the sample immersed in liquid nitrogen. Table B-1
presents the numerical data gathered, by order of decreasing mass numbers.

. [ L 4
No change was observed in the concentration of the usual background

. . . |
gases, within the accuracy of this type of meagurements (variations of the.

order of lO—lSZ‘were frequently registered among successive spectra). i

This attested to the good vacuum achieved above the sample, and to the

fact that the waters were effectively frozen at this temperature.

v

| As a result, the appearance of traces of D2+ and DH+ may be concluded

/N }g demonstrate the presence of molecular D2 and DH in the vapours, since
2@ &
/|

ﬁhéy could not possibly be fragments of the frozen waters.

o
7N

- 3

B-2 Analysis at 20°c. ’ ' ) , .

N

N
'{ Following the analysis atf77°K, the sample was isolated by a valve g

from the spectrometer and heated rapidly to 20°¢ until thermal equili-

brium was established. The valve was then opened and spectra recorded

2 s
, LI

periodically for some time.

' Table B-2 presents the numerical data gat'hered, by ordew of decre%s-
- ing mass numbers. Spectra were retordell with various sensitivities, in
L .

b Ry - SR
. e <ol
i . v %b R,
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) ’ Background
Species m/e . rélative intensities Aft:: b:z:§in8
< of peaks - e
co," 44 56 47
]
ar’ 35 T35 33
0, 32 600 600
co”, N; 28 .2100 .. 2000
Ethylene 27 N 15 9
) Acétyléne 26 . : 9 - 5
. 25 2 1.5
* e
= 24 B ‘ 0 .,JO
D20+ 20 L 2 ) 2
+ ' -
HDO 19 -0 Y ~
£
on”, 10" 18 300 \ 230"
o’ 17 . g - 0
0,7 0" 16 - 60 60
N, 14 120 140
| '
- a 13 ! 4 " . 2
D, : 4 L0 : 0.9
. \
"" Ml . '
He \ 4 320 310
'l'm-.‘-u 3 -0 l w
* HZT’ D+a He‘H- ’2 N ‘l ' ‘50 52‘ ]
~ 4 TPy
H L 1 1.5
TABLE B-1 -

5

acrylate di-deuterohydrate.

Masg specfrometric analysis a£(77°K of the

.
e
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!

Time after warm-up-— Initial 20 min. 24 min. 26 min.
Multiplier gain setting~ 5 5 3.5 2.5 _"
Background o .1
Specles m/e Analysis » Sample at 20°C :) - 9
' , s ' 3
C°2+ 44 56 2100 46y 110 - 3§
art I 40 35 170 "2 5
02+ 32 600 1500 190 41 -
co®, N, 28 2100 >4000 650 230
Ethylene 27 15 . %170 . 23 5.5
Acetylene 26 9 320 35 7 \
- 25 2 &t 53 6 1.5 |
-, 24 0 o 16 1 0.5
o ]
+
D,0 20 . 2 12 750 290
o - , 19 0 >45P0 - - 1600
[ 4
oo™, u20+ 18 300 - 3100
ou’ 17 80 - 2300 650
ot ot / ‘
2 16 60 500 120 30
2. y
b 14 120 180 26 4 4,
- 13 4 8 16 1.5 0.5
D" 4 o, 5 - 0
+ 3
He 4 320 80 - 1
"
' 3 0 16 - 0
i, 0%, ue’  t 2 50 150 - g
gt 1 3 - - 27
ol « -
taBLE B-2

Mass spectrometric analysis at 20°C of the gasses above irradiated calcium

acrylate di-deutero hydrate.

-
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LY
order to encompass the totality of the extreme range of concentrations

% -
present. The multiplier detector gain setting is mentioned at the head ‘ i
y ;

of each column.

