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ABSTRACT *
4 ) ¢
Pier Paolo Saviotti ‘ Chemistry
’ ' -
" THE SPLID STATE vlg,O'LYMERIZATION OF
" ALKALI METAL ACRYLATES

N ‘ »

v * ~
The solid state polymerization of the acrylate

-

salts of lithium, sodium, potassium and rubidium has

P

been studied. The molecular mobility of the monomer plays
an important role in the polymerizatiom process and ap-

pears td exert different influences in different reaction

statges .
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Three different’reéction periods 5, B and C occur
in ﬁhe polymeéization’ Period A was not studied in detail. ,
The rate constants for polymé;izatiqn correlate with the
properties of the initial crystal in reaction period B and
of‘the modified matrif in period C. The modification of

= the reaction matrix occurring during the solid state éolym—

| leriz;tion leéds té a slowing down of the reactionmgnd finalr

ly to a limiting conversion;

- - The. importance of the generation and annealing of

strain in the monomer crystal lattice is dtscussed in relation

to the mechanism of matrix modification.
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RESUME 1 .

Ph.D. | Pier Paolo Saviotti - Chimie
N
Py LA POLYMERISATION A L'ETAT SOLIDE
D'ACRYLATES DE METAUX ALCAI;INS
v
La polymérisation a 1'état solide des acrylates
de lithium, sodium, potassium et rubidium a été &tudiée.
La mobilit& moléculaire du monomére joue un rdle important
dans le processus de polymérisation, et semble exercer des
influences différentes & difgﬁfentes étapes de la réaction.
On peut distinguer trois périodes différentes
A, gﬁet C au cours de la polymérisation. La période A n'a
pas €t€ &tudirée en détail. Il y a une corrélation des
constantes de~vitesse de polymérisation avec les proprié&tés
du crystal initial pour la période B, et avec les propriétés

de la matrice modifiée pour la périocde C. Les transformations

,de 'la matrice de la réaction, qui ont lieu au cours.de la

polymérisation 3 1'é&tat solide, conduisent i un ralentis-
sement de la réaction‘et finalement 3 une conversion limit&e.
. i'importance de la production et de la recuisson
des tensions internes dans le réseau cryséallin du monomére
est discutée en rapport avec le mécanisme de modification de

la matrice.
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INTRODUCTION

The study of solid state polymerization started in
a systematic way in 1954 when Mesrobian‘et al. [Mesrobian
(1954)] described the radiation induced polymerization of
acrylamide. A fewgexamples of solid state polymerization had
been reported previously [Eastmond (1970)] but these had not
attracted widespread attention. The recent upsurge of
interest in this topic can be attributed to the possibility
of obtaining crystalline stereoreqular polymers through
the control of the host monomer lattice. Further studies in
solid state polymerization showed that there are very few
monomers in which the crystal lattice strictly controls
the structure of the polymer obtained. 1In géneral one cannct
expect any direct geometrical correspéndence bgtween the
monomer and polymeflstructures. Furthermore later‘studies
ghowed that variables other than c}ystal structure, mainly
crystal laftice defects and monomer mobility, were important
in determining the rate and the mechanism of polymerization.

It was also hoped that studies in solid state
polymerization co%ld contribute to fundamental understanding
of so0lid state organic chemistry: the product polymer
molecule was hoped to be a photograph of the successive
reaction steps. This situation is possible only when the

monomer crystal structure controls polymer formation and again

is to be considered exceptional.

,
v,
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(:)' Most studies in solid state polymerization have
so far consisted of empiricaf\correlations of other variables
- with the rate of polymerization and a comprehensive theory
has not yet been developed. The lack of very general ideas ’
accounts for the fact that usually conclusions reached for
certain monomers tend to be applicable only to very similar
monomers. In particular this thesis deals with the polymeri-

zation of the lithium, sodium, potassium and rubidium salts

P S S N

of acrylic acid. These salts are vinyl monomers, ionic

crystals with a high melting point and their polymerization

[ R

occurs without a geometrical correspondence between the ‘
monomer and polymer structures. The main parameter inves-

|
tigated in this thesis is the mobility of fhe monomer. {

Solid state polymerization will from now on be indicated

by SSP.

E I-1 EFFECT OF y RAYS ON SOLIDS

|

} Many types of high energy radiation can cause

ionization and the formation“of excitel species during their
passage through matter [O'Donnell (1970), Swallow (1973)].
Such radiations, either particles (a,B, neutrons etc.) or
waves (X, y rays etc.) differ in their penetration through :

matter, the spatial distribution of the species generated -

adnds

and the mechanism of ionization. Waves and uncharged
particles have much higher penetration than charged particles.

G%} In particular, y rays have such a penetration that their ef-




Col

fectgcén be considered ;; distributed throughout an ir-
radiated crystal? Energy loss occurs by means of Compton
scattering whereby incident photons cause ionization and
the ejected electron has considerable kinetic energy. |
The immediate effect of the interaction of y rays

with matter is the formation of radical-ions and of excited
species:

M+y+M-++e-+yl I-1

* '

“M+Y+M + ¥ I-2

The electrons ejected in the formation of ions, called

?
i

41
secondary electrons, often have enough energy to ionize or

extite other molecules:

ey + M- M-t 4 2e I-3
* -t
e + M- M + e, I-4

All these species are not homogeneously distributed in the
P

crystal. They can either be formed in isolated spurs,

widely separated along the main or branch tracks of the
radiation, or in lafger regions formed by the overlapping of

isolated species as short tracks, cylinder-shaped regions,

or blobs, pear shaped regions. Blobs have a higher density
of active species than short tracks.
All the species formed can either undergo intra

'

site reactions:

N
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'
+ - %
M. +e * M - I-5
A
- KRW& hv
l".ﬂ(“ * nd A +’ B [}
M, + _ I-6
W -+ A + B
+ A- + B-
met  ac 4+ Bt I-7
-
TR VR VP 1-8
or escape from the sites where they were generated. The
species that escape are called primary species. Primary T
species can react with the substrate to form primary
progucts: ) ?
M7+ 5> A - I-9

Under some conditions primary products can become so
abundant that- they compete with the substrate for primary

species. The reaction between primary species and primary

products gives secondary products:

Mt 4 A - mat I-10

High radiation doses can favqur secondary
products over primary products.

The preceding features of the interaction of y rays

g s
)
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with matter are relative to all condensed phases. They are

indeed all chemical- effects. In the case of solids another
possible effect of y rays is the creation of defects the
concentration of which depends on the energy deposited by
the radiation for uqit path length (Linear energy tfansfer).
Given the extremely high energy of y réys the
formation of a wide variety of products might be expected.
However in general very few species are formed. For example
the low temperature y ray irradiations of vinyl monomers
studied to date.have given mainly one type of radical
derivéd via the addition of a hydrogen atom to a double

bond [Adler (1965), Marx (1963)]:

| o ’
CH,=CH + H+ » CH,-CH I-11

: |
X X

I-2 SOLID STATE POLYMERIZATION

"As already stated in the introduction, most
investigatioﬁs in SSP have so far consisted of empirical
correlatione of the rate of polymerization with other
variables. The effect of the main parameters found to play
a role in SSP, crystal structure, defects and molecular
motions, will now be described. A discussion of the
theoretical ideas proposed and of the problems that a theory

of SSP should solve will follow.

o
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I-2,a Effect of crystal structure '

The hope that the si;s and shape of a polymer
chain formed in a solid state pglymerlzatlon was controlled

by the crystal lattice of the modbmé& which gave initially

stimulus to SSP studies, was later shown to be a rather

naive view. In the polymerization of vinyl monomers., for -
example, the hybridization of C atoms changes from sp2 to
sp3 and some intermolecular distances become.bond lengths,.
Therefére both the geometry of the monomer units and their
total length change during the formation of the polymer
chain. It is then apparent that one cannot expect in geheral
a true topotaxy or tridimensional correspondence between
the structure of the polymer product and its host monomer
beyond the first few addition steps [Bamford "(1969)]). In
fact in most of the SSP reactions investigated the polymers
are amorphous. Furthermore electron microscopy and X-ray
observations [Adler (1960),’Sella (1962), Kargin (1967),
Wegner (1973b)] shgw that the polymer tends to form a second
phase within the reacting monomer crystals.

It is to be noticed here that the production of a
crystalline polymer is not a proof of topotaxy. For
example, it is not yet clear whether there is lattice control
of the polymerization of trioxane and tetraoxane type
monomer crystals. The crystallinity of the polymer
[Okamura (1960)] was later on attributed to the geometry of

the polymer fiber crystallites, to annealing processes Or

LIy
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to solvent induced recrystallization [Adler (1966), Wegner
(1973a), (1973b)]. On the other hand the most recent study
reported shows that the polymerization is easier in the
perfect crystal ghan\in the defects [Voigt-Martin (1974)].
In general it must be remembered that there are artifacts
which can simulate a topotactic polymerization.

There are however few solid monomers which do
undergo® a true topotactic polymerization, sometimes even
leading to polymer.single crystals [Morawetz (1964), (1965),
Nakanishi (1972), Baughmann (1974)]. These monomers are in
general longer molecules and their crystal structure is sﬁch

that they can join to form a,polymer chain with a minimum °

N\

displacement ([Wegner (1972) , Baughmann (1974)). The formation

of polymer single crystals reguires also the 1isomorphism of
the polymer product and the hogt monomer with‘con§equent
solia solubility.

Although true topotaxy caﬁnot be expected the
crystal structure can exert other éyﬁes 8f influence on the
SSP reaction. It 1s known for example that the 1inditial
radical i§ oriented in the monomer lattice fbnisni (L963) ,
O'Donnell (1964), Adler (1965), Chapiro (1972)). Then the
geometry of the crystal must be such to allow a monomer '
molecule to join the initiating radical. 1In fadﬁﬁé crystal-
lographic study of monbmers polymerizing in the solié,state
showed that in general the distance between tne reacting
centres should be 4AP(*)or1ess in order that polymérization

(*) 4

5
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can occur [Schmidt (1964)]. Although there is atﬁﬁeast one

I

exceptiqp to this rule [Léing (1968) }the control over the
first addition stéps is probal the ﬁost general effect of
the crystal stgueture in SSP. .Possibly related to this

effect are the large variations in polymerizability found'
among different polymorphic modifications of the same compound
[Grabar (1964), Werner (1971), Thomas ,(1971)]. These <
observations show that although SSP is not a topotactic
reaction it is very often a topochemical reaction, or a

reaction that octurs because of the particular crystal

structure of the host lattice.

The crystal structurg €an aiéo‘iﬂfluence the
polymerization -through the interphase betweenfmqnomer and
polymer. The interphase between reactant' and pfﬁduct can
be coherent or,incoherent [Young (1966)]. In\fhg‘firs£ case
the natural‘posiFion qQf atom i in the reacgant is either -

precisely the same as in the broduct, or at least one plane

N\ g I ) L
in the reactant is identical with one plane in the product;
- F 4
1n the’second tase there -i8 no Spec1al crystallographlc

&
relétlonshlp between the. atoms of the product and of the
N

reégtant molecules. The~most general t}pe of interphase is
probably the semi~cohereﬁ£, consisting of small regions of
SgherenF interphase separated By an array of intersecting
line dislocations. For aicoherent or semi-coherent inter-
phase the cfystal structure can still control the polymer

—

product. Also, the degree of coherence of the interphase

- -
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could c¢hange with the extent of reaction producing polymers
of different properties. This could explain the change in
polymer tacticity with the extent of polymerization found
for methacrylic racid [Léndo (1972), Chacggty (1973) 1. ’

The cryéial structure of the monomer can therefore

influence the polymerization mechanism  in many ways,

topotaxy being only one of the possible results of this
)

a2

-

influence. .

Further progress in this field has been delayed

™~
by the lack of information concerning the crystal structures

of the monomer materials. There are experimental difficulties

in determining these structures since polymerization can

S

occur during an X-ray or a neutron diffraction study.
ar ’ »
I-2,b Role of crystal lattice defects <

1
Defects in a crystalline solid are the defiations

//ﬁrsm\fhe perfect tridimensional order and the chemical

purity of. a perfect crystal lattice. Many investigations,
mainly on inorgamic solids, have shown that defects can

radically modify the reactivity of solids [Garner (1955),

" Farad (1959), Hedvall (1966), Galwey (1967), Schwab (1965)].

Defects can be classified as po¥pt, ling and plane

defects. Point defects, such as interstitials and vacancies,

are not considered to have an 'important effect at the
temperatures at which SSpP i§ u§ually studied [Bémford (1969)] .

Line defects are of two types: edge and screw

.
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parallel tg'thé edge of the cut by one lattice spacing. A .

dislocations [Kittel (1966), Hannay (1967)]. An edge

*
dislocation can be thought of as being produced by the

insertion of an extra half plane of atoms in a perfect

crystal lattice.

<
~
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A screwy dislocation can be thought of as produced by cutting 01
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the crystal partway through with a knife and shearihg it
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(;| the surface of an heZix,

" Fig. (I-2): Screw dislocation
4

Near the core of a dislocation there are both regions of .

compfessive' stress and -of tensile stress. Reaction at §

l +
these sxtes should minimize the bulldup of additional stralns.

- ‘ Dlslocatlons should therefore favour the nucleat;on of, a

ot
. - %
new phase. Dlslocatlons reduce three to four orders of - ’

magnitude relative to a perfect crystal the critical shear .%

. _ stress or minimumg stress needed to plastically deform a . -

¢i§ . @olidf Th%yplastic_ deformation is brought about by the
: . . A Y [




movement of dislocations inside the crystal. The simple
presence of dislocations in a crystal does not explain the
plaipit flow. As disloc;:ion§ are annihilated when they meet
the surface of a crystal new dislocations must continuously
be generated by the applied stress if the process of plastic
flow is to continue. In a solid state reaction. the product
does not fit perfﬁftly inn the crystal lattice of the reagent
and therefore the riistion generates strains in the crystél.
It is likely that this strain can be accommodated by the
lattice through the movement of dislocations and generation
of new ones. Dislocations are also known to provide regions
of higher diffusion coefficient in a crystal thus facilitating
tHe collision of reaétants. Indeed observations on organic
crystals undergoing various reactions, including SSP, seem
to indicate that diélocaFions are a preferred site for
nucleation.” Thomas 9%@ Williams [Thomas (1969)] showed, by

a chemical etching study, that the regions of preferred
dimerization in anthracene coincide with etch pits. Thomas
and Williams [Thomas (1967)] suggest that the protuberances
found on the sugfaces of paf;ially decomposed sucrose crystals
correspond to the emergence of dislocations at the crystal
surfa?e. E&rthékmore they exglain the satelliteslsurrounding
the protuﬁerances by the introduction of further dislocations
during-decomposition. Similar protuberances have been
observed after the polymerizatién of p-benzamidostyrene to

low”convg}sions [ﬂoraweti'(1964)ll In the polymerization of
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acrylamide sella et al. [Sella (1961), (1962)] observed by
electron microscopy the developnent of polymer globules
along lines oriented in crystallographic directions. They
concluded that the polymerization starts in dislocations.
Bamford et al. [Bamford (1963)] inferred from the pressure

dependence of the rate of photopolymerization of acrylic and

methacrylic acids that the polymerization occurs preferentially '

in dislocations. Eastmond [Eastmond (1973)] showed that the

. )
directions in which dislocation lines can be formed more
easily coincide with the directions Bf known polymer growth ,
in trioxane-.

All the experimental results and ideas reported so
far are relative only to the properties of individual
dislocations. Dislocations interact also with one another
and for very high dislocation concentrations their interaction
becomes responsible for such properties of solids as work
hardening [Kittei (1966), Martin (1972)]. It would be
interesting to investigate if the interaction of‘dislocations
plays an§ role in SSP.

The propertie; ?f dislocatiuns described above must
be possessed also by low angle grain boundaries since they.
,are an array of dislocations. The effect of low angle grain
boundaries on SSP is then expected to be qualitatively the |
same as of dislocations. ‘

~

Large angle grain boundaries and phase boundaries

are characterized by a higher degree of disorder than dis-
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locations. On the basis of the previous arguments they are
bl
expected to favour the polymerization even more. However

their influence on SSP has not been sufficiently investigated.