Unfortunately, this gain control operates in a non-
linear manner, and some adjustments of the collector slit width were
re&uired from time to time to maintain the resolution. As & result,
it 1s best to make comparisons of the relative inteﬂéities only (peak
ratios) rather than of the absolute intensities, which would be mis-
leading. ‘
+
2 and D than at

77°K cannot be interpreted the same was as they were then, since these

The presence of larger amounts of D +, HD+, H +
I .

ions are also fragménts of the three kinds of water which are present

!

in abundance at 20°C. |

As the vacuum above the sample had been shown to be very good by
{

the analysis at 77ﬁ§, the apparent large increase in the air gases was

" -

interpreted as reflecting the higher efficiency of ionization which

results fromkthehSETéle pressure be}ng much higher than the residual

| -
background pressure. To account for this &ffect, all subsequent calcu-

lations were referred to the intensity of the Ar peak which was taken

as a standard for relative comparisons.

X
B-3 Miscellaneous irradiation products

The data already presented in Table B~2-were analysed to determine

‘

the presence of several miscellaneous irradiation products. YAs mention-

ed,earlier, all peak intensities were normalized by referring to the

N ' o .

B-3-1 CarBon dioxide add N0 .

The intensity of the CO2 peak (m/e = 44)¢Felative to tﬁht of the Ar

Argon peak serving as a standard.

%o

A :

¢ oy
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k L

A 8 E R s

peak‘(m/e a.hp) is shown on Table B-3~1 after various times. It is e

ﬁ”@_ ' . evident that the spectrometer registered a l4-fold increase in CO2

.
:
%"L
v% £
§§
f,t
£
3

4

. concentration over that of the background. ; \
-

_The possibility that this increase could be due to the presence

of NZO (which also comes at m/e = %4) and could be an irrddiation

§£ product of the air has been discounted on the basis of a control
s
g . experiment. In this test, moist air was irradiated to 3 Mrad at 77°K
1 and 3nalysed. Although ﬁzo can be resolved from COZ,‘no increase in
5 : ' - T
5 v "its concentration was notéd when the seal was broken.
FENE T
2.
g{' } o
; .
S Time (min) g
& . €0, /Ar Average CO,/Ar
; Spectrum at 20oC . 2 l 2 i
% Background - 1.6 ]
o 1.5
Sample at 77K - 1.4
I o ‘ discounted
"Sampler at 20 C 0 12.3 (not stabilized)
" 4 ‘ 20.9
21.5
! é 220

TABLE B-3~1 Carbon dioxide

B-3-2 Carbon monoxide .

: The CO peak could bé partially resolved from the NZ peak at

m/e = 28, Its concentration was estimated to be approximaﬁ%ly l4? of
i =, .
that of the nitrogen. Although .the exact measurement of the CO peak

*

had not been performed in the background beforehand, it is clear that

o . TV .
o q se e LY R AN
Az ; : How § 5o AR ot
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{; this concentration of 147 that of NZ is at least one order.of magnitude

larger than what can be expected from the usual residual air in the

19 0 » . —
N ) spectrometer.

} B-3-3 Ethylene . ‘ .

i The molecular peak m/e’ = 28.031300 bf ethylene was completely
resolved from that'of nitrogen (28.006148) and of carbon monoxide

K ?&7.994914). It had an intensity of 4% of that of the nitrogen, a marked

increase (three-fold) over that of the background. In order'to illusgtrate

this point further, the intensities of the peak m/e = 27 relative to argon

4 |
! , aré-listed as a function of time, in the Table B-3-3 below. Peak (27)

; was chosen because it suffers no interferencerfrom the acetylene peaks,
\ and its intensity is strong enough (GBZkgf the molecular peak 28).
/ . ‘ LN
° . Time (min) "(27) !
Spectrum at 20°C (27)/Ar Average /AT
Background - X 0.43 |
o 0.35
° . Sample at 77K - 0.27
o discounted
Sample at 20 C é 1.00 ) (not stabilized) R
" 4 1.05 s
: - 1.08
i " 6 1.10
&
'%" ) N N N
| %—o - - ' ¢
& : TABLE B-3-3 Ethylene : N

B-3-4 Acetylene

Al

: . RN }
No single\fﬂagment of acetylen7 could be érsily analysed in the
presence of eth&lene as these two compounds shﬁre in common most of their

fragments. However, the evolution of thepeak m/e = 26 is depicted below
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in Table B~3-4.

A 7.4 fold increase in the peak t.m/e = 26 is shown. This peak

N § ~
represents 1007 of the acetylene, but ¢nly 637 of the ethylene present

in. the sample gases. In view of the pre iously established inﬁrease of

the ethylene concentration by a factor,jof only 3, it seems reasonable

@
to conclude that the acetylene itself 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 ome ta&g' into

5 |

account the interference from the ethylene fragments.

Time (min) (26)
(26) /Ar Average /Ar
Spectrum at 20oC ‘
Background - 0.26
‘ o 0.20
Sample at/77 K - 0.15
o discounted
ple at 20°C 0 . 1.88 (not stabilized)
: . 1o x \
’ 1.50 \
" 6 1.40 N
TABLE B-3-4 Acetylene 1,
1 N v K] ~
N ‘
. o
y /
]
d :
PR A ‘
¥ )
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APPENDIX C “ . f Y \\
Notes on the direct synthesils of talcium acrylate anhydrate
= (27’78) .
Lando and Morawetz reported to have synthesized different
. e
varieties of CaAc anhydrate,by dehydration lof the dihydrate or of the "
. monohydrate, and by recrystallization from an anhydrous solution in
r' L4 '

methanol. * '
The monohydrate, although obtalnable by partial dehydration of the
dihydrate, appears to be simply a mixture of 50% dihydrate and 507 an-

hydrate, and has escaped isolation as a definite entity thus far “

(cf. section III-3-1). <
The synthesis of the anhydrate by recrystallization of Eﬁ anhydrous

methanolic sclution was attempted. When dry nitrogen was used as a purge
- ! o ' .
gas, the same problems as for the synthesis of DZO—dihydrate were encounter-} ,

y &

ed,” 1.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 transparent”crystals were obtained,
and they were stored in a vacuum oven overnight at 60°¢. 'It was found
subsequengly that these crystals had decomposed into an opaque whitish ma=-
teriél presenting very weak mechanical resistance. Analysis of a fresh
batch of crystals by I.R. displayed a band -attributed to pne of the funda-’

mental MeOH vibration frequencies, that was absent from the spectrum Jf the
) Co ) '
anhydrate preparéd by dehydration. 5 .

These observations suggest that an unstable methanolate might have

been formed, with MeOH either included in t}le lattice (like Hzo ih a hydrate)

4

or occluded,in lattice voids. Although O'Donnell and Sothman(sa) did not
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report similar problems during the recrystallization GF Ba-methacrylate,
L

these observations point towards the need for further investigation. The
synthesis of a true crystalline anhydrate would present a comsiderable

interest by allowing the comparison of its polyme}ization behaviour with

that of the amgrpﬁous variety.

“

¢ s
material| made by remg¢ving the mTthanol could still be fruitfull)yp~compared

with the‘dehydrated variety, as \it would not uqﬁgssarily diszié; an identi-
J ,

i

] u'
cal DebyerScherrer pattern. |
‘ \
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Appendix D : Tables of supporting data . - o]
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PR

Table of data for Fig. ITII-3-7

-

Wide-Line NMR second moments (in Gaussz) of CaAc hydrates at 77 and 295°% .

[ 4 I

e

% Ot D,0 Hydrates I : H20 Hydrates
¥ Hydration at 77°K at 295K Hydration at 77°K at 295 K
' ‘Level Level
% oo, > 9.19; 9.48  4.37; 5.43 0 - 4.66; 5.21  *
; 0! 9.09; 9.86 4.17; 5.07 0 - 4.43; 5.92'
e 0.6 9.67; 9.47  !5.96; 5.46 0.27 10.70;10.88 5.42; 6.14
r 0.16 9.17; 9.22 a
. 0.3 11.12; 8,68 5.97; 6.15 0.51 12.51;11.90 7.51; -