I-2,c Role of molecular motions

Several experimental observations indicate that
monomer mobility is an important parameger in SSP. Wide-
line NMR Sas shown that trioxane [Komaki (1963)], acrylo-
nitrile [éhachaty (1973)J, acrylic and methacrylic acids
[Eastmond (1971)], methyl methacrylate [Marx (1965)] and

sodium methacrylate [Odajima (1961)] polymerize only at

temperatures at which the monomer undergoes a considerable
molecular reorientation. Widﬁ;line NMR however detects only
molecular motions occurring over the whole crvstal [see (I-3,a)].
If polymerization starts mainly in dislocations it is the

monomer mobility in dislocations that:should investigated.
This was done by ESR in the case of methacrylic acid [Bamford
(1968)]. The polymerization was shown to start only above

a temperature at which thete are enough molecular motions in

the defects where the rgaction occurs. General molecular re-
orientation could then be ifportant only because it implies a

’

higher defect mobility. ,
Self diffusion is known to be the rate determining step
in many solid state reactions [Wintle (1972)] including radical

recombination. Rate constants for radical diffusion can then

§
i
i
$

be determined by ESR. If a radical and the corresponding monomer

-

_b
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are not very different their diffusion rate constants are
#
very similar [see (I-3,b)]. By ESR it was shown that the

frequencies of self diffusion and polymerization of acrylo-

nitrile at low temperatures are very similar [Gol'danskii

(1971a)). On the other hand the dame method gave for acrylic

acid a frequency of polymerization much smaller than the

frequency of self diffusion [Gol'danskii (1971c)]. ‘Probably

self diffusion is a rate determining step only in certain

ranges of temperature or at some polymerization times

[Gol'danskii (1971b)]. Both for acrylonitrile and acrylic

acid the frequency of polymerization is much smaller than

the frequency of molecular reorientation measured by wide- {
line NMR. It is also to be remarked that the frequency of
monomer addition changes éuriné the growth of the polymer

chain [Adler (1969)] and it is its "instantaneous" value

that should be compared with the frequency of molecular motion.
Evidence for the importance of impurity diffusion in the
polymerization of trioxane was found in a study of its dielectric
relaxation {[Reneker (1974)].

The empirical evidence of the importance of moleculaf J
reorientation in SSP is rationalized by the assumpﬁion'that é
it supplies the correct geometry for the monomer and the
radical to join whereas their equilibrium positions might be
unsuitable {Adler {(1969)]. This can be true in general only
for the first few addition steps preceding phase separation.

Self-diffusion is necessary to supply monomer molecules to the
r
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growing chain end. Other roles have been postulat for

monomer mobility: to assist the change from sp2 to sp3

hybridization of a vinyl monomer by allowing the necessary
displacement of the surrounding molecules [Gol'danskii
(1972)]); to help anneal stresses set up in the lattice by
the polymerization and to allow recrystallization of the
polymer. Lattice control of the polymerigation was considered
to be possible only in presence of molecular motions which
wquld allow the reaction to take place in'the perfect crystal
while in a r;gid crystal polymerization could only occur in
defects [Kargin (1967)].

In conclusion there is empirical evidence that

molecular mobility is in general a prerequisite for SSP but

the exact mechanism by which this occurs is not known.

I-2,d Reaction mechanism and kinetics

In order to understand the problems that a theory
of SSP should try to solve it must be considered that SSP is
both a solid state reaction, in'most of the cases occurring
through a two-phase mechanism, and a polymerization reaction.
A solid state reaction leading to the formation of
a new phase is considered to occur through the steps of
nucleation and growth [Hannay (1967), Garner (1955)]. A
nucleus is a point in the crystal where the reaction starts.
Although the free energy for the formation of the new phase is
negative the nucleus can initially be unstable because it

creates positive interphase and elastic strain free energies.

The net change in free enexgy is: _

Fl

AG = AG + AG_ + AG (I-12)
v s e
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(:> where v, s and e represent respectively the volume or
chemical, surface and elastic free energy changes. Neglecting
AGe, as can be done for‘most of the cases(g%\AGv and AGs can
be written~as: |

06 = § mriag, + anrlag, (1-13)

Lof >

»
where Agv and Ags are the unit volume and unit surface free
energy. For very small radii the surface free energy is th
dominant term and the nucleus is unstable, but above a certai '
»
critical radius the volume free energy becomes more importa

because of its r3 dependence and the nucleus growth become

a favoured process:

AN : -
. 4Trr2AgS
. . -/
L
s AG i R (§
— 7
ERN : ;,
\\ - ]
\\\ ' ! |
. . \
- ’ \ 3 v

\ %mr AgV

Fig. (I-3): Dependence of the free energy of the nucleus on
its radius

' @ (*) .

The limits of this approximation will be discussed later.
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The critical radius is the value of r “for whigh the
derivative of AG with respect to r is ze;o. 4

The kinetic law describing a solid state reaction
will ‘contain in general both the rates of nucleation and of
nucleus growth.

This model ha; been successfully applied to a
large number of solid stdte inorganic reactions.

In the specific case of SSP, apart from describing
the variation of polymer yield with time, this model should
also answer the following questions:

a) For what chain length does the nucleus reach its
critical size?

b) Under what conditions will the initial radical grow to
form a sté%le nucieus rather than undergo recow?ination?

c) How many polymer chains will be contained in.the critical
nucleus? What will be their size and shape?

d) Does the growth of the nucleus occur by increase of
length of the chains?

e) What is the structure of the interphase between the
nucleus and the monomer crystal?

f) In what regiong of the crystal will nucleation be facili-
tated? y

So far few attempts have been made to answer these questions.

Kargin et al. [Karginh (1965), (1966)] assumed that the

nucleus is a cylinder formed by parallel growing chains.

il
They found that the number of chains forming the critical

i
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nucleus is d{rectly proportional to the interphase free
energy and inversely proportional to the volume free energy.
By this model they also derive kinetic curves qualitatively
similar to those obtained in many solid state polymerizations.
The value of this and of similar,treatmeﬁts is limited by the
many unconfirmed assumptions.

The vast majority of SSP investigations do not
explicitely consider the steps of nucleation and growth.
Instead the behaviour of some parameters likely to affect
SSP has been tested and the reaction has been subdivided

into initiation, propagation and termination, as in liquid-

PR

phase polyterization. Research in SSP seems to be still
at the stage of the collection of data from which a theory
will eventually be built.

The steps of propagation and termination deserve
some comment because they show some differences from

solution polymerization.

P

Propagation in SSP differs from solution poly-

ki

merization since it can be further subdivided into two steps:
the addition of the first monomer units to the initiating
species, which occurs in the lattice, and EEF subsequent
addition of the monomer to a long polymer chain, occurring

at the monomer-polymer interphase [Chapiro (1§72)J. The very
first addition steps can also occur at a temperature at
which polymerization itself does not take place(*).

«

In SSP initiation and propagation can be made to

(*)

This is true only for radical polymerizations.
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occur simultaneously (in source-polymerization) éf
separateiy (post-polymerizatioﬂ). The latter method has
the advantage that the polymer is not damaged by the
radiation.

Termination in SSP is again different from
solution polymerization since for most of the monomers
investigated in the solid state termination does not
involve chemical destruction of the active species, e.g.
recombination, but some physical changes occur in the
reacting system. Active species remain after the reaction

has stopped and the polymerization can usually be started
(*)

again at a higher temperature (reanimation effect). The
mechanism of termination is far from being well understood
but its elucidation is of considerable importance to the
understanding of SSP. Further discussion of this point
will be done in Chapter III.

As the mechanism of SSP is not well known kinetic
treatments cannot lead to true r&action theories. They are
mainly empirical correlations of variables. Two kinetic

schemes that can be applied to the SSP of the alkali acrylates

will be illustrated here. The first, due to Morawetz

L]

[Morawetz (1960)], deals with SSP in terms similar to

solution polymerization. The second, introduced by Chachaty

twelve years later [Chachaty .(1972b)], considers variables

more typical of a solid state reaction. Both illustrate

4

(*) ‘

Except at temperatures where there is a minimum in the

RN 4

rate of refction. "
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some problems characteristic of SSP in general.
\ In Morawetz's kinetic scheme a bimolecular decay-
of the active chain ends is assumed.

- Ry (r)? . (I-14)

[R¢] = [Re]o/(1 + kt{R-]Ot) {1-15)
The change in monomer concentration is given by:

-l k(M) [R] (I-16)
leading to a time dependence of Y, the fractional polymer
yield

Y= - In{l-Y) = (kp/kt)ln(l + kt[R']ot) (I-17)

N

This treatment gives a kineéic curve of the correct form

but it has a number of shortcominés, some of which were
recognized by its authors. For example a Q}molecular
termination of the polymer chains is incompatible bcth with
a radical and an ionic mechanism as viscussed by Morawetz in
the case of acrylamide. The radical concentration decays

at a rate different from the rate of polymerization. On

the other hand an ionic bimolecular termination is in-

consistent with the radiation dose dependence of the polymer

molecular weight. The recombination of active species cannot

then be a cause for termination.

ke FELE T TR TIAL R
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-0of a species depends also on its position in the cryéial
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The monomer concentration also is rather dif-
ficult to define., Fof'instanée, if the reaction occurs.
by a two-phase mechanism the monomer concentration encountered
the advancing interphase is constant. Concentrations and
orders of reaction are used with the samé’heaning as in

[ 4

solution polymerization but in the solid state the reactivity .

(e.g. perfect crystal, near defects, at the surface etc.).
A distribution function for the reactivity of the active
species‘should thus be introduced.
In Chachat&'s kinetic éreatment the fall in the
rate of post-polymerization i;,a&(ributed to the gradual
immobilization of the groups carrying the free valency -
and to a modification of the matrix structuée consisting of
a linear increase of the average energy of activatioh with ‘

the polymer chain length L. - The rate constant for either

polymerization or radical recombination is given by:

/ <

K = (kT/h)exp[-(AFo/RT) (1 + AL)] (1-18)

g

where k is the Boltzmann constant, h is Planck's constant,
AFo is the initial activation energy, R is the gas constant -

and A is a constant. The rate of pfopagation o0f a chain is .

given by:
dL
at = Aexp[-uL{ ‘ (1-19)
A = (RT/h)exp[-AFo/RT] (1-20)
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a = (AFo/RT)A (1-21)
~ .

A is the rate constant of the polymerization in the initial

cryst&i and a the rate of increase of the free energy of N
activation with increasing chain length or in other woxds
the increasing difficulty of polymerization. 'Similar‘

equations apply to radical recombination:

- & < Bexp(-gL)c? . -22)
, B = (RT/h)exp[-AF0/RT] (1-23)
“ B = (AFO/RT)A (1-24)

where C is the local radical concentration and B is a

measure of the increasing difficqlty of recombination with j/éﬁ«
polymer chain lengtﬁ.) Combination of equations (I-19)-(I-24)
gives the variation of the local radical conQ;ntratioﬁ deriving
from both polymerization and re;ombination. Whéﬁ reébmbinatio;
is highly favoured with respect to polymerization (B/a << 1)

the deca& of radical concentration becomes a normaflsecoéd—
order érocessl Average radical concentrations [R*] measufed

by ESR are obtained ffom local concentrations bysa distribution
function £ (a) f;r the reactivity of the radicals:

[R*] = Nov/of(a)C da (I-25)
ow,

e

where No is the number of radical packets per unit volume,

A

.
T&wj:.
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+v is the volume of a packet and C'is the local radical

PO '

concentrgation. The resultant general equation for SSP:

-

-

-

y = e gy 1%5 - l%g - 1)expf-anot] ' (1-26)

aMo

RS s Snse

where [R*]» is the sfable radical concentration at long -

times, a is the average value of o with respect to the ¥

7’ ~
’

.whole crystal, Mo is the initial monomer concentration,\ﬁ
1

.
B
alk. e

" Ao is a constant introduced to account for limiting con- .

version. 1In particular cases equatfon (I1-26) can be ap-

IS N PN

’ proximated to give a linear time dependence of the polymer -
yield Y: . " c

“
-~

Y = ([R*]o/Mo) (A-RO)t . C(1-27)
an exponential time dependence?

Y =([R-]m/&Mo)[(A/AQ)—lj%l-exp[-aAot]): ' (I—2é)

RN

or a logarithmic tim€ dependence:

| Y = (iR*]o/GMo)ln[l+3(A-A0)t] . . (1-29)

{t,; ’ All these types of kinetic behaviour are .found experimgntally.

éﬁﬁ& ' .Chachaty'’s kinetic treatment is based on assumptions ]
\iggt' physically more realistic than the Morawetz treatment. It i;

;;égi also a very general kinetic treatment. Unﬁortu?ately it ‘
;aﬂi contains many parameters that at the moment cannot be }

A o
E: 44 6%9 ' me:fured and it is therefore difficult to test experimentally
£ 4
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. i
s treatment.. In this aspect it illustrates .

a problem that i ‘racteristic¢ of many kinetic treatments of.

SSP: wiﬁh a éropef choice of paf%meters it is pgﬁfible to
obtain any kinetjc curve.: '

. ' _At the moment the.mbs% fruitful .approach seems

§

to-be the investigation of the individuafﬂ%ééction steps

and reaction variables rxather than the herivation of overall

1

kinetic schemes. W%}hout this information not only are many
assumptions necessarily arbitrary but kinetic equations,
even if formally correct, might “be without physical meaning.
. For instance in ;n investigation o§ theﬁreaction steps of
the SSP of trioxane [Voigt-Martin 61974)] the overall kineticg
'of polymerization was found to be the resultant of the four
subsquént or pérallel~processes nucleation,llongitudinal
f%bri& growth, fibril thickenigg, grain bouhaary and fgfect
“induced growth [Fig. -1, ‘ ’ »
. /\/
1009 « °

Y(%)

0

Fig. (I-4): Timegdependence of the polymer yield of a)nuclea-
tion,; b) defect induced polymn, c) longitudinal
fibril growth, d) transversal fibril growth,

e) overall polymerization
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Any attempt to derive a kinepié equation from the overall
o <

kinetics-of polymerization only would have been without
Py -

physical meaning. \

‘“‘

“i-3 MAGNETIC RESONANCE '

A charged partlcle pOSSGSSlng a Spln has also a
magnetlc moment which orients itself with respect to an
external magneth.fleld. ‘The number of allowed orientations
is restricted by quantiz&tion and it is possible to induce
transitions between the states having different orientations
and therefore different energies. Radiowaves and microwaves
are used respectively in nuclear magn®tic resonance (NMR)
and electron spin resonance (ESR). The usefulness of these
technlques for chemistry lles in the fact that transition
frequencmes, linewidths and llneshapes are probes of inter-
and intra-molecular environment. Other information about the
environment surrounding the spins can be obtained from stgdies
of the relaxation behaviour of the spin system. An excited spin
system tends to reéurn to the ground state by transferring
energy to degrees of freedom out of the spin system (spin-
lattice relaxation) or within the spin system (spin-spin
relaxation). The charactefistic times Tl (spin-lattice
relaxation time) and T, (spin-spin relaxation time) with which,
these processes occur are also determined by the environment
surrounding -the spins.

The general ideas so far outlined are common to NMR
and ESR but both the experimental techniques and the information
that one can obtain are different. Their applications to

solid state problems will thus be described separately.

i b =

et e i
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I-3,a Applications of NMR to the study of molecular

s

motions in solids

Nuclei in a solid placed in a magnetic field
interact with the external magnetic field and through dipole-
dipole interaction with other magnetic nuclei. Interactions
within other nuclei lead to considerable differences in
local environments which broaden the NMR line. The NMR of
solids is then called wide-line NMR. Calculation of the
lineshape, i.e. of all possible transition frequencies and

of the relative probabilities, requires the solution of

the Schrodinger equation:

Ky = ey . (@-30)
wherezﬁiis the following hamiltonian:

/%: gN?NHEIZi +

is the nuclear magneton,
[

where g, is the nuclear g factor, B
N N

Ii and Ij are the nuclear spin vectors of nuclei i and j,
I, is the z component of the nuclear spin,rij is the distance
between nuclei i and j, 2 represents the Zeeman interaction

of the nuclei with the field and D the dipolar interaction.

Equation (1-31) can be salved only for very simple spin
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systems (two, three or four nuclei) and for more complex
cases thc method oit;?ments is customarily used. The nth
moment of a normalifed resonance curve f(H) is defined as:

+
M = J _ (H~Ho)"'f(H)dH (1-32)

n -00

where Ho is the field at the centre of the resonance curve.
Van Vleck [Van Vleck (1948)] showed that the secona moment
can be calculated in terms of internuclear distances and

“angles. For a single crystal:

2, 2 2

_ 3 6
M, = Z‘I (I+l)gN BN

-1 2 -
N 'Z'(3cos eij—IL/Rij +

1,]

1, 2,-1 2 2 2. -6
+ 3 BN T I (1£41)9.°(3cos 0, -1 R, (1-33)

i,f

!

where I is the nuclear spin number, N the number of nuclei
at resonance, eij the angle between the field and the
distance between nuclei i and j Ri]' all the symbols with
the subscript f have analogous meaning but referred to
nuclei not at resonance.

To compute M, by (I-33) one should calculate Rij
for all the possible pairs of nuclei in the lattice but in
}_)1:acticeRij“6 vanishes beyond one or two unit cell distances
and many terms can be neglected. \
M, for a.polycrystalline sample is found by

averaging equation (I-33) over all the possible 6 values:

e
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_ 3 2, 2 -1 -6
MZ = g gN BN I(I+1)N ZRl] +
1,]
4 , 2,1 2 -6 _
+ 15 By N iZfIf(If+l)gf R, ¢ (1-34)
!

The exact computation of M, requires the knowledge of the
crystal structure. When the crystal structure is not known
approximate methods can be used. This is usually done by

4

dividing M2 into an intramolecular part S1 and an inter-

-\ molecular part SZ' The intramolecular second moment is
calculated by assuming reasonable bond lengths and angles
.aaile the -intermolecular part is estimated from a comparison
with known similar structures. Molecular motions of high
enough frequency will decrease the dipolar interactions by
averaging them over other possible orientations. The cor-
responding decrease in the second moment is obtained by
averaging the term (3coszeij—l) over all the possible
orientations assumed during the motion [Gutowsky (1950)].