0.41 9.73; 8.72 6.13; 5.86 0.51 - 4 = 7.16; 6.78

0.61 9.70; 8.79 5.21; 7.16 0.72  13.16;12.90 6.79;10.80

0.99 9.665 8.72 5.85; 7.0L 1.03  14.10;15.57:10.05;10.15 ;

1.00 - - 5.44; 5.01 1.57  16.85;18.03 13.30;12.60 N

1.10 9.63; 9.56 6.16; 5.73 1.72 17'47;19>“Q§12‘39;13'15 , 1

1.47 9.81; 9.20 5.36; 7.17 1.72 - - " 14.75;14.25

2.00. 10.00;11.09 7.28; 6.94 1.72 - - 15.95;11.79

2.00 - - 6047y 6.37 2,00 - - 14.81;15.06

2.00 . - 6.37; 6.70 2.00 ©15.24 -

2.00 - - 6.67; 6.09 , 1

,‘ .

3 ‘ / .
. .

4 -
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» '
I Data for Fig, III-3-8 ~ N ’ \
g - eeenes s
5 \ ) \\Wid%—Line NMR second mom:.'ants of CaAc hydrates as a fungtion of temperature
F . e D,0  dihydrate ) 'Anhydrate N ' i
E . \*,‘ Temp. R.F. © Modul. Second Temp . R.F. Modul, Second
. (¢ °K) 120:;;' zzgzt;s) (bé:x:eng o ¢ °k) power  Ampl. Momeng i
\ ss) 88%) ( .ab) (Gauss) (Gauss*<) E
. 77 %=50 2 10.0311.1 77 =53 1 * 9,19;9.48
; 115 =50 2 % 10.3;9.11 " -53 1. . 9.09;9.86
o 136 -48 2 10.6;9.77 106 -53 2 '9.17;8.67
: 153 -45 2. | 10.1;9.84 135 ,-53 2 “7.4638.59
T 186 =45 2 10.3;9.46 159 =53 2.8 6.25;7.73
202 ~44 2 8.64;9.66 165~  -40 2.8 7.96;6.92
218 ~44 2 9.30;9.90 " 174 -40 - 2.8 6.66;6.80
232 43 3 8.61;8.69 ° 200 =35 2.8 °  5.64;6.06
244 -40 2 7.78;7.92 214 4 -35 2 6.0636. 65
256 . =40 2 7.4037.72 239 =35 2 5.8036.22
267 ~40 2 6.25;7.26° 259 =33 2 5,13;5.94
~ 281 -40 2 6l61;6.55 215 -3 2 4.7436.00
295 -23 2.8 - 6.47;6.37 295 35 2 4.17;5.07
" -23 2.8 6.37;6.70 n -33 2.8 4.6655.21 i
" -23 2.8 6.67;6.09 " =33 1.4 4.43;5.92 ° |
C " , =33 1.4 7.27;6.9% " -33 1.4 ' 4.37;5.43 ’
. ‘ . " -23 2.8 3.87;5.06 /
' , noo- 23 2.8 3.6634.08
- | g " -23 2 4.46;5.77
" -23 0.5 5.87;5.94 [
a ™ | . 321 -0 1.4 4.42;5.15
: s | 332 7 -0 1.4 ' 4.55;5.56
| ' L35 L =30 L 4.0434.4%
o 373 30,7 1.6 4.13:4.42 -
° 45077 =30 . 134 3.49;3.61
- ° | .
\ M ' . 3/ Ve
L}
by < s v X ‘
4 - *
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Data for Fig‘.'III-lc‘-*Z

-

@ ﬁffeci: of R.F. power 30n the satufagién of the ESR signalg at’ 77° , initially.
LR Signal”intensities were normalized with respect to a.pitch standard and tb the
& packing density of each sample (in mg/cm in t:/he tube)
; D,0 hydration level 0.1 oW R.F. O 3 WH.R.F. 5 i R.F.
;' | 2.00 , - 0.96\3 o T -
* " 0.311 1.21 2.26 .
RN . | - 1.23 -
] t , L 0.559 1.23 2.1
! o - 1.62 . .- 1.2 . . -
‘ 122 ' " 0.857 1.73 . 2.86
«  1.10° - 1.90. . -
e -~ 1,00 0.908 1.92 3.6
\\\" \ - *0.82 - 2.03 > -
- 0.71 0.961 2.04 3.14
: ) 051y, ' 1.2951.05 2,47 o 3.5
) ;) 0.32 1.50 2.81 3.9 ¢
0.14" : 1.35 2,60 . , 3.5 o
k - ‘ . 0.00 ) - 1,23 C o234 i 3.8
S e R ) i R ¥
Data for Fig. ITI-4-5 ! : Lt

Effect of annealing and hydrat ont level on the*ESR signal intensity, at 77°K

.and 0.1 oW R.F. power . .
) T \ ' [

0 hydration lgvel immediately after 1 week anneal% 4 weeks an® at 22%

- D
2~ . : irradiation at -78% , - _at -18°¢ a1
L 2,00 o 0.31% 0.277 | 0.278;0.210 0.230
L5 0.559 i - 0.312
L2 d.857 ' K - } -
¥ 100 - . 0908 - . 0.465
o 07 0.961 - 0.720 . , 0.569
R 0.51 S 1.291.05 , = . 0.694" '
C 0.2 e 4s0 ~ 09886 ; « 0.825
U 1.35° - )\ -
'. 0.00 - % T 123 ' o.858, ", o0.701
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Data for Fig. IV-1-2 ’

>

" -

?

Oxygen diffusion at the limiting conversion stage, studied by ESR ,

B
Polymerized Dihydrate Polymerized Anhydrate
Time Triplét Height © Time Triplet Height
(min) h‘z;ﬁ?t ]('O;s) (min) hi;ﬁ;’t . ]('°§3) _ ‘:
0 186 0 0 w %
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 scdvenger solution
50 - 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 8.4
275 83 55.4 : : » E/
° . . . '

The origipn of the times given corresponds to the admission of the oxygen

of the brea&-seal compartment .

’
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Data for Fig. IV~-2-3
\._.’> t s ¢ N

Wide-Line NMR study of irradiated CaAc dihydrates samples as a function of
post—polymerization' time : reduced height of 'the na@:}gy line signal (in mm).

¢ _D,0 - dihydrate . _H,0 - dihydrate .
Time log(time) Moduiation Amplitude. Moduiation -Amplitude
(days)f (1n hrs) 1.4 Gauss 0.5 Gauss ,1.4 Gauss 0.5 Gauss .
1 1,38 ' 132 57 : - 23 -
0 2 1.68 170 85 92 AN r
5 2.08 274 160 ~ ' 107 39
6 v.2.16 - 302 200 114 Wt N
7 2.23 36 . 201 125 48 I i
8. * 2.8 .38 234 133 . # ke ;
9 2.33 346 238 140 52
12 246 375 267 176 %
13 2.49 365 262 " 213 74
° 14 2.53 378 287 1226 83 ;
15 2.56 370 272 226 T o83
- " 16 2.58 _ 378 . 282 237 1 95
. 19 2.66 370 © 280 . 252 97
o 20 . 2.8 - .- 250 9% - .
22 2.72 - - 257 104
23+ 2.7 - - 265 105
26 2.80 % - - 267 107
33 2.90 - - 280 119 ’
' " 40 2.98 - - 285 119
54 3.11 - -7 e 330 149

Data for Fig. IV-2-5
Reduced height of the NMR narrow éomponent‘ vs. polymer yield,’ for CaAc,ZHZO.s