“The intramolecular second moment for a single crystal in

presence of molecular rotation is then given by:

_ 2,"' ..2.3 2, 2.-1 -6
Sl,rot = (3cos 6 -1) [T I(I+l)gN BN N iZjF(Bij)Rij +
[4

|
i
1 2. -1 : 2 -6

+ §'BN N .Z If(If+1)gf F(Bif)Rif ] (1-35)

i,f
1 2 1y 2 _
F(Bij) = I~(3cos Bij 1) (I-36)

]
where 8 is the angle between the field and the axis of

L
n:,,.j.:\
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rotation, Bij is the angle between the axis of rotation and

Rij' In the case of polycrystalline material the term
1 ?
(3cos29 -1) is replaced by its average over all possible 6

4
values g
_ 3 2, 2..-1 -6
Si,rot = & I(1+1)gN By N .E.F(Bij)Rij +
i,J
4 2.-1 2 -6 .
r

Each term is reduced with respect to the rigid lattice value
by the factor F(B). S5 .4 can then be calculated for any
type of molecular reorientation.

A method for the calculation of the intermolecular
and intergroup‘contribution was developed by Andrew and
Eades [Andrew (1953)]}. This is more complicated than the

L4
calculation of the corresponding intramolecular contribution

[ 3
because of the simultaneous variation of angles and distances

during the motion.

Rotational oscillation causes a reduction of the
second moment dependent on the oscillation amplitude. In
this case the reduction factor for the intramolecular second
moment is given by [Andrew (1950)1:

p=1-31 (l—J02 (a))sin®2y + (1—Jo2 (20)) sin®y] (I-38)
1]

where y is the angle between the interproton vector Rij and

the axis of rotatio%al oscillation, a is the oscillation

amplitude and Jo(a) is a zero order Bessel function.h

- Kaar A b

LTI




;

®

Isotropic molecular reorientation cancels the intra-

molecular second moment {[McCall (1960) ,Dmitnieva (1964)]

while leaving a finite intermolecular contribution that can
be calculated considering all the protons concentrated at
their molecular centres. This leads to the formula:

N.R,® (1-39)

= 358.1 NO iR
1

I ™8

M2,reor i

where N, is the number of protons per molecule, Ni is the
number of ith nearest neighbours and Ri is the centre-centre
distance (in A°) between a molecule and its-ith nearest
neighbour.

The intermolecular second moment vanishes only when
the centre of mass of the molecule moves, for instance if
self diffusion occurs,

In an experimental curve of second moments Vs.

T AW TN AT

temperature M, may decrease with increasing temperature only

" . » .
ver certain temperature ranges and remaln constant over
thers. If the frequencies of molecular reorientation

rease continuously with temperature it means that only

TP SOREE Y

certain frequencies are effective in reducing the second
moment. The reason for this phenomenon can be understood
with reference to the relaxation behaviour of a spin system. IR
A nuclear spin precesses about the magnetic field H = Hj* 22364/
where H is the external field and H) e is the local field
determined by the nuclear dipolar interaction, with a fre-

= = + - 3
guency YH yHo t YHloc wy t Aw, If all the nuclel
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precessed in phase, with the same frequency 7, at a certain
instant,they would loose phase after a time T2= l/yﬁloc =1/bw.
If a molecular motion is to affect the relaxation behaviour
and the linewidth it must occur at a minimum frequency

w :l/Tz. .

The comparison of calculated and experimental second

moments allows the determination of the molecular motion

occurring in a solid, but information obtained from the second

3

moment within a transition region is of doubtful significance
due to the theoretical invariance of the second moment with
molecular motions. Andrew and Newing [Andrew (1958)] showed
that molecular motions can only split an absorption curve into
a central part and sidebands. These are separated by the
frequency of molecular motion and therefore the sidebands
move outward with increasing temperature above the tfansition.
The total second moment remaips constant but its distribution
between central and sidebands varies. The second moment
of the central part, given by the modified Van Vleck expres-
sion, cannot be accurately determined near a transitién
temperature because of the overlapping with the sidebands.
Information from the transition region'itself can be
obtained from the linewidths. An equation initially formu-~

lated by Purcell and Pound [Purcell (1948)] and modified by

Gutowsky and Pake [Gutowsky (1950)]:

(61) % = (a2-8%) (2/m)TAN Lo (YGH/vaC)J+Bz (1-40)
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where 6H is the linewidth, y is the magnetogyric ratio, Vo
r
is the reorientation frequency, A and B are respectively

the linewidth below and above the transition, allows the

determination of reorientation frequencies from the line-

width values:

ve = (ay8H/2m) [TAN(1/2) ((68°-B%) / (a%-8%)))1 7" (I-41)

-

By the usual assumption that molecular reorientation is an

4
”

N\
)

Ve = vaexp(-Ea/RT) (I-42)

LY
activation energies for molecular motions can be determined.

Some assumptions made in the derivation of equation

(I~40), like the existence of a constant lineshape all through
\

the transition, limit considerably its usefulness. When

absurd results are obtained by means of equation (I-40) an
alternative treatment developed by Waugh and Fedin [Waugh (1963)]
can be used. The results of this treatment are expressed by

[ ]
the equations:

E_-= 1.8 RT, 1n [(n/8) (kTo/21)}) (1-43)

-1
Ea = 37 T, (kcal mol ™) (I-44)

where Tc is the temperature at which the line starts narrowing,
n is the symmetry number of the axis of reorientation, A is

the d’fference between the linewidths below and above the

' \\b/‘
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transition, I is the moment of inertia of the molecule.
Equation (I-44) is an approximate version of equation (I-43)
which in most of the cases gives results accurate within

+ 10%.

The wide=-line NMR method illustrated so far has
some limitations. For example it is sensitive only to
molecular moiions occurring over the whole crystal and it
does not detect motions taking place in defects oniy. Also
frequencies of molecular reorientation can be determined only
over very limited ranges,and simultaneous motions taking
lace in the same solid cannot be unambiguously separated.
Both an extension of the range of measurable frequencies and
a better identification of simultaneous motional processes
can be achieved by NMR pulSe methods [McBrierty (1974)]. It

is therefore to be hoped that pulse methqds will be applied

also to the study of SSp. *

I-3,b Application of ESR to the study of 'molecular motions

The interactions of the electron spin of an organic
radical in a magnetic field are expressed by the following

hamiltonian: j
3 18

K, = Bu-ges + goT0I - 9B T (I-45)

where B is the Bohr magneton, H is the external field, S and
1 are the electron and nuclear spin, g and T arg tensors. The
. 2 =

energy of the unpaired spin of an organic radical is thus
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determined by 4its interaction with the field and with

nuclear spins and by the interaction of the nuclear spins .

with the field. The last term gives only a second order

(*)

contribution and can be neglected in the present discussion
The hyperfine interaction term §:T+1 can be considered

equivalent to a local field. To each value of MS in the main
field correspond (2S+l1) orientations of S in the local field.

The local "hyperfine" field then splits each ESR line. The

hyperfine interaction term can be subdivided into an isotropic

or contact interaction and an anisotropic or dipolar inter-

QLN RIS BT JR WL PRIREY T - AT

action:

‘JE/S = B*H'g'S + a1 + Sgf ‘I (1-46)

where a is the hyperfine coupling constant, a-S+I the iso-
tropic term and §-T-1 the anisotropic term. The nuclear
spins contributing to the hyperfine interaction are the

' nuclear spin of the atom containing the unpaired electron and

of the atom in position a with respect to it. Nuclear spins

[ O

T
,"2

LS,
-

in the B position with respect to the unpaired electron

contribute substantially only to the isotropic hyperfine
term. The B8 hyperfine coupling constant is given by the

expression:

2
aB = Bo + Blc05 ] (1-47)

1 4 .
) (*Ithe possible effect of the nuclear Zeeman energy is to
allow certain transitions that would be forbidden by the
selection rule AMs = Q,




where BO and Bl are constants and 6 is the angle.between
the directions of the u-B bond and of the orbital containing
the unpaired electron. Hyperfine coupling constants with
a nucleus on the same atom or with a nucleus in a posxtionh
do thus depend ma%ply on the electronic structure of the

{ -
radical while the B hyperfine coupling constantﬂhepends
mainly on the radical conformation. The ESR spectrum of
an organic radical will then depend on the radical confor-
mation and on the orientation of the radical with respect to
the applied field H. ESR can then be used to detect radical
motions [Marx (1966)}. The shape of the spectrum changes
primarily due to intramolecular motions.

The effect of the g factor anisotropy on the shape
of the ESR spectrum will be mainly evident when the hyper-
fine interaction term is ;egligible, as for example for the
radicals ROO- and RS+. In these cases the absorption
maximum of the spectrunf of a‘sfggle crystal is displaced by
changing theJorientation of th® crystal in the field. The
spectrum of a polycrystalline material shows instead three
maxima corresponding:to the three main values of g when the
raéical is fixed in the lattice. The occurrence o§ rapid
molecular motion destroys the étructure of the spect¥rum.

The reorientation frequency of the radical can be determined

by the d?ange with temperature of the distances between the

absorption maxima [Moriuchi (1970)]. For most organic

+

radicals g is almost symmetric and the main cause of

s

e = [P
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anisotropy is the hyperfine coupling. The orientation of -

a radical contained in a“single crystal with respect to the
external magnetic field can be varied by rotating the crystal.
in the field. A differ?nt spectrum corresponds to each
orientation of the radical. Analysis of these spectra allows
determination of the principal axes of the hyperfine tensor
of the radical with respect to the egternal magnetic field
[Carrington (1967)]. If the crystal strucéure of the solid
is known then the orientation of the radical in the crystal
can be determiged and compared with the orientétion of the
originél molecule. If the radical starts reorienting with
respect to the crystal lattice the same ESR speé%rum will be
obtained whatever the position of the crystal w}th respect

to the field. The loss of anisotropy ot the ESR spectrum of

a radical is therefore a qualitative indication that the

.¥radical is reorienting with respect to the lattice. The ef-

fect of radical reorientation on the spectra of pélycrystalline

4

material i less direct: it ‘can only be detected by comparison

-

of the spectra calculated for the rigid and reorienting

*

radical with the experimental spectrum.

-

(%]

Interconformational conversion of a high enough

frequency would change each 8 hyperfine coupling constant

to its average over the oscillations: .
e
ag = By + Bj<cos”6> (1-48)

~

where <cosze> indicates the average of the cos“6 function

N

T
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'second ary.irreversible change in their shape.

38.

-

over the oscillations undergone during .the conformational
change. ag can be calculated at different temperatures as
a function of the activation energy, for the conformational

change if the rotational wave functjon for the group C—HB )

is known. Comparison of the experimental with the calculated
2] . o

vs T allows a determination of ﬁa,fér the confor-

~ « .
‘ - @ . \

curves a
- B
mational ¢hange. . « ., - ", o
w ” .

Intermolecular motions of radicals do not modify .
. T s ’

‘the ESR spectrum. The detection of these motions\is based

» ~ - Es ] . s -’ 8 -
récombine or react with the subistrate: in the first case
4 D ] . ] . . /7"

-
|
. ] s .
on the detection of radical reactions. Radical$ €an-either . 3

-
-~

’ L L,
there is a decrease in intensity of the spectra, in the
. :

Radical re-
: .
combination will be wainly discussed here because.it .is .
. 1 & '
' . s . b A
wmore related to the content of this .thésis, 4

w
wt

According to the theories-of solid state reaction,
-~ {

which also apply to radical recombination, radicals react with |
one another only if they meet in a single cage, usually but

not necessarily the unit cell 6f the solid. The total
reaction, rate constant kt will then be determined by the

rate constant of self diffusion kd of the rad;cals to this

e 1 e R
"

reaction cage and by the rate of reaction k.. within the
cage [Waite (1957), (1958), Lebedev (1967), Butiagyn (1972)}]. 4

b 2 o
The €%eory has been developed to allow for all the possible
L . f

ratios betwegn the rate -constant of self diffusion kd and
\ ] . ' 4
the rate constant of reaction kr' When kd and kr are ;

Y




binatdion is usually much smaller than the activation energy

. hybridization of one C atom in the radical with respect to

W cat o F r
i Y

: L4
comparable radical recombination does not follow a second
! r
order equation but at short reaction times the measured

rate constant is time dependent. In the extreme cases in

which either kd >> kr or kd << k} the measured rate constant
*

kt will be equal to the smaller of the two. Almost always

*-

kg << kr because the activation energy for radical recom-

for radical diffusion [Shepp (1956), Ayscough (1956) 1,
i
and then kt ~n kd' Both in this case and when the diffusion’

constant is time dependent ESR measurements of radical

concentration as a function of time allow detetmination of

T NG MW Il Mmoo A NI I 3 P TEINIAoe

the diffusion constant.
Mobilities of radicals in irradiated crystals can
be used to detgrmiue Lhe mobility of the surrounding

molecules if the relationship between these two quantities
‘ L4

* is known [Marx (1966)]. The diifereﬁgps between a gadical

. L, Lo
and its parent molecule are due to intra- and inter-molecular

interactions and to the presence of defects created by the

radiation used to produce the radicals. The different

the molecule"will cause a difference in intramolecular forces.

e v ol

This difference will affect only the part of the radical one
or two bonds distant from the unpaired electron and its
importance will decrease with the increasing size of the
radical. Intermolecular forces do not - seem to change o

substantially from the molecule to the radical. Calculations

o , |



. b
by Szwarc [Szwarc (1965)] for the cyclohexyl radical in

cyclohexane matrix showed that tﬂe intermolecular forces
acting on the radical and on the molecule differ by only

a small amount. This result cén probably 'be extended to
‘all the organic radicals that do not have a large dif-
ference in polarity from the molec;les: Several radicals
have b%Fn found to have the same orientation with respect
to the crystal lattice as the parent molecule, which ié a
further proof of th% near equality of intermolecular- forces
between radicals and molecules. However radicals deriving
from very small molecules will show larger differences in

intra- and inter-molecular forces from -the respective’

molecules. Another difference between the mobility of a

radical and of the parent molecule in the unirradiated crystal
is due to the defects caused by the high energy radiation. It
is therefore important to use a radiation dose as low as

. possible to produce radicals.

®

Tare. 4

. . . » :
Radical recombination has been shown to have a

x
-

“stepwise" character for a large number of organic solids

i

+

[Lebedev (1964)]. The recombination starts considerably

b

=3 b

»._" ’ “2‘

" below the melting point and &t any temperature only a
de'finite fraction of/the radicals disappears. The remaining
stable concentration of free radicals d;creases with in-
creasing temperature until all the radicals disappear at

a phase transition [Fig. (I-5)]. However only phase

transitions having an entropy larger thdn 4.6 e.u. lead to
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-a complete disappearance of rgdicals [Claes (1973)]. 1In
all known cases the€ at}on rate constant increases
dramatically near a phase transition [Marx (1966)]. This
could be expected since at a phase transition there are

very large fluctuations in density and consequently enhanced

molecular motions [Bensasson {1963)].

]
+J

tr

[R-]

WV

Fig. (I-5): btepwise character of radical recombination

These’data show that there is a very wide dis-
tribution of\activation energies for radical diffusion. As

radical recombination implies radical mobility the starting

) “%

3
2
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temperature for the recombination could be expected to
coincide with the temperature at which molecules start
moving in the solid. Dielectric measurements have been
conpared with ESR results for phenol, aniline, O-nitro
N-methylaniline and N-ethylaniline showing that radical
recombination starts at a much lower temperature than
molecular motions. [Tolkachev (1970a), (1970b), (1971)].
Dielectric measurcments are not sensié?ve enough £§ detect
molecular ﬂotions in defects, but show an increase of the
dielectric constant only when there are very extensive
motions in the solid It was then’con€luded that radical
migration occurs in defects. This would also explain the
large temperature range over which radical recombination
occurs. Given the heterogeneous nature of defects it
would be much more likely to have ‘a broader spectrum of
activation éhergies than in the perfect lattice.

In conclusion, ESR allows the determination of
rate constants of radical diffusion, which occurs mainly
in crystal lattice defects. Rate constants of self-dif-

fusion of the parent molecule are considered to be in

general only slightly lower.

I-4 PREVIOUS STUDIES ON THE SALTS OF ACRYLIC ACID

Morawetz and Rubin [Morawetz (1962)] investigated
the solid state polymerization of the acrylates of Li, Na,

K and Rb. They observed wide differences in reactivity

~*
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among these samples: K acrylate was found to polymerize

at 273 K as fast as Li and Na acrylates around 400 K.
&
Preliminary measurements on Rb acrylate showed that at

303 K it polymerizes slightly less fast than K acrylate.

-
'Y

H
These results will be described in some detail because ' 2

. p
of their close relationship to this thesis. In particulgr ?
the nature of the reaction kinetics and some measurements ;
of molecular weight of the polyacrylates will be illustrated. 1
a) Nature of the reaction kinetics. The polymer yield Y “ﬁ
Qas found to be linear when plotted versus the logarithm ;
of time for long encugh reaction times. At shorg reaction §

times Y vs. logt showed a different behaviour that was not
explained. The minimum reaction time after which Y became
linear with respect to logt decréased with increasing
temperature. The slope of the limear part was found to be
parallel at different temperatures and the yield after a
fixed time increased with increasing temperature. An
activation energy of 69.9 kJ mol—l was found for the
polymerization of K acrylate at 19% conversion.

b) Measurements of molecular weight of the polymer products.
Average molecular wei%Pts were determined for Li, Na and K

acrylate polymers by light scattering in aqueous solutions

of the corresponding1§lkali chlorides. The molecular

\ ,
weight of K acrylate polymers was found to be independent of

the extent of conversion to polymer at all the temperatures

studied except at 273 K where the molecular weight increased

e
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with the extent of conyersion. The molecular weight of K

acrylate polymers showed a minimum at about 333 K. The
molecular weight of potassium acrylate polymers decreased
with increasing radiation dose. Molecular weights of Li
and Na acrylate polymers are one érder of madnitude smaller
than those of K ac;ylate polymers.

The large differences in the polymerizability of the
fourﬂacrylates were attributed to a crystal lattice effect
but no direct evidence was given. The reaction was considered p

to have a radical mechanism although no definitive proof of it

was given. A comparispn:of molecular weight and radical con-
centration, measured by ESR, for K acrylate showed the oc-
currence of some chain transfer for K acrylate.

The few other studies on %he SSP of salts of
acrylic acid are not very dgrectly related to this case.
Some Russian workers‘observed a rapid polymerization in the
system Na acrylate - Li chloride moistened with agueous
ethanol (Kargin (1960)]. The high polymerizability was - )
attribuéed to the increase in défect concentration following
the heterogeneous exchange reaction producing Na chloride.
The same workers also observed a fast polymerization in
sodium and potassium acrylates mechanically thated in a
vibrating ball mill in the presence of small quantities

of water [Kargin (1962)]. Again the increased rate of

polymerization was attributed to defects created by the

mechanical treatment. It is very doubtful whether these




- ~——— g . ety oo e o s e P - - PN -&:

observations are comparable t® those of Morawetz et al.

because the presence of water could cause considerable changes

in the reaction mechanism. #
Numerous studieschave been devoted to the poly- .

merization of Ca acrylate hydrates with various degrees of

hydration [Costaschuck (1970) and bibliography therein] but

again these observations could partly depend upon the

chemical role of water which is obviously absent for: the

alkali acrylate salts.

I-5 STATEMENT OF THE PROBLEM

The acrylates of Li, Na, K and Rb appeared to §,
constitute a good case-study in solid state polymerization
because the different cations are not supposed to take part
in the reaction but only tovcause differences in the physical
parameters that are likely to affect the polymerization.

These acrylates have melting points much higher than the
temperatures at which the polymerization was investigated
and thus avoid any premelting phenomenon. Preliminary widF-
line NﬁR measurements on Na and K acrylates [Costaschuck (1969)]
suggested that there was a difference in the degree of
molecular motion in Na and K acrylate over the temperature
range at which polymerization occurs. This observation showed

1
promise as an alternative explanation for the different

polymerizability of the four acrylates with respect to the
i

effect of the crystal lattice postulated by Morawetz et al.
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Measurements intending to obtain a quantitatiye estimate of
the molecular motions of the four acrylates have been carried
out in this thesis. The objectives of this study were:
a) To compare the relative rates of polymerization of the
four acrylates with the molecular motions of the respective
monomers: v
b) To see if any of the acrylates have a phase transition
over the range of temperature investigated and if so to

compare the rates of polymerization below and above “the

pransition.

Saidy

.
- S e 15 %




[P~

R RS « - v g e .

P

CHAPTER II

EXPERIMENTAL
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11-1 ,PREPARATION OF Til MOHOMERS

Li, Na and K acrylates were prepared by addition
of acrylic acid to a methanolic solution of the alkali
hydroxide. The salts were precipitated by addition of
ethyl ether, washed with ether, dried, dissolved in methanol
and slowly reprecipitated by further addition of ethyl
ether. *The reprecipitation procedure was repeated three
times. THe final reprecipitation was made over a period
of twelve hours.

To prepare Rb acrylate the carbonate was added
to a 20% solution of acrylic acid in methanol. The rest of
the procedure was as described above.

, i -t

The acrylic acid used was not distilled because
the stabilizer commonly used (p-methoxy phenol) is soluble
both “in methanol and in ether.

j The salts were characterized by elemental analysis

of C and H. The results are reported in Table (II-1).

II-2 POLYMERIZATION KINETICS OF K ACRYLATE

Samples of about 1.5 g of the monomer were placed
into 25 ml glass ampoules which were evacuated, flushed with
dry nitrogen, reevacuated and sealed under a pressure of
about 5 x 10'-2 Tgrr. The flasks were then placed into a
Dewar filled witb dry ice and irradiated with 0.2 M}ads(x) in
a Gammacell 220. The dé;e rate used was 0.22 Mrads/hour.

The dose rate was measured by Fricke dosimetry [Weiss (1956)].

(*) -2
1 Rad = 100 erg/gr = 10 J/kg

el
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TABLE (1I-1): Results of the elemental analysis of the V4

acrylates' of Li, Na, Kand Rb

Exp % Calc %
: H ©3.87 3.88
Li i
C 46.33 46.20 : o
} [ \
5 - H 3.31 3.22 ’
! Na , ! {
c - 38.38 38.32 *
H 2.72 - 2.75
K .
c - 32.86 32.72
H 1.92 . 1.93
Rb
C 22.84 23.02
‘ ;
’
‘ - S

-
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The post-polymerization was then started by placing the

samples in a thermostatic bath at the desired reaction

égyperature. The progress of the polymerization was followed

by extracting the residual monomer from a flask with anhydrous

methanol containing a small amount of hydroquinone inhibitor

and filtering off the polymer into a sintered glass filter.

The polymer was then washed with methanol, dried to constant

‘weight under vacuum and weighed. '

The polymerizations were studied at 313 K, 323 K,

333 K and 353 K. =

I1-3 WIDE-LINE NMR MEASUREMENTS

Samples for wide-line NMR measurements were pre-
pared by the same vacuum treatment of samples used for

polymerization kinetics and sealed in 9 x 10-3

m.0.D. samplg
tubes. Wide-line NMR spectra were recorded at 60 MHz using a
spectrometer built essentialiy from Varian components. The
sample temperature was varied by passing a heated or cooléd
nitrogen stream around the sample and monitored by copper-
Constantan thermocouples pl?ced up~- and dowg—stream from the
sample. The temperature variation during the recording of a,
spectrum was estimated to be * 0.5 K. The experimental
second moments were calculated from the first derivative

traces with the aid of a computer Qrogranucxﬂ'taining a cor-

rection for finite modulation broadening.
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I1~4 DSC MEASUREMENTS

Samples of Li, Na, K and Rb acrylate were place
in aluminum sample pans and studied between 173 K and 600 K
with a Perkin Elmer DSC-1B, differential scanning calorimeter.
Special sample pans that could be sealed were used to stuay
irradiated acrylates. The sealéd pans were placed into

glass ampoules and given the same vatuum treatment as the

samples used for the kinetics of

’

were then irradiated withf0.2 Mrads at a dose rate of 0.22
Mrads per hour. Repeated scans with raising and decreasing

18
.temperature were done for each acrylate sample between 173 K X

and 600 K.

I1-5 ESR MEASUREMENTS

Li, Na, K and Rb acrylates were irradiated in quartz

tubes having a bulb on one end.

the bulb and the tube was sealed
5 x 10_2 Torr. The samples were
dose rate of 0.22 Mrads per hour
After irradiation the narrow end

a blow torch to remove F centres

bulb with the sample was kept immersed in dry ice. The tube J
was then turned upside down transferring the sample into the

narrow end and warmed up to the reaction temperature.

4

For each acrylate sample spectra were fhgorded as
‘ \

a function of time at several temperatures. Measurements were -

.
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polymerization. The samples

.

The monomer was placea into
under a vacuum of about
irradiated at 195 K at a

with a total dose of 0.2 Mrads.
8f _he tube was annealed with

from the quartz while the

-
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taken for reaction times up to 12 days. The ESR instrument

used was based upon a Bruker spectrometer with 100" KMz

-

modulation and operating in the X band.. Spectra were ¥

r

recorded in such conditions as to avoid signal saturation

and broadening.. The temperature was varied by means of a -

gas flow thermostat system, including a temperature control “\
; v P
system that kept the temperature within + 0.5 K from a

preset value.

The ESR spectrometer was calibrated with a pitch
sample‘of known radical concentration. The spectfa of the

’

lacrylates and of the pitch sample were%recorded simulta-

« ' .

neously with an internal reference placed in the ESR cavity
to take into account the chanqs in the adjustable parameters

in different spectra.
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I1I-1 POLYMERIZATION KINETICS

Some additional measurements on the polngrization

kinetics of K acrylate were made to extend the data obtained i
by Morfwetzrand Rub:n [Morawetz (1962)]. Plots of polymer
yield Y vérsus logt are straight lined at long reaction -,
times at 313, 323, 333 and 353 K. The data obtained are , ?
shown in Figs. (III-1) and (III-2). The slopes of the straight
] lines, however, are not constant with temperature as found
earlier [Morawetz (196?)] but show a minimum at 323 K, as

| I
)
in Fig. (III-3),which includes also data from Morawetz and

v gt

Rubin. At all the temperatures studied the polymer yield Y
. is linear with respect to logt only at relatively long ‘

polymerization times. To see what is the kinetic behaviour
) €

T et meay

at short polymerization times data from‘ggsswetz for Li, Na

.

and K acrylate were plotted both versus time and versus logt

‘ [Figs. (III-4), (III-5) and (III-6)]. These plots‘and a

. ¢orrelation analysis [Table :3;1—1)] s ow that a constant
. ‘ 1
ﬁj rate of polymerization fits e experimental results better S

than a logaritmic rate law at short polymerization times.
The period in which this occurs becowes shorter with

increasing polymerization rate. Another interesting

feature shown by Figs. (III-4)-(III-6) is the nonzero
intercept of the curves (Y,t). This could either imply
that there is some in-source polymerization at the tempera-

ture of irradiation or that a different pgte 1awt§s/fol-

¢
lowed at extremely short polymerization times. A test of

QE, ’

e e - — TN 4,



TABLE (III-1l): Correlation of polymer yields Y with t and

with logt at short polymerization times

; [ Q

Cation Temp/K Corr. (%) Corr. (%)
Li 374 95.2 82.0
b4
Li . 405 98.6 88.0
N |
Na 393 98.8 96.7
Na i 403 . 99.9 97.8
. K 273 99.8 93.8
K T 323 96.3 90.9
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Polymerization of K acrylate at 313 K

{(top) and 323 K (bottom)
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Fig. (III-2): Polymerization of K acrylate at 333

(top) and 353 K' (bottom)
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Fig. (III-3): Temperature dependence of dY/dlogt for

K agrylate
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, Fig. (III-4): Polymerization of Li acry}ate at 374 K (o)

and 405 K (0)
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Pig. (III-5): Polymerization of Na acrylate at 393 K (0)

P

and 403 K (o)
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show the formation of any polymer. It looks therefore t

60
L]
in-source palymerization performed on K acrylate did not
unlikely that Li and Na acrylates, yhich do not polymerize

even at 353 K, can polymérize at 195 K. A different rate ,
law followed at very low convergions seems a more probable %
‘ explanation for the nonzero intercept of the linear period. :
4 There seem thus to be three stages in the ‘
; polymerization of the alkali acrylates: 5
1
‘ (1) an initial period A extremely fast, for which at %
. L M
N the moment there are not enough data to be able %
T ' to define a rate law ‘ , ?'
(2) a successive reaction period B in which the rate
’ of polymerization is constant with time
) (3) a final; reaction period C in which the rate of
B polymerization slows down continuously until
A ' ’ the polymer yield reaches a limiting conversion
o The three stages ire illustrated in Fig. (IXI-7).
h
{;,« 1 It is then interésting to see if the same three
gﬁi reaction periods occur at all the temperatures studied, ,
Z. .
?: , in particular at 323 K, and if so to compare the relative ;
@{}: | reaction rates at different temperatures in the periods of , o
Eaf ' constdpt and decreasing polymerization rate. The results ?
gki | of kinétic.measurements pefformed,with1this purpose on K . z
5?“~ acrylate at 323 K are shown in Fig. (III-7). Also at this {
»
é;: ‘ temperature Y is not linear with respect to logt at short
*gw €§3J \ . . )
. | - :
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reaction times and in the first fifteen minutes of reaction
Y shows a better correlation with t tfan with logt. Again

also the 1nTercept of the (Y,t) straight line is different
A plot of polymerization rates in period B at s

) |
different temperatureE [Fig. (III-8)] does not show the

from zero.

minimum found at 323 in period C. Instead, the rate

increases continuousl# from 273 K to 353 K with a maximum. "
i rate of increase between 298 K and 333 K. "
Ar‘;/ d . . -1 K
enerqgy activation of 69.9 kJ mol was ;
f‘ ' determined [Morawetz](1962)J for potassium acrylate at 19% ii
: b conversion. The mefﬁing of such an activééion energy 1is
' not particularly clear. Both the existence of regY¥ons with
different rate laws in the polymerization of alkali acrylates
and the kinetic schemes that will be later illustrated show
that, at least at long reaction times, a complex reaction
occars depending on several variables at the same time.
N The energy of activation is then probably the resultant of
$; ot energies of activation for individual phenomena. Further-
;fﬂ’ ! more in region é calculated energies of activation will
%éﬁ' depend on the particular extent of conversion chosen.
3@; ; 1 A kinetic expggiment was performed on potassium
Si;ﬁ acgylate to test if the decreasing rate gf reaction could
;%3: be related to a-modification of the matrix structure. Samples
égﬁ prepol¥?erized for one hour at 353 5 and fresh samples were
;féa ‘both polymerized at 313 K. While the fresh samp{es reacted
é?w <\ normally the prepolymerized samples did not undergo any
XIS A
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'Yig. (III-8): Temperature dependence of dY/dt for K acrylate
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Fig. (III-9): Polymerization of K acrylate at 313 K:

a) fresh sample (e¢) and b) sample pre-

polymerized at 353 K (w)
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further polymerization [Fig. (III-9)].

ITI-2 WIDE-LINE NMR MEASUREMNENTS

Wide -1ine NMR measurements were made on the

acrylates of Li, Na, K and Rb in the range of temperature

77 K - 430 KJ“thus covering the temperature region in
which the rates of polymerization were studied. The line-
shape found for all four azfylates (Fig. (III-10)] ap- {
parently shows a narrow line superimposed on a broader peak. <
The relative intens].& of the central narrow line with

respect to the outer peak can change sligntly but there |
is no sharp change 1in lineshape with temperature. The
permanence of the central narrow line in spectra of careful-
ly dried samples shows that it is not due to water present
as an impurity. On the other hand a reduction in the
modulation amplitude decreaseéd witihh the components by the
same amount showing that the true lineshape‘of the acrylates
1s opserved. Such a lineshape can be understood with
reference to Fig. (I¥I—10): as the interaction H2-H3 1is

going to be stronger than the interactions Hl1-H2 and H1-H3
then the spectrum will be a superposition of a doublet due '
to the two-protons system (H2,H3) and a singlet due to the X
Hl proton with some additional broadening from H1=-H2, H1-H3 i
and intermolecular interactions.

Measured linewidths and second moments are shewn

in Figs., (III-11l)~-(III-14). On the ﬁasis of these results
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2 3.

?

Fig. (III-10): Derivative of the wide-line NMR linesha 3.
the alkali acrylates (top).? Acrylate ion

(bottom) .
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Fig. (III-11): Temperaturé dependence of the linewidth (o) and second moment (e)
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Fig. (III-123: -Temperature dependence of the linewidth (o) and second moment (e)

cf Na acrylate
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Fig.

(£II-13): Temperature dependence of the linewidth

of' K acrylate
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acrylates can be subdivided 1nto two classes:

- PR ——— P

71

a) Li and

o

" Na acrylates which show only a gradual decrease of line-
width and second moment and at temperatures above 400 K
still retain high values of both these guantities;

b4 K and Rb acrylates which show a sharp motional transition

slightly above room temperature and
linewidths and second moments above
considerably lower than those of Li

Within each

have final wvalues of
the transition »
and Na acrylates at

of the classes a) and

the same t?mperatures.
b) more subtle differences can be observed: Li acrylate
shows a decrease 0of second moment larger than that of Na
acrylate; K acrylate Qﬁf a secénd moment lower than Rb
acrylate above the transition temperature; both K and Rb
acrylates show a gradual decrease of linewidth and second
moment below the transition temperature.
From these observations it can be seen that K
and Rb acrylates at temperatures above ~200 k have a higher
monomer mobility than Li and Na acrylates, that at tempera-
tures around 400 K Li acrylate has a slightly higher
monomer mobility than Na acrylate, that above their motional
transition K acrylate has more monomer mobility than Rb
acrylate. |
Theoretical second moments were calculated to
determine the types of molecular motions existing in these

3

acrylates. The crystal structure is not known for any of

the alkali acrylates. The intramolecular second mbment was

a
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thusssalculated from bond angles and distances deduced
from the crystallographic [Higgs (1963), Chatany (1963)]
and electron diffraction f[Ukaji (1959ﬁ] data for acrylic

acid and by data obtained for similar molecules, C-C:'bond

lengths and angles were assumed not to change from acrylic
acid to the acrylates. C-0 bond lengths could change but
they have a negligible effect on the calculation of the

second moment. A C-H bond length of 0.91 A® and an H~C-H

bond angle of 112° reported in one of the crystallographic N,
determinations [Higgs (1963)] were considered unreliable. -

C-H bond lengths of 1.08 or 1.09 A° and H-C-H bond angles
of 120° were thus assumed giving the following set of

molecular parameters for the acrylate ion:
- = . - = o, - = - = - =
C1-C2 1.45 A®; C2-C3 1.34 A°; C2 Hl C3 H2 C3 H3
L
= 1.09 A°; Cl-C2~C3 = 120.3°; Cl-C2-H1 = C2-C3-H2 =
= C2-C3-H3 = H2-C3-H3 = 120°; C1-01 = Cl-02 = 1.29 A°;
01-C1-02 = 123.5°; C2-Cl-01 = 116.3° .

where the numbering of the atoms is the same as in Fig. (III-10).

The molecule is considered to be planar and the proton co-

ordinates calculated by this set of molecular parameters
were used to compute [(I-34)] an“intramolecular second moment :
of 6.9 + 0.3 G2 for the rigid molecule. The uncertainty of ,

‘nger is due to the variation of the C-H bond length from {

1,08 to 1.09 A°. The intermolecular second moment for the
R

P

-~

. ¥ It Y )




TABLE (III-2):

»

Experimental and calculatéd second moments for alkali acrylates

o~
-

Exp. Calc. Intra Calc. Inter Calc. Total
Cation (c?) Motion (c2) (c%) (G2
it 9.7 ¢ 0.1 Rigid 6.9 + 0.3 3.1 10.0 % 0.3
Na*t 9.8 + 0.1 .
i -
'l 9.7 + 0.2 ' ‘
s ¢
rRbt 9.9 + 0.7 '
o
Rotation
about dJne 2.2.+ 0.1 0.9 + 0.2 3.1 %+ 0.3
.axis x
a) 2.2 + 0.1 0.9+ 0.2 2.5 £ 0.3 - =
k' 3.0 + 0.4 b) - 3.8 + 0.5 0.9 + 0.2 4.7°% 0.7
. RbT 3.7 + 0.4 c) 1.6 + 0.1 0.9 + 0.2 2.5 + 0.3
d) 1.6 + 0.1 0.9 + 0.2 2.5 + 0.3
e) 1.7 ¢+ 0.1 0.9 ¢ 0.2 2.6°% 0,3
2
-1
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( ,

rigid crystal was obtained.by correcting the value of ;
4.2 G2 of acrylic acid [Eastmond (1971)] for the different °
number of protons. It is possible to use the value of

the ;érylic acid because its second moment was calculated
considering the hydroéen—bonded dimef as the basic unit

of the.crystal and tﬁe hydrogen bond contribution does not
affect the intermolecular second moment. Another potential
contribution to the second moment comes from the alkali ions,
all of which have at least one isotope with nonzero spin.‘
Again the calculation o; this contribution would require

a knowledge of the cry;ta% structures of the acrylates but
this term islexpectéd to be small and the fact that the
measured second moments for the acrylates are equal within
the experimental error [Table (II1-2)] and COl:Zide rea-
sonably with the total calculated proton second moment for
the rigid cf?Etal indicates that the alkali ion contribution
to the second moment is negligible. It can then be concluded
that at 77 K all the acrylates are rigid.

The acrylate ion has no symmetry axis and therefore
no apparent axis about which a preferred motion would occur.
It is to be expected that ionic interactions would tend to
maintain the carboxylic acid group in a fixed position in
the lattice while any motion tHB£ does occur should d6 so
with the lowest moment of inertia. Thus to account for

the observed decrease in second moment of K and Rb acrylate

five types of molecular motion can be considered [Fig. (III-15)].
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Fig. (III-15): Molecular motions considered for the acrylate

. ion. Hydrogen atoms are not illustrated

> r

[ NI TV TSR e V|

XA






L

76

Motion a) does ‘not change the distance between the -Co,

group and the alkali cation and it has a low moment of
inertia, motion b) has the minimum moment of inertia and

a small change in the distance between —C02 and the alkali

cation, motions c), d) and e) have both large moments of

i

inertia and large distances between -Co, and the alkali

i

cation.

Intramolecular second moments have been cal-
culated for these motions bfithe Gutowsky-Pake formula
[eq; (I-35)]1. Without knowing the crystal étructure of
the acrylates only a ranée of possible values can be cal-

culated for the intermolecular second moment using typical

-~
e

values of reduction factors due to molecular reorientation
given by G.W. Smith [Smith (1965)]. A comparison of total
calculated and experimental second moments [Table (III-2)]
shows that the range of the calculated_values includes the

exéerimental second moments for K and Rb acrylates. Typical

A

-

- vaiues of second moment for isotropic molecular reorientation

_are o le [Andrew (1953), McCall (1960), Smith (1965), Fried

(1973)]). Values of 0.18 and 0.37 62 were calculated
respectively for f.c.c. and b.c.c. §tructures. The ex-
;erimental second ﬁoments of K and Rb acrylates seem thus
too high to allow for isotropic reorientation. For none
of the aéfylates self—dizfusion seems to occur so exten-

sively or at a high enough rate to cause line narrowing.

The most likely molecular motion for K and Rb

!
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(’l acrylate is a reorientation about one axis, the axis being
. e,
different for K and Rb. -
A comparison of the experimental second moments

of Li and Na acrylates with calculated values shows also

that, even at the highest temperatures studied, these
acrylates cannot undergo complkete molecular reorientation
but only limited oscillations.

- As the purpose of the wide line NMR measurements

was to see if there is any correlation between monomer

. mobility and polymerization some spectra of irradiated

1Y
it ,,..w...';*:m [ ] Awwm"“m. - . . .

: ) acrylates were recorded to ascertain if radiation damage

‘ modifies the monomer mobility in comparison with the unir-
radiated cyrstals., Additional information on the change of :
molecular mdbility in the reacting matrix could be obtained

by performing these experiments =t temperatures at which
polymerization occurs. In some other systems, as for example

acrylic acid and acrylamide [Chachaty (1972a) and (1972b)],

* the appearance of a narrow line of.fhcreasing intensity with

: the progress of polymerization was reported. This line was

'ﬁ” interpreted as arising from increased monomer mobility around

: the growing chain or from mobile regions of the product

xS polymer. Wide line NMR spectra were recorded at 353 K for
ﬁg* Li, Na, K and Rb acrylates irradiated with the same dose

. used for kinetic measurements. At this temperature Li and

. Na acrylates do not polymerize while X and Rb acrylates

C-) polymerize. Spectra of Li and Na acrylates recorded at
]

- VRN W TR W RS W A Ea) R . N veara— - —
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several times after the samples had been warmed up to
353 K did not change with respect to those of unirradiated
samples. Spectra of K and Rb acrylates recorded’at tﬁe
irradiation temperature showed no change with respect to
those of unirradiated acrylates; when irradiated samples

s Vere warmed up to 353 K the linewidth and second moment
progressively increased as the polymerization proceeded.
In the meantime there was a change of lineshape: the
relative intensity of the wings increased with respect

\

to the central part of the spectrum.

b) a)

Fig. (III-16): Change of wide-line NMR lineshape with
polymerization at 353 K - a) unirradiated
sample, b) polymerizing sample.

s

These results prove that y radiations used to

initiate the polymerization of alkali acrylates do not

%
|



'

[P e - - v e e,

79

WY

3

(:, _y\ﬂ , -cause extensive changes in the monomer mobility; they do

not however exclude that an enhanced molecular mobility
couldﬁge produced by the irradiation near preexisting or
radiation induced defects. The changes found in the spectra
of K and Rb acrylates as the polymerization prog££:ses are
not clearly interpretable in terms of changes in the reaction
matrix. The line broadening could be due either to a lower
molecular mobility of the polymer formed or to a decreased
mobility of thé unreacted monomer or to both of these
phenomena. Their effects on the lineshape are not separable

so little direct information can be obtained by wide line

NMR spectra on this particular point.

III-3 DSC MEASUREMENTS

DSC measurements were performed on the acrylates
to detect the possible occurrence of any phase transitions
in the temperature fange over which the polymerizalion was
investidated. Both unirradiated and irradiated samples were
studied to ascertain if the irradiation caused any change
in their behaviour.

Li and Na acrylate did not show any phase transition
between 273 K and 473 K while K and Rb acrylates showed one
at 339 K and 333 K respectively. This transitién occurs in
both cases few degrees above the end of the motional

transition detected by NMR.

Irradiated samples of Li and Na acrylate again did

L
.

Aytn
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(:> not show any phase transition. An irradiated sample of K
acrylate showed a transition at the same temperature of
the unirradiated sample. No change in this behaviour was » ;

found after three days of polymerization at room temperaturgl
During repetitive upwards and downwards scans the transition in K
acrylate occurred always at the same temperature. This
eliminates the possibility that the high temperature phase
persists as a metastable phase below the transition.

p «
III1-4 ESR MEASUREMENTS

Esr spectra of the four acrylates were recorded
as a function of time‘at temperatures varying between 303 K
and 423 K. These measurements were performed with the aim
of evaluating the relative importancelof radical recombination
and chain proéagation in the polymerization reaction. The
decay of acrylate radicals was followed below and above the

temperature at which polymerization begins for Li and Na

acrylates, below and above the phase transition for K and

Rb acrylates.

e

The spectra of the four acrylate radicals are shown
in Fig. (III-17). The dominant feature of all these spectra
is the triplet found for most irradiated vinyl monomers (I-1).
The spectrum of the acrylate radical in each salt is distingui-
shable by some secondary features: Li and K acrylates show

some small shoulders superimposed on the main triplet, in Na

acrylate each peak of the triplet shows an additional smaller
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Fig.

(II1-17):

}y

recorded at low polymer yields or when no

polymerization is occurring the spectra

+ESR spectra of the alkali acrylate radicals

were recorded under the following conditions:

magnetic field = 3205-3215 G;
mod. a;pl. = 4 G;

sweep range = 200 G;

sweep time = 200 §; . -«

time constant = 0.5 s;

kﬁystron power = 0.5-2.0 mw.
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splitting and Rb acrylate shows an almost undeformed
.

¢

triplet.u No difference was observed between spectra r
recorded at the irradiation temperature of 195 K and at

temperatures at which polymerization to only very low

conversions had occurred. With the progress of the poly- g
merization there was no major change in the lineshape but %
each line broadened [Fig. (III-18)]. As the rate of ¢
broadening appeared comparable to the rate of polymerization 3;

a quantitative measurement of the broadening was obtained
by means of the ratio of peak area, A, to peak height, h.
Indeed A/h shows the same time dependence as the polymer

yield: i.e. a plot of A/h versus logt is linear.

" The acrylate radical must in all the cases be of

the type:

G~ : ~CH..-CH~CO0~

o 2

Some oligomerization must already have occurred at the
g& ‘ temperature of irradiation because the expected quintet

PN spectrum of the monomer radical is never observed. The
-

shoulders or splittings could be due either to the presence

of more than one radical conformation or to an asymmetry of
the spectrum of one radical conformation only. The broadening
of the lines at high polymerygation yields could be due to

several causes: replacement of more mobile oligomer radicals

by less mobile polymer radicals, decrease of mobility of the

radicals due to changes in the reaction matrix caused by the

‘{} ¢
{ :




F,J'.g: (11 8): ESR spectra of the alkali acrylate radicals

at high polymer yields
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polymerization, creation of a broader spectfum'of loca)l

environments and consequently of local fields by means of

the crystal damage caused by the’ poiymerlzatlon, increase

‘of molecular weight of the recomblnfng -radlcals, ﬂresence

of more radical conformatlon‘!’n the ;olymer radical than in

the low oligomer radical. As the ESR line broadening occurs

with a rate law analogous to the polymerization it is 1ikeh%

that an investigation of the causes of line'broadening -
. * could help also to understand the polymerization ﬁechdnism.

The dgcay of the radical concentration of the four acrylates

[Figét (II1419)-(111-24)] is second order when the correct
(*)

radical concentration is plotted versus time except for

Na acrylate at 423 K. In this case the rate of recombination

1

scems to decrease with increasing reaction time. Second
. order plots for the decay of acrylate radicals are given

in Figs. (III-25)-(III-29}. Second order rate constants for

. radical ‘recombination are shown in Table (III-3). Na acrylate

EE N has recombination constants considerably lower than the other

é;l acrylates which have recombination constants of the same

{%ﬁ order of magnitude., The recoTblnatlon constant of K acrylate :
?%‘ radicals shows a minimum at 323 K [Fig. (III-30)). A minimum i1
> is shown too by the recombination constant of Rb acrylate J

|
around 313 K. ) !

* , B
( )Difference between the actual radical concentration and E

the stable radical concentration [R-]w.
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~ T Fig. (III-19) Decay of Li acrylate radicals at 353 K
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Fig. (III-21): Decay of Na acrylate radicals at 353 K :
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Fig. (III-23): Decay of K acrylate radicals

*
at 313 K (e), 323 K (=), and 353 K (A)
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Fig. (III-25): | Second order decay of Li acrylate radicals
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(I11-26);: ‘- Second order decay of Na acrylate radicals

Fig.
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at 353 K
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Fig. (IXI-27): Second order decay‘of Na acrylate radicalg
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Pig. (III-2B): Second order decay of K acrylate radicals
at 313 K (4), 323 K (o), 353 K (o) and -
373 K (m) .
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Fig. (III-29): Second order decay of Rb acrylate radicals

g

at 303 K (o), 313 K (A).and 353 K (0)
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TABLE (III-3): Temperature dependence of the radical re--

combination rate constants of the alkali acrylates radicals

. ...3 '
Cation Temp/K ET/(SX1O )
Li 353 '3.06 + 0.58
Li 423 extremely fast
! ' -1
Na 353 (2.0 + 0.6) x 10
. Na 423 (3.42 + 0.25)x 10~%
f’?‘
E\
%
: K 305 3.14 + 0.5
' K 313 2.80 £ 0.42
K - 323 " (2.25 £ 0.19)x 10~}
‘ ’ .l K 333 2.92 + 1.89
K 353 . 5.55 %+ 1.42
K 373 114,11 + 2.28
. 4 ,
Rb 303 29.81 + 4.56 '
Rb 313 2.28 t+ 0.14
" Rb 353 . 2.94 * 0.17
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Fig. (II1I-30): Temperature dependence of the second order

b3

radical recombina%ion'rate;constants of

K acrylate
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I11-5 DISCUSSION
The radical concentration of the alkali acrylateé
decays during the first hours of reaction to a value [R'-Jw,

and then remains constant for the period over which the

reaction was followed, up to several weeks [Figs. (III-20)-
(111-25)]. The rate of pplyme;rization is congtant in reaction
period B when the decay of the radical concentration is

. fastest. In the period C the rate of polymerization decays

“ with the same rate law both before and after the limiting

I radical concentration [R~]w has been reached. Therefore

the variation in radical concentration measured by ESR must

' be due to the recombination of radicals which do not contribute
(in large amount) to the polymerization. The radical re-
conbination seems tk\oi:cur in the least reactive regions of

the crystal, where the small oligomer radical-cannot polymerize.
Once the polymerization has started, however, radical cha'ins
quicklygattain a length such that .their probability of re-
combination becomes negligible. It is interesting to note

: that in Chachaty's kinetic scheme radical recombination is a
W second order process only in the regions of the crystal where
e there is negligible polymerization. The concentration of

§
' polymerizing radicals can thus be considered constant during

the polymerization. The polymerizability of a certain region
of the crystal could be determined by the rate of nucleation
of t'he polymer phase. A similar behaviox{r was reported by
Chachaty for acrylic acid and acrylamide [Chachaty (1972a),

(1972b)1.
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ESR measurements of radical concentration for
a polymerizing system are thus morg useful measures of

radical mobility. In fact, if recombining radicals do not "

polymerize then the measured rate constant for radical
recombination kT will be determined as for irradiated non-
polymerizing crystals, mainly from the rate constant for

radical diffusion kD [see I-3,b] and therefore kT==kD.

REVESY I

Polymerizing systems could instead be expected to

show recombination with a time dependent rate constant. If
L
{

the polymerization modifies the crystal a corresponding

change in the measured recqmbination rate constant kT should :

P

be expected. The second order recombination observed for
the alkali acrylates (and for most ¢ther polymerizing
monomers) is either a proof that no modification of the
reaction matrix occurs or that the change takes place so
rapidly that it cannot be followed by ESR. In the latter

, case kg, should reflect the properties of the modified matrix.
Indeed a deviation from a second order decay was £3und fof

Na acrylate*at 423 K [Fig. (III-22)]. The recombination

' rate constant varies, apparently decreasing with increasing ;
%F‘ , reaction time. This does not necessarily imply a change of| %
¥?} the matrix because the simultaneous presence of two radicals
é;% in the same reaction cage could cause the same deviation 4
ﬁg [Butjagin (1972)]. On the other hand the low recombination

] ® of Na acrylate at 423 K are the simplest conditions under

%i: rate constant and the large variation of radical concentration
-
¥s
Fisd
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i
which a deviation should be observable. Deviations from

a second order decay could thus occur for other acrylates

at such short times as not to be observable. Evidence for

a modification of the matrix caused by the polymerization
comes from the minimum observed in the recombination rate
constapt of K acrylate at 323 K and of Rb acrylate at about
313 K. Both theory and experiment for nonpolymerizing ir-

! radiated crystals [see (I-3,b)] show that the rate constant
for radical recombination should increase continuously with
N increasing temperature, this increase being particularly fast

5 near ‘a phase transition. The minimum observed for K and Rb

v o e

acrylate must be due either to a change of the chain length
of the recombining radical or to a change in the "reaction
matrix". In view of the previousliy discussed independence

- of radical recombination and polymerization it seems unlikely
that at 323 K a radical should start polymerizing and theg
undergo recombination. The minimum in the recombination
rate constant of K and Rb acrylate must therefore reflect a

-

property of the modified matrix. ESR measurements of the

fii { rategs of radical recombination in a polymerizing crystal are ;
9& expected to give the diffusion constant of radicals in the

ég‘ reaction matrix modified by thé'polymerization. >%~
%%? Rate constants or at least parameters independent

gii of monomer and radical concentrations would be needed in order ‘
grb to understand the influence of crystal structure, defects,

“} and molecular motions on the mechanism of polymerization.

1 &




Such parameters are difficult to obtain due to the lack’
of a kinetic scheme that accurately describes the poly-
merization. The unsuitability of Morawetz's kinetic scheme

is emphasized by the previous discussion of the independence

-

of radical reccombination and polymerization. Chachaty's

kinetic scheme is based on more realistic assumptions and '

' predicts the constant and logt dependent rates of poly- :

! merization found respectively for the acrylates in periods ) {
B and C [egtns (I-27) and (I-29)]. On the other hand it i‘

has not béen sufficiently tested experimentally. The slopes i

: of the (Y,t) and (Y,logt) straight lines have been used as f

parameters to follow the polymerization of the acrylates.
d¥/dt and dY/dlogt are indeed reaction rate constants

because they do not depend on concentraticn terms since beth
the concentration of the polymerizing radical and of the
monomer at the reactant-product interphase are constant during’
the polymerization, at least below the limiting conversions
reached for most vinyl monomers. It is interesting to note

- . that the;é two slopes could be used as rate constants also in
Chachaty's kinetic scheme because [R*]_/M, shows only small

variations in all the situations in whiéh the SSP of the |

acrylates was studied. * )

A polymerization behaviour characterized by the
two reaction periods B and C is shown also by acrylic acid
and acrylamide [Chachaty (1972a), (1972b)]. Many other

compounds show the same time degendence of the polymer yield
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(-' but their reaction period B has not been investigated.

The comparison of experimental data "is therefore difficult
both for the lack of data and for the different experimental
conditions used. dY/dt increases with temperature for Li,
Na and K igrylate, for acrylic acid and for acrylamide and
it increases with radiation dose for acrylic acid and acrylamide.
dY/dlogt is constant with respect to temperature for acrylic

! acid, acryla&ide, Li, Na acrylate and for K acrylate at all
temperatures except at 323 K. The polymer yield after a
fixed polyme;ization time in period C increases with increasingl
tempefaﬁure for all the above mentioned compounds. dY/dlogt

.

is constant with respect to radiation dose for K acrylate.

Reaction period B ends at lower yields for higher values of
-~ dy/dt. Values of 4dY/dt and AY/dlogt are reported in
Table (I1I-4). ‘ v ?h
For each monomer témperature has the largest
influence in reaction period B while dY/dlogt seems to be
-

a constant for a giveﬁ7compound over a relatively large

range of temperature. Table (III-4)also shows that dy/dt

:"5‘,“1

o for K acrylate is slightly lower than for acrylic acid and
gu - slightly higher than for acrylamide. Considering that these
L2’ L}

48 two compounds were studied just below their ﬁelting point

it seems that very favourablé conditions for'polymerization'
exist in K acrylate. In fact Li and Na acrylate at higher
temperatures have smaller values of dy/dt.

To understand the effect of monomer mobility on

A
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TABLE (III-4): dY/dt and dY/dlogt for the poiymerization

of some vinyl monomeérs
o

Compound

Acrylic écid
Acrylic acid
Acrylamide
Acrylamide

Li acrylate

Na acrylate

X acrylate

K acrylate

Ca acrylate *2H,0O
Ca acrylate anhydrous

Ca acrylate -0.5H£O

Temp/K

265
276
310
326
374
393
313
353
298
298

298

103
|
. dy/dlogt
T/Tm  (dy/dt)/(sx10 °) (s%)
0.93 6.41 x 10 3.96
2
0.97 4.24 x 107 3.96
0.87 1.33 x 10 l6.8
0.91 5.55 x 10 16.8
=2
—— 8.94 x 10 7.53
a ¢
-1
-———- 1.75 x 10 4.8
-—— 7.94 x 10 6.05
. 2
-—— 1.43 x 10 6.14
— ———— 4,82
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SSP both the crystal structure of the monamer and the type

2

of molecular motion should be known. The crystal structures
»

of the acrylatés have not been reported and the type of
molecular motion can only be determined approximatively.
The actual frequency of the motion can rarely be determined
by wide-line NMR. Therefore only a qualitative correlation

A

of rate constants of polymerization with molecular motions
can be made, )
: A comparison of molecular motions and rate co;stants
of polymerization is more meaningfu% if d;ne separately for
the reaction periods B and C. Po%ymerization starts oc-
curring at measurable rates at 374 K for Li acrylate, at 393 K
for Na acrylate and 273 K for K acrylate. At these tempera-
tures, at which the acrylaEes'are un@eréoing only a limited
rotational oscillation [Figs. (III—lZ)-(III—lS)J, d¥/dt is

a

higher for K acrylate than for both Li and Na acrylate
{

[Table (III-5)]. - : .

An oscillation amplitude of about 25° is obtained for

Li and K and of about 20° for Na acrylate at 374, 273 and 393 K

respectively, assuming in all the cases an oscillation about

&

an axis passing through the C-Hl1 bond [Fig. (IIXI-10)] and the

same reduction factor for the inter- and intra-molecular

4

second moment. dY/dt increases with increasing temperature
for these three acrylates. Polymerization then starts oc-
» «

curring at about the same degree of molecular mobility for the

three acrylates but the rate constants of polymerizétion are

ks
[T TP Gor Py v owws a a




TABLE (III-5): dy/dt

» Cat

Li

Li

Na

Na
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for L1, Na and K acrylates
Temp,/K (dy/dt)/ (sx10"°)
' "l
374 8.94 x 10
405 4,25
393 ' 1.75
- ‘ '
403 2.27
273 2.92
=i
N
]
%
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different. éﬁ/dt must therefore depend on other variables
such as crystal structure, presence of defects etc. Between
273 K and 373 K, dY/dt for K écrylate increases continuously
while in the same range of temperature there is a motional
transition terminating at 350 K above which the. monomer
molecule undergoes reorientation rather than oscillation
[Fig. (XII-31)]. The increase in dY/dt is faster during
than below é;d above the NMR transition. Above the transition
the rate of increase of dyY/dt seems to slow down. Not ehough
information on K acrylate is at the moment available to
understand the nature of this phenomenon.

dY/dlogt was seen to be independent of temperature
except for K acrylate at 323 K, No relationship can therefore
be found i; gencral bectwecn moenomer mobility and rate constant
for polymerization in period C. For K acrylate at 323 K
instead the minimum in dY/dlogt corresponds to a minimum in
radical recombination rate constant and in degree of poly-
merization of poly K acrylate [Fig. (III-32)]. This means
that the rate constant for radical diffusion‘&n the modiéied
matrix is, in period C, a more meaningful parameter than
monomer mobility. The difference, between reaction periods
B and C is probably the absence of any reaction matrix
modification in B. The polymerization rate constant shows
a correlation with the properties of the initial crystal in B
and with the properties of the modified matrix in C.

l
Li and Na acrylate are reported n@t to polymerize
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\Fig. (I1I1-31): Temperature dependence of dY/dt (o) and

of the sec¢ond moment (e) of K acrylate
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Fig. (IXI-32): Temperature dependence of the radical re-
combinate rate constant (o), dY/dlogt (o)

and of the average degree of polymerization

(8) of K acrylate .
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at 353 K [Morawetz (1962)]. At this temperature the
monomer molecules can only undergo limited oscillations

while the diffusion ponstantﬂis considerably higher for

Li than for Na acrylate radicals. The ESR spectrum of Li

acrylate at 353 K broadens with time while that of Na acrylate

remains unchanged. If the broadening of the ESR spectrum

indicates the occurrence of polymerization then Li acrylate %
starts polymerizing but undergoes a sudden termination !
before either the molecular weight of the polymer or the 0 3
polymer yield become measurable. Na acrylate instead fails ‘
to polymerize because the reaction cannot start at all. \\\\,f

A comparison of molecular mobilities with rate

constants of polymerization of the alkali acrylates leads

then to the followinag conclusions:

a) A minimum molecular mobility seems to be a prerequisite

! for polymerization.

?‘ b) It is not clear what role is played by molecular motions

. but it seems that they can play different roles in different
W, reaction steps. ' L
M- c) In period B, monomer mobility is better correlated with

;é the rate constant for polymerization d4y/dt.

@é‘ d} During the polymerization a modification of the reaction

?*? matrix occurs after whith the rate of polymerization cor-
%2; relates better with the motional properties of the madified

matrix as measured by ESR.

&t @E& The modification of the matrix probably plays a
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. . . . 4
quite important role in the SSP of the alkali acrylates and
possibly for other systems as well. This point can be il-

lustrated by a discussion of the mechanism of termination

in SSP. All the possible causes for termination are of two

types: either a decrease in the concentration of the reactants
or a decrease in their régbtivity. As radical recombination :
and polymerization are two distinct processes Mdical con- ,i
centration cannot be the limiting factor. On the other

hand it is also unlikely that monomer concentration is thel‘
limiting factor Because in many solid state polymerizations

a limiting conversion of less than 50% is achieved. It could

be argued that although the monomer concentration left at the
=

end of the reaction is still high the probability of col- i
lision between the macroradical and the polymer has become
comparable with the probability of collision between the , !
macroradical and the monomer. This cannot be true in general !
since there is a phase separation and the reaction occurs at
the interphase between polymer and monomer. On one sidé of
the boundary there is a constant concentration of monomer.
Termination could alternat.vely be caused by a
decrease in the reactivity of the reactants. The reactivity

of a species in the solid state is determined both by

chemical and physical contributions. The chemical contributions
should not vary with polymerization. A change in the physical

contribution to reactivity is thus left as the most general

cause for termination in SSP. 1In other words the parameters

‘

.
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that influence the polymerization (distance between reacting
groups, defect concentration etc.) change during the reaction
or equivalently the "reaction matrix" is modified.

The data obtained in this investigation do not allow
an unequivocal iéentification of the mechanism of matrix
modification. The following discussion 1s an attempt to
clariﬁy this mechanism. As the growing polymer cannot in
general fit precisely into the crystal structure of the
monomer there will undoubtedly be some build-up of strain in
the monomer lattice. For example in a recent investigation
of the SSP of trioxane [Voigt-Martin (1974)] it was impossible
to find a reasonable value of interphase free energy without
explicifely considering the elastic strain free—energy(*).
However, the occurrence of dislocation multiplication and
phase separation shows that the strain does not necessarily
need to be elastic. .

At a high enough temperature an annealing of the
accumulated strains is likely to take place. The importance
of annealing in the SSP of a solid solqﬁion of methacrylamide
and isobutyramide has been demonstrated by Adler [Adler (1970)]
who also suggested that insufficient annealing of the strain
created by polymerization could be a cause for limiting |
conversion. The resultant strain accumulated in the lattice
is then probably determined by the balance between creation

and annealing of strain. Results obtained in this thesis and

and in other investigations can be explained by this mechanism

‘ <
7

-

* .
( )This represents a limit of the assumption that 4G = O,

see (I-2,d).
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( ; of matrix modification. The "reanimation" at a temperature
T2> T1 of a polymerization that had stopped at Tl [see page 20]
'

. can be explained by an annealing at T2 of the strains that at
i Tl had stopped the reaction. Both the rate of generation

and the rate of annealing of strain are expected to increase

with increasing temperature but not necessarily at the same

¥ o Bt Sy, oy,

]
b rate. Both depend on molecular mobility, although in general

not in the same way. Their rate of increase near a phase

transition could be substantially different’giving rise to a
3 maximum or minimum in their balance. This is a possible
explanation for the minimum found in rate of polymerization,
rate constant of radical recombination and molecular weight
of poly K acrylate at 323 K. If generation and annealing
of strain intrease at different rates with temperature then
‘he strain accumulated in the monomer lattice should either
‘ decrease or increase with increasing temperature. The “

,5 failure to polymerize at 313 K of the samples of K acrylate

prepoiymerized at 353 K shows that the strain built in the

%ﬁ lattice is larger above the transition. The same matrix

;u that would have continued to react at , 353 K stops polymerizing

4

C' at 313 K. The conservation of the high éemperature phase of J
gg K acrylate as a metastable phase below the phase transition :
:fﬂ where it could not polymerize, is ruled out as an alternative !
i‘ explanation of th}s experiment, by the results of DSC measure-

g' ments on irradiated K acrylate. Also a slight decrease of

3h €;D | the stable radical concentration above the transition
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A
(IR!JQ(353 K)=0.7 IR{JE(313 K)) should at most cause as

decriease in the polymerization rate and not its complete

cessation. A negligible strain accumulation would leave
almo;t unchanged the reaction matrix allowing the poly-
merization to occur at a constant rate (period B). When
the strain accumulation becomes considerable and changes
the properties of the reaction matrix the rate of poly-
merization decrgases continuously Qégriod C). The strain
accumulation mechanism of matrix modificatiqp theﬁ‘pfovides
} ah"explanation of the data obtained in this tﬁ%&is although
i not the only possible one. o
It is not clear under what form the strain is

tfffumulated in the lattice and why strain should decrease
the reactivity. If dislocation multiplication occurs, as
! suggested by Thomas and Williams [Thomas (1967)] for the

caramelization of sucrose, this could create a high enough

dislocation concentration to "harden" the lattice (cf. work

Fa : .

o hardening of metals) and reduce its polymerizability. Agdin

;% this is a possible mechanism by which the strain could be

e . .

=1 accommodated in the lattice. If this is the real mechanism
‘ ~

- of the modification of the matrix then monomer mobility can
play another imgortant role by helping to anneal the ac-
cumulated strains.

To summarize the previous discussion it could be
said that a likely mechanism for the modification of the

reaction matrix is the accumulation of strains in the reacting

e a4 T i cria PR 1 2
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monomer lattice. The net accumulation is determined by
‘the balance between generation and annealing of strain. A

b . . b .
possible way in which the strains could be accommodated in

i the crystal lattice is by dislocation multiplication, which

LS
LY

2

could cause a hardening of the lattice that stops the reaction.
Molecular motions would be very important in such a mechanism

by allowing the annealing of the accumulated strains. The e

! existence of a matrix modification also suggests that a

separate investigation should be conducted in reaction periods

o i E I e —

+
»

LT B and C. 1In this way information could be obtained respec- .
3‘ tively on the importance of physical parameters in the i‘
? . initial crystal and in the modified matrix. The present 5

‘ state of knowledge of the alkali acrylates and of SSP in ;

. w general does not allow a test of this mechanism but in view .

of its importance for SSP it is certainly one area where

r further investigation should be conducted.
$

o .
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( ' Iv-1 CONTRIBUTIONS TO ORIGINAL KNOWLEDGE 1
; !

s k!
1) A motional tgansitibn at 315 K and a phase transition at !

¢ L4 .
1 339 K were detected for K acrylate by wide-line NMR and, by ¢

DsC respectively.- Similar transitions were shown by Rb

acrylate at 308 K and 333 K.' Above the transitions molecular

rotation about one axis .occurred for both K and Rb acrylate.

. - Li and Na acrylate showed no phase transition and only a .
. smallé; gradual variation of mobility in the rdnge of tem- T

perature 273' K - 420 K.

‘ 2) Two'different kinetic .periods B and C were found in the

] SSP of the alkali acrylates, where the réte of polymerization

is cgﬁstant or continuously decreasing. ‘

3) One hour of prepolymerization of K acrylate at®353 K

results in the remaining monomer being totally unpolymerizable

AN

1 at 313 K. .
a 4) dy/dlogt, the rate constant of radical recombination, a
. the average degree of polymerization of K acrylate show a }

+

minimum at about 323 K. This minimum, as well as the non-
. polymerizab. lity at 313 K of the sample prepolymerized at
353 K are attributed to a modification of the reaction matrix
» .
caused Ry the polymerization. A minimum was found in the
radical recombination rate constant of Rb acrylate at 313 K,

k 5) Li, Na and K acrjlate were found to polymerize only

above a temperature at which there is a minimum of molecular

e

motion. The rate of polymerization of K acrylate in period
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'

(" B is found to increase with increasing molecular mobility.

4
Molecular mobility 1s then considered a prerequisite for

-
b solid state polymerization in these compounds.

o e

P ‘ 6) The different causes for which Li and Na acrylate fail
to produce a detectable amount of polymer show that the

a role of molecular motions can be different in each reacti

ERY A S

: step.
‘ * 7) The effects of matrix modification are considered to

become significant,only in reaction period C. Separate .

consideration of reaction periods B and C can therefore show

1
the importance respectively of the properties of the initial

b, XN

crystal and of the modified matrix.

Y 't
Iv-2 SUGGESTIONS FOR FURTHER WORK

—

v

1) An elecéron and optical microscopy study of the S5SP of
the’ alkalil acrylates should be conducted to assess the
importance of nucleation, to detect the simultaneous occur-
rence of more than one process and to study the~ ructure
of the monomer-polymer interphase.

g 2; If possible, é}ystal structures should be determined for

the fouriacrylatés, for K and Rb acrylates at least for the

SR e W e

N low temperature phase. . \‘

ol R

v . +3) The effect of the motional and phase transitions on the
5 polymerization of Rb Jcrylate should be studied and compared
; with that of K acrylate.

.: <T) 4) ?he nature of c:ystal lattice defects should be investi-~
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gated, for instance by etching methods, in the unirradiated
q

and in the irradiated acrylates. In the last case the Yefects
should be followed as a function of the conversion to polymer.
5) NMR relaxation times (and, if possible, other physical

properties) of the monomer and polymer phase of the alkali

acrylates should be followed as a function of the polymer

yield to provide a quantitative basis for’ the interpretation
#

of the modification of the matrix.

6) A calorimetric inv?stigation of the phase transition of
thé monomer in K and Rb acrylate as a function of the
conversion to polymer could possibly supply informations
about the changes occhrring in the monomer phase.

7) The same kind of information as in 5) and 6) could be

obtained by studying the effect of prepolymerization on K

acrylate.samples at different temperatures of‘ﬁ?épolymerization

‘and reaction.

8) The tacticity of the alkali acrylate polymers should be

studied as a function of tegiperature and conversion to polymer.
A varying tacticity should be correlated with a modification
of the matrix or of the monomer-polymer interphase.

9) The distribution of molecular weight of the alkali
acrylates should be followed as a function of temperature and
conversion to polymer.

10) Nondestructive methods should be found to follow the poly-

merization. In this regard wide-line NMR and ESR look promis-
)

ing because of the changes that the spectra show duriﬁﬁ the

polymerization.

F ]

B T =S,
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APPENDIX A - TABLES

TABLE (A-1): Polymerization of
K acrylate at 313 K'~- Data for

Fig. (Irr-1i) -

logt (s) Y (%)
2.99 10.28
3.57 14.90
4.09 18.45
4.51 21.58
5.01 27.80
5.50 29.08
6.02 34.12

Polymerization of
K aérylate at 333 K - Data for

Fig. (III-2) -

logt (s) =~ Y (%)
3.02 13.62
3.60 20.50
4.01 22.38
4.53 - 26.24
5.00 26,38
5.50 30.06
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TABLE (A-2): Polymerization of
K acrylate at 323 K - Data for

Fig. (III-1l) -

logt .(s) Y. (%)
th
3.08 20.22
3,58 2177 "
4.04 23.60
4.57 23.83
© s.00  26.95

5.48 27.74
6.19 30.84 :

TABLE (A-4): Polymerization of

K acrylate at 353 K - Data for

-

'Fig. (III-2) -

log't (s) Y (%)
A
3,07 20.12 L
3.60 22.32
4.08 24,46
4.52 26.79
5.00 30.90
5.48 32.31
6.04 39.04 -
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TABLE (A-5):

(I111-3) -
~

acrylate - Data for Fig.

LS

Temperature/K ¢

- 273
298
308
313
323
333
353 -

373

Temperature. dependence of dY/dlogt

' 127

-
for K

dy/dlogt (s—l)

{
4.79 £ 0.52 )
<
5.11 + 0.25

5.34 £ 1.07
6.05% 0.49
3.43 t 0.66
'5.48 + 0.86
6.14 + 0.51

5.55 ¢ 0.36

=¥

A
«

.07

N o By e
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(- TABLE (A-¢): Polym rization of TABLE (A-7): Polymerization of
; Li acrylate at 374 K - Data for Li acrylate at 405 K - Data for
: . Fig. (III-4) - =~ o Fig. (III-4) -
| | %.‘ |
, Time/s logt (s) Y (%) Time/s .- logt (s) ¥ :;%)
/ \
: \ 6.92 x 103 3.84 (1.1 4.47 x 10°  3.65  1.85
1.55 x 10% 4,19  l1.66 8.32 x 105> 3.92  3.57
2.82 x 104 4.45 .70 1.70 x 10*  4.23  3.69
9.33 x 10 4.97 .97 ©3.31 x 104 4.52 3,39
2.57 x 10°  5.41  3)63 \ L
Al @ \
[} 7 2
[
. . -

T i g g
x

TQPLE (A-8): Polymerization of TABLE (A~9): Polymerization of ,
Na acrylate at 393 K - Data for Na acrylate at~403 K - Data for
Fig. (III-5) - ’ R Fig. (III-5) -
Time/s logt (s) Y (%) Time/s logt (s) Y (%)
L :
3.95 x 10 3.60  0.77 " 6.2 x 103 3.84- 1.84
. 1.15 x 10 4.06 138 1.15 x 10 4.06  2.00 '
- 3.09 x 108 4.49° 169 2.75 x 104 a.4d * 2.77 y
:)' x: N ' ‘ '
o N 8.13 x 10 4.1 2.jo2 8.51 x 10 4.93  3.69 ‘
, 1 4 . ’
1 x 10° 5.00  3.23 L , {
} : | . ]
w s -

2
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(' TABLE (A-10): Polymerization of K acrylate at 273 K -

Data for Fig.

TABLE (A-11): Polymerization of K acrylate at 323 K -~

(IL1-6) -

Time/s

7.09 x 10%

-

2.30 x 102

9.78 x 10°
2.40 x 10°

pata for Fig. (II1-7) -

Time/s

2.4 x 10
1.26 x 10

2.75 x 10

L4

v, 2.95
3.18
3.38
4.10 .

5.44

5.30

9,40
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( ) TABLE (A-12): ‘Tempgerature dependence of 4dy/dt for K i
, ' H
; acrylate - Data for Fig. (III-8) - % \ ;_
s . ‘ ’
: ‘ Temperéture/K ’ (dv/adt) /(s x 10_4) $
273 +~ 0.5 %+ 0.02
298 3.69 £ 1.06
313 T 7.94 1,53
. 1
323 . 11.47 = 1.47
q
333 13.08 £ 2,67
353 14.31 £ 3,00 d
t A ‘
3 \ - .
TABLE (A-13): Eff%ct of one hour of prepolymerizatioﬁ !
< at 353 K on the polymerization of K acrylate at 313 K -
: b Data for Fig. (III-9) -
t ~ » Prepolymerization . ,
logt (s) Y (%) .at 353 K
. % ‘“
5 4.03 7.55 . No
o 4.57 11.04 No
> 4.92 11.40 No "
i ‘ \ ! 5.53 14.18 No ' "
e A . N
r".?‘\‘:'l 3
at . A
;‘}.s.;a 4.57 15.40 Yes :
bfj%:; T v 4.94 - 15.f4 Yes d
4 4 N - .
‘ €) 5.53 15.26 Yes s
F4
?
-




| Gy g v - - . . e e e R o

. ’ 131
(™ .
- TABLE (A-14): Temperature dependence of the linewidth
i ’ )
( oo and second moment of Li acrylate - Data for Fig. (III-1l) =~ |
. . b
* Temperature/K Linewidth/G Segond moment/G2 . .
v 77.0 . 10.5 9.7 + 0.1 é
104.0 - 10.3 / * ‘
Y
151.2 10.2 :
219.0 9.7 10.0 = 0.2
235.7 9.7 10.6 * 0.4 }
I 4 5 , ‘ ’ : ;
295.2 N 8.7 9.7 + 0.5 .
(3 L
353.2 8.6 8.0 + 0.3 '
. ) h
; ! 879.0 8.0 g 4
i
409.0 . 7.6
8 N . [N .
424.0 7.2 ,
[
439.0 7.9 6.3 £ 0.7 d
- ‘
i TABLE (A-15): Temperature dependence of the linewidth
and second moment of Na acrylate - Data for Fig. (III-12) - l
Temperature/K Linewidth/G Second moment/G2
~ 77.0 10.8 . 9.8 + 0.6 t
144 .0 9.8
8
. 1
) 169.0 9.9 10.3 t 0.1 .
. - A
221.0 10.0 i
234.3 9.7 Coe 9.7 £ 1.0
Ty .
o8 297.5 o 8.9 9.1 + 1.2 -
-] ‘ ' 324.3 , 9.8 £ 0.9
L1 - 346.2 8.2 8.7 + 1.0 ,
i, -
-y (‘) ’ 402.1 _ * 801 t 0.6
426.3 ‘8.1 ‘ 8.1 ¢ 0.5
. -~ , AN
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( } TABLE (A-16) : Tempe&tuge dependence of the linewidth
and second moment of K acrylate - Data for Fig., (III-13) -
Temperature/K " Linewidth/G Second mdmexit/Gz
77.0 9.8 9.7 + 1.2"
B 119.5 9.5 9.6 + 1.5
170.0 8.9 9.4 + 0.4
| 193.0 9.4 + 0.7
249.8 7.4 8.8 + 2.2
Sy 266.5 7.6 " 7.6 1.4
:..‘ B-
T . 279.5 7.4 .
292\43 7.6 7.2 £ 0.7
Coy 310.0 7.7 6.5 + 0.3
314.5 .7.9 ‘
' 320.0 6.8-% 0.6
1 3
- 325.0 7.2 5.7 :\0.4
334.0 7.1 5.3 + 0,6
; 33740 5.0 5.0 *+ 0,5
: 339.5 ' 4.4 . 3.5 t 0.4
e ‘ . 3400 4.4 4.4 + 0.3 ~
SN )
342.0, 4.8
. . " )
2 343.0 ‘ 5.3
Ve 345.0 3.2 3.0 £ 1,0
2 %
i};@ﬁ* ‘ 347.0 3.9 .
<8 !
w\\ 349.0 2.8
'3 _ ' \
' ‘ ‘ '51. . 2.0 ¢
1 ( ) 351.0 | 2.8 Q

o ottt el

e S D
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( ' TABLE (A-16): (cont'd)
x ' ' * ) |
| Temperature/K Linewidth/G Second moment/G2 i
. { , o~ '
b 353.0 2.8 2.0 + 0.7 :
35540 2.9 . 2.2 * 0.5 “
360.0 2.7 2.1 *+ 0.3 . ,
| 371.0 2.9 L ’
372.0 2.9 . |
. 31800 2.7 « 1.8 £ 0.2 o
! R ' 386.0 2.9 -
. 396.0 2.8 1.8 + 0.4 . i
404.0 2.7

4
3
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( . ! TABLE (A-17): Temperature dependence of the linewidth
/ 1 ‘ p
and second momept of Rb acrylate - Data for Fig. (III-14) - i

| ‘ o
g | | i

Temperature/K Linewidth/G Second moment/G
’ ‘
: 77.0 9.8 9.9 + 0.7 p “'
113.5 9.5
149.0 9.9 10.0 + 0.4
| 223.0 10.2 |
) 233.0 . 9.6 10.0 * 1.5 ‘
284.0 8.7 . 9.3 + 0.4
’ 295.0 8.8 \ b
. 309.0 ' 8.7 9.0 + 0.2 R
310. 0 8.7 6.5 + 0.3 ‘
313.0 8.5 :
318.0 5.2 5t 0.4 .
318.0 . 9.0 9.0 + 0.5 )
‘ 323.6 5.5 6.2 £ 0.8 r
I , 324.8 5.2
R 326.1 ' ' 3.1 ¢ 0.5
»';‘ 342.5 ., - . 5.2 3.8 £o.1
L 392.0 5.0 4.1 £ 05 -
5 433.0 4.7 3.8 + 0.6
i " 466.0 3.8
o
w t (
¢ '
v © o \ r
e
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TABLE (A-18): Decay of Li acrylate radicals at 353 K -

g Data for Fig. (III-19) =~ ‘ i
Cation [R*],/(radicals [R'];/(radicals F . =[R*]_/[R*], Temperature/K
: 19 1
! X kg x 1077) x kg x 1077) ,
Li 1.86 1.29 0.67 353
- Time/(sx103)  [R+]/[R+],=F Time/ (sx10%)  [Re]_/[R+],=F
2.52 x 1071 0.90 2.09 0.85
{ s (
' 2.88 x 107t 0.99 2.34 0.84 !
3.60 x 10t 0.90 2.52 0.85 : !
4.32 x 1072 0.98 3.42 0.77 ot
4.68 x 102 0.88 3.71 [ 0.74 ‘
8.28 x 1071 . 0.77 11.84 0.67
1,01 : 0.84 - 30.50 : . 0.66
1.15 0.81 . 80.39 0.66
- 1.26 0.76 133.09 0.68
, 1.33 0.84 361.30 0.68
. 1.44 ° 0.84 444.17 0.68 .
- N .b.f
[ -
-y ’ )
l-t‘““j ' }
P 4
.t ¢ i
‘.,a N :
y . ,
.
1 §
o i
g
‘-?mw f;i:T, ‘ﬁr‘,}.ﬁ.’mt-r-.m."‘l»,’—?,‘;,‘,,.x‘«‘,:‘!,p,_";!'!g"'.'; f,f o UEmene s £y w
XTPT TN - i . ‘!
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TABLE (A-19): Decay of Li acrylate radicals at 423 K -
bata for Fig. (1II-20) -
x . . i
Cation + [Re],/(radicals Temperature/K ‘
x kg x 1019)
Li 1.58 4.23
Time/ (sx10°) [Re]/[R],
Y
. 5.76 x 1071 ) 1.09 . y
v 1.87 1.01 '
3.67 1.07
5.72 1.06 :
) | 13.97 1.00 ‘
69.55 ~ 1.00
; !
\
T ’ |
| =
5}5' 4 R v
' -
]
[ )
? r *

/’\l
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TABLE (A-20): Decay of Na acrylate radicals at 353 K - {
v LEI 4
{
( Data for Fig. (IIX-21) -
y ' 1
) ? Cation [Re]o/(radicals [R-]m/ (radicals Temperature/K
x kg x 1019) X kg x 1019) .
> } Na 0.88 . 0.69 353 #
) 3 . 3 ~
Time/ (sx107) [R*]/[R+],=F Time/ (sx107) [Re]/[Re],=F N
4.32 x 1071 0.99 | 84.85 . 0.87
I’ L]
' 1.15 0.98 85.14 0.80
1.19 ) 0.98 85.75 0.86
1.80 0.96 103.57 0.80
4.57 0.94 . 189.97 0.80
5.15 0.95 344.77 0.83
6.01 0.89 368.03 0.80
6.55 0.96 453.64 C0.77
17.71 “0.90 454.07 0.80
20.63 0.83
';«:..‘ * a. Yo
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(} TABLE (A-21): Decay of Na acrylate radica!ls at 423 K -

" : Data for Fig. (III-22) - ~
‘ Cation [R¢],/(radicals [R°] /(radicals Fw=[R-]m/[R°]° Temperature/K
i x kg x 1012) x kg x 10%%)

Na 3.36 1.21 0.36 423
i N Time/(sxlo3) [R']é/i’[R-]°=F Time/(sxlOB)‘ [Re]/[R*],=F
2.52 x 1071 0.96 5.51 0.63
’ 6.12 x 1071 0.82 5.83 . 0.65
g8.28 x 1071 . 0.73 6.05 - 0.60
‘ 1.01 0.77 6.55 0.61
1.19 0.73 6.77 " 0.61
1.37 0.76 6.95 0.63
1.62 0.68 ' 9.43, 0.57
1.98 0.69, '  11.34 - 0.56
l 2.27 0.67 11.52 0.52
<2.88 0.68 . 17.1 0.47
3.17 0.68 ©70.34 0.46
3.67 0.63
jh‘ 4.14 0.63
% ‘ <
4.68 0.63 e

s vl S
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( TABLE (A-22): Decay of K acrylate radicals at 313. K - ‘

Data for Fig. (I1I-23) - M

4

"Cation [R-],/(radicals [R] /(radicals Fm=IR~7m/[R'] » Temperature/K

A T

-

% . x ka x 10°%) x ka x 102)
: K 1.90 1.08 0.57 313
Time/(sx10°)  [R+]/[R*],=F Time/ (5x10°) [Re]/[R+] ,=F y
J 2.88 x 10 0.85 2.81 0.63 ;
; . :
\ 4.68 x 101 0.78 6.23 0.62
7.92 x 107% 0.76 _ 10.44 0.62
. 1.26 0.75 14.76 0.57
1.51 0.71 26.39 0.58 ¥
» . AT
1.87 0.71 31.20 0.56 g
2.27 0.68 34.85 0.56 ‘
o,
£
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TABLE (A-23): Decay of K acrylate radicals at 323 K -

Data for -Fig. (IXII-23) -

¥

Cation [R°],/(radicals [R*] /{radicals F_=[R:]_/IR:], Temperature/K

19

x kg x 1019) X ka x 1077)

K 2.42 1.54 323
Time/(sx103)  [R¢]/[R*]o=F Time/ (sx10°) [R+]/[R*]o=F
1.44 x 1071 0.99 17.35 0.76
3.60 x 107} 0.95 19.51 0.71
7.92 x 107} 0.97 28.98 0.66
1.44 0.96 31.93 0.69
2.09 0.92 34.20 0.67
4.39 0.91 . 36.18 0.67
6.19 0.86. "
7.38 .87
8.72 0.86
10.19 0.82 }

12.24 0.8 W B
14.47 . 0.76 | ,4
- 4

Tt ke

i
!
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TABLE (A-24): Decay of K acrylate rad%cals at 353 K -
i . »
‘Data for Fig. (I11-23) -

>

Cation [R+],/(radicals [R-] /{radicals Fm=IR°]°°/[R-]° Temper@turé/K

K X ka x 1019) x kg X 1019)
K 1.72 0.87 0.51 353
Time/(SXle) [R*]1/[R*],=F Time/(5x103) [R*]/[R*],=F
i .
| 6.12 x 1071 0.81 9.43 . 0.52 :
] _ K . / l
x 1071 0.78 9.97 0.51

‘ 0.45
0.50
0.42
0.52
0.48

P ]

PRI, 20" LR
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TABLE (A-25): Decay of Rb écrylate radicals at 303 K -

(f) Data for Fig. (III-24) -

’
¢ ¥

Cation [R*],/(radicals [R+_/(radicals F_=[R-] _/[R+], Temperature/K

] x ka x 109 x kg x 1017 .
Rb 3.34 . 2.60 0.78 303
Time/(sx103) [R*]/[R*],=F Time/(sxloj; {R-]/[R;]°=ﬁ
1.44 x 107t " 0.94 .3.53 0.78
3 4.32 x 107% 0.84 3.89 . 0.78 |
‘ 6.48 x 1071 0.82 4.25 0.79 \ 1
8 8.64 x 107 % 0.81 9.54 C0.17
: 1.12 ~0.81 . 12.60 0.78
1.37 0.78 16.13 ~ 0.79
1.62 0.77 T 1932 ‘ 0.78
J1.84 "0.77 . 23.40 0.77
2.12 0.77 ' ' 23.83 0.79
2.45 ©0.78 29.52 0.75
| 2.81 0.79 " 36.11 ' 0.76 .
N 1

3.06 0.79 ,

k2

R e R N
~m PR . )
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TABLE (A-26): Decay of Rb- acrylate radicals at 313 K - Data for Fig. *(III-24) -

Cation TR,/ {radicals

“IR-]_/(radicals F_=IR-]_/IR" 1, Temperature/K .
x kg x 10%9) x kg x 1019
, RB 4.22 2.52 . 0.60 ’ 313
<N < )
Time/ (8x10°) F=[R*]/[Re], Time/ (sx10°) Fe[Re]/[R*], Time/ (5x10°) F=[R*]/[R*],
5:40 % 10°% 0.86 - 2.95 "0.69 25.02 0.60
\Y
8.28 x 107t 0.83 4.14 0.70 26.93 0.59
1.08 0.79 6.08 0.68 31.21 0.58
1.44 0.75, 9.00 0.64 34.45 0.58
* 1.69 0.73 12.71 0.63
1.87 - 0.72 16.56 « 0.62 .
2.23 ’ 0:71 19.51 Y 0.60 °
/
- /

f?

-

A Aeme s

o e

o e

-
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TABLE {A-27): Decay of Rb acry:Tate radicals at 353 K -
Data for Fig. (III-24) - , o E a
, q | . | o, |
Cation [R+],/(radicals [R-] /(radicals F _=[R*]_/[R<], Temperature/K
" x kg x 1019 xkax10%) ‘

Rb 3.32 0 2.39 0.72 . 383,
Time/ (sx10°) F=[R*]/[R+], Fime/ (sx10°) F=[R*]/[R*],
2.88 x 107t 0.9 ) 7.2 . 0.76
6.48 x 1071 0.94 . 11.20 | 0.75
1.08 S 0.91 - 14.65 0.74

. 1.55 " 0.86 " 18143 0.72'

2.09 0.85 ' 21.96 0.72

2.59 . "~ 0.83 27.58 . . 0.71

2.95 ' 0.81 32.83 ' 0.71

3.31 0.81 - ‘ d
'4.57 B 0.80 T ’ '

5.51 0.76 i

"
s ’ L7
. ‘ [’ L
) h
,
.. . .

¥é

]

wi !}

ey




TABLE (A-28): Second order decay of Li acrylate radicalsl
: < )

<at 353 X - Data for Fig. (III-25) -

- S S
Time/(5x10°) . FocyFc Time/ (sx10°) Foc—Fc
FocFc FocFc °
(dimensionless) i (dimensionless)
"2.52 x 107} 1.54 ‘ Coyas 5.11 -,
. 2.88 x 1071 0.11 1.26 3.02
3.60 x 1071 1.54 1.33 | 3.44
4.32 x 1074 0.22 '1,44" 3,44
1.68 x_ 1071 2.04 . 2.09 3.02
8.28 x 10 0.62 \ 2.34 3.44
Lot 3.4 o 2,52 T 3,02
“" 3.2 9,27 ¢

- 3.71 16.77

-
.
+

TABLE (A-29): Second order decay of Na acrylate‘yadicals -

at 353 K - Data for Eig. (I11-26) - -

i

~

Time/(sx103) Foc-Fc¢ Time/(5x103) Foc-Fc
: FocFc FocFc
(dimensionless) , ’gdimensionless)

4.32 x i0"L 0.20 .. 6.01 3.99

1.15 . 0.41 _ 6.55 0.92
" 1.19 ' 0.41 17.71 3.34
"1.80 . .92 20.63 12.32

4,57 ‘ 1.53 35.28 | . 5.01

5.15 1.21 85,14 . 28.99

—
. N

.
ety o7,
o St = o - s 2o Ny P
S

’ P
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‘ TABLE (A-30): Second order décay of Na acrylate radicals
(:} ' at 423 K - Data for Fig. (III-27) - i
a ~ -
- . Time/ (sx103) Foc-Fc Time/ (sx103) Foc-Fc¢
FocFc FocFc
(dimensioffless) (dimensionless)
) ’ T _1 . - N Q‘ '
. 2.52 x 10 0.310 . 4,14 2.14 ‘
- » .
6.12 x 107* 0.61 4.68 2.14
8.28 x 101 1.14 | 5.51 © 2,14
° 1.01 , - 0.88 5.83 1.89
1.19 1.14 6.05 2.60
1.37 " 0.94 . 6.55 . 2.44
1,62 1.56 6.95 . 2.64.
1.98 o 1.47 . 11.34 3.43
/ " [ * ]
2.27 , - ‘“ 1066 11-52 4.69 R N
. . . ‘ < ;
. 3.17 ~71.77 . 17.10 7.53,
' 3.67 2.14 *
r ! ”
. R
S A q
-
. ) .o

Fer




TABLE (A-31): Second order decay of K acrylate. radiails

at 313 K - bata for Fig. (III-28) -

£l

-?
»,

Time/(sx103) Foc~Fc Time/(sx103) Foc~-Fc
FocFc " FocFc
({dimensionless) (dimensionléss)
2.88 x 101 1.25 2.27 6.77 .
- - s it
4.68 x 101 - 2.44 2.81 14.34
-
1.01 ( 2.67 6.23 17.67 §
1.26 ~ 3.25 - §<
3 ; i
1.51 4.82 %
e
1.87 4.82 ‘“ %

TABLE (A-32):

at 323 K - pata for Fig. (III-28) -

a

Second order decay of K acrylate radicals

Time/(sxlOB) Foc-Fc \ Time/(sx103) Foc-Fc
' FocFc FocFo . §
' . (dimensionle?s) (dimensionless)

1.44 x 1071 0.08 3.35 0.79 —
3.60 x 1071 0.45 . 4.39 0.93 ‘ 2
7.92 x 1071 0.25 6.19 1.77 2
1.44 0.35 7.38 1.57

2.09 o 0.79 8.71 1.77
2,74 0.67 2.78
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TABLE\(A-33): Second order decay of' K acrylate radicals
] /

K - Data for Fig. (III-28) - ,
# ’ -

e
: 3. 3 \ g
Time/(sx107), Foc-Fc Time/ (sx107) « FOCc=Fc
’ FocFc FocFc ¢
, (dimensionless) (dimen€ionless) )
fi . ' ',
6.12 x 107} 1.30 1.87 4.21
8.64 x 101 1.96 . 2.5 - . 4,21 _ -
. . |
1.26 2.96 3.49 6.30 -- 1
f .
o 1.73 ¢ 6.30 5.94 12.24
\ g ) < i
. % s
/

£
TABLE (A-34): Second order decay of K acrylate radicals

{at 373 K ’ Ppata for Fig. (III-28) -

Time/(sx103) Foc~-Fc TimE/Gaxloj) Foc~Fc
FocF¢ FocFc
(dimensionless) ' (dimensionless)

s
1

" y 1.44 x 1071 0.84 6.84 x 10° 7.41
F‘ 3.24 x 1071 2.96 9.00 x 1071 12.96

] 5.04.x 1071 .7.41 1.44 29.63
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TABLE (A-35): Second order decay of Rb acrylate radicals
' ¢ 4
at 303 K - pata for Fig. (III-29) - :
) /
Time/(sx103) " Foc-Fc Time/ (s x103) Foc-Fc E
FocFc -FocFc Lo e
_(dimensionless) (dimeénsionless) o
. | k
_1 4 —1 : “‘
1.44 x 10 1.70 B.64 x 10 . 28.79 '
r
4.32 x 1071 12.12 1.12 \28.79 ,
' M . . ¥
' 6.48 % 1071 20.45 g P
A e
i I
1 & 2‘
TABLE (A-36): Second order decay of Rb acrylate radicals R 5‘
r at 313 K - Data for Fig. (III-29) -
. ) Time/(sxlo3) Foc-Fc Time/ (sx103) Foc-Fc
FocFc FocFc
+ (dimensionless) (dimensionless) ,
h
‘ 5.4 x 1071 1.35 2.63 6.59
¥ 8.28 x 1071 1.85 2.95 8.61
1,08 2.76 3.24 7.50
1.44 4.17 3.49 B.61
ra
1.69 5.16 6.08 10.60 i
1.87 : 5.83 6.12 ' 11.79 ‘
2.23 ' 6.59 9.00 22.50
v '. 1
\*31
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TABLE (A-37): Second order 4ecay of Rb acrylate radicals
™ at 353 K - Data for Fig. (III-29) -
| ‘ 1}
Time/ (sx10°) Foc-Fc Time/ (sx10°) Foc-Fc
“ t FocFc . T FocFc
. .(dimensionless) (dimensionless)
2.88 x 10 ! 0.08 . 2.52 5.54 °
" 6.48 x 107t 0.90 2.95 7.95
'1.08 1.56 3.31 7.95
' 1.s5 35940 5,51 °  18.19
2.09 3.97 - 7.2 * 20.84
11.20 30.94
i
/
i
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APPENDIX B - A WIDE LINE NMR STUDY OF MOLECULAR JJTIONS

) ‘ .
C IN SOLID SULFOLANE

For crystalline substances in general fu %on
consists in the simultaneous logs of the rotational and
long range positional order [Ubbelohde (1957), (1965)].
Plastic and~liquid crystals occur-respectiVely when either
the loss of rotational order or thg loss of long range
positional order occurs at a‘lower temperature\[Timmermans

”/(1961)]. Plastic crystals are character}zed by isgtropic'

rotation of the molecules about their centres of gravity.
This leads in most cases to a cubic or hexagonal structure.
The fusion of plastic crystals implies usually only the
loss of the long range positional order and is characterized
by a very low entropy change [Timmermans (1961), Staveley
(1962)]. 1In the absence of a very rigid definition of, a
plastic crystal this low entropy change is the main criterion
used to identify them. -

A transition was detected in solid sulfolane.at

& 288 K, 13 K below its melting point by a variety of ex~

. perimental methods [Jannelli (1964), (1966}, (1968a), (1968b)].

The large change in dielectric constant at this temperature
was attributed to the onset of molecular rotation in the
solid. An entropy .0of fusion of 1.1 e.u. suggeéted that

o sulfolane could be a plastic crystal above 288 K. A wide-

line NMR study was undertaken to determine the nature of

: .

-
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the molecular motion responsible for the transition.

EXPERIMENTAL

Sulfolane was distilled twice over PZGS under
reduced pressure. All the operations were performed in a
vacuum-line because the material is very hygroscopic. The
melting point of 301.6+K agreed with the literature value.
The wide-line NMR spectrometer, the temperature control
system and the program used to determine experimental
second moments have been described in Chapter 1II.

High rgsolution NMR measurements were performed

’ ¢
with a varian HR-60 spectrometer.

REEULTS

The temperature dependence of the-linewidth and
seébnd moment is shown in Figs. (B-1) and (B-2). The second
moment decreases from 16.3 + 0.6 G2 at 77 K to 7.4 ¢+ 1.1 G2
between 250 and 288 K through a transition centred at 200 K.
The linewidths below and above the transition centred at 200 K
are respectively 13.8 G and 8.6 G. Starting from around 250 K
a narrow component was observed superimposed on the broad
component of the spectrum.v At 288 K both the secdn§ moment
and the linewidth show a transition. Above 288 K only the
narrow component of the spectrum is left with a linewidth of
0.2 G and a sécond moment of 0.2 Gz. Between 288 K and 296 K

the linewidth, expressed as the half peaklheight width




°

Fig. (B-l): Temperature deperldence of the linewidth of solid sulfolane
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measured by high resolution NMR, remained at 0.2 G decreasing

‘:}. to 0.1 G immediately below the melting point. A hysteresis

was found by measuring linewidths and second moments as a

<
function of decreasing temperature: the line did not broaden

r - \

at 288 K but remained narrow until 267 K. Only for very

3

% ‘&

*
®

small #samples it was possible to.eliminate this hysteresis

4

¥y o Lé-

a< by cooling very slowly.

kel =

DISCUSSION .

t‘ .

The crystal structureasof sulfolanewis not known,

Several measurements of molecular structure Have instead

Y L

been reported. Dipole moment’ calculations suggest a planar
ring structure [Le Fevre (1963)] but infrared and Raman
spectroscopic studies [Katon (1964), (1965)] and electron
diffraction measurements [Naumov (1973)] indicéte a puckered

.ring. It is however not possible to chog6se unequivocally

. between an envelope and a half-chair confformation glthough
the half-chair seems more probable. The followingizgnd : (\é) .
lengths and angles, determined?b& electron dijffraction for -

the half chair conformation, were urnd to calculate the

. . second moment of sulfolane:

) ‘ Cl-C2 = 1.54 A° -4 O
) C2-C3 = 1.53 A° ¢ \ /
4.45 A° | CZ / \

1.80 A°

s=0

ACHNE - oo

5
o

C=8

0=8=0 "= i14.5 °
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C-S-~C = 101.1°
(:} c-C-S = 104.3°
C_ = - °
c-C =,112.1 o = 14.3°
oty C-s=0 = 110°
C-H = 1.10 A° Y 4
. /-\ N
The intramolecui;p second moment calculated- using this
'set of parameters is 15.2 Gz. A value of 16.6 G2 was
”
instead obtained using a C-H bond length of 1.08 AY. An.

‘orientatioq about the two-fold axis passing through the oxygen

) L
approximate value of 6.5 % 0.5 G2 for the intermolecular

second moment was obtained from those of the compounds

cyclobutane [Rushwortﬁ (1964)1, ¢yclopentane [Rushworth

(1954)], cyclohexane [Andrew (1953)] and cyclohexene
[Eades.(1969)]thich’§ossess some structural similarity

to sulfolane. A correction was applied where ngeded for the
different proton density per molecule. The total calculatéd

rigid lattice second moment is then 22.4 + 1.2 Gz. the ex-"’

M R -
-

petimentalésecond mément at 77 K is thus dess thal the -
lower estimate of the rigid lattice value.

Thfee possible motions were considered in order to
explain both the low second, moment &t 77 K and the line nar- ».

rowing process at 190 K: (i) a ring puckering motion, (ii) re-

atom and the mid-point of the C(2)-C(3) - bond, and (iii) re-

1

orientation about the axis perpendicular te the ring. An

2

intgaﬁolecular second moment of 14.9 * 0.6 G° is obtained in

|

the case of ring puckering