. ] \ \
’ 14,17 ¢ 18mm ; 18.6% : 23mm ; 28.6% t 33mm ; 39.7% : 48mm-; 45.0% : 52mm .
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) D(267) -
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( ' ‘ Data for Fig. IV-4~1 , IV=4~2 , and IV-4-4 - ' - .
(} . Viscometry data for poly(acrylic acil.d) nhade from Ca:Ac,ZHZO under vacuum .
" ‘* § ' ' ‘ .
' Total Volume Average Elution rl » Concentration l"‘s;/ c i f i
] i ( ml) ) Time ( sec, ) s C (mg/dll)’ (dlfg) °
p-dioxane at 30.0020.02%C : 576.2 (pure solvent) \,/ E . ’
‘;A ' ‘ i -/ .
f Sample : 10 “679.8 0.1799 260 0.692 -
15 TN 0.1172 173" . 0.676 -
\ \ " 20 - 627.9 0.0897 130 0.690 °
F 30 610.7 . 0.0599 86.7 0.691 | - |
; . 50 ) 596.8 0.0358 52,0 0.689
, ‘ 70 591.0 0.0258 37.1 0.693 ,
o " 95 587.2 0.0191 27.4 0.698 7
0.203 N HCl..ét 24.00%0.02°C :493.3 (pure solvent), . /
Sample : 10 577.3 ¢ 0.1703  229.2 . 0.743
15 547.9' - 0.1107 152.8 0.724
’ L 20 533.7 o  0.0819 114.6 0.715
. 30 ‘ 519.8 0.0537 76.4 0.703
s | '509.1 0.0320  45.8 0.699
IR | RV 504.5 *0.0227 32,7 0.693 ‘
95 501.7 0.0170 241 = 0.706
k . % o
o i - LA
] buffer at 24.00%0.02°C :478.1 (pure solvent)

2

702.2

, ample :, 10 0.4687, 21434 2.186
15 629.9- ' . 0.3175  142.9 2.221
20 . 589.8 0.23 107.2 2,179
: .50 . 522.8 0.0936 2.183
70 510.2 0.0671;.  '30.6 2.192
100 - . 500.5 0.0470 21.4 2.190
[hdad o , _
"{;:l‘,uv TAnT ! ——
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Data for Fig. IV-4-5 ¢

/ .
Elution vo&umes of various small® molecules as-a ftinct’ib‘n\,gf molecular weights.

.,
. \

’ ~ ) ‘o ! ' . ‘ ‘.‘ '
' Compound 4 ; ﬁ weight (g) Jog(mol. weight) * Elution volume
' ’ o - " ( counts »)

Tetra-Hydro-Furane 72 ’ 1.86 ( : 39.4

p-Dioxane . . 88 \ ‘ 1.94 37.4 J

2,2"'-oxydiethanol 106 : 2.03 136.9 ~

Benzene 78 1:89 . .36.3° R

Ethanol , 46 1.66 35,9

Ca Acrylate monomer 182 2.26 35.1;34.8

Ascorbic Acid © 176 ] 2.25 [ 34.3 / .

HC1 ; KBr - . - T2/

' (negative/peak)
’ \/
Datg for Fig. IV-4-7 and IV-4-14 . Y ' e S
. t . . “ "<
Polymer yield kinetics for dihydrate and anhydrate,in vacuo and in -air, at 50°c.
Dihydrate ( Fig. IV-4-7 ) Anﬁydrate ( Fig. IV=4-14 ) .
“In Vacuo In' Alr ’ In . Vacuo In Air

Time  Yield (7): Time Yield () Time  Yfeld (2) Tiwe Yield (3) -

15hrs 4.1 - ' - . 1%hrs  32.7 © Ohrs 8.6

1 day 18.3 1’day 7.0 1day 19.5 5 days , 7.0

2 " 28.6 3" 11.0 3 " 51,9 11 v 6.6 .

3" 38.4 5" 12.6 5 " 20.5 13" 2.8 Cos

4 39.7 1" 13.6 9 " 26.9 - Sy
7" 39.7 13" 14,9 BT 58,1 ' ‘ 1 -
9 " 45,0 I : .
"

l% ‘ 47.0 . ) “ . j .

%" 49.8 \
) : ' ‘ )

— ! 4
. H
X - ) R 3
. . N
s ¢ . '
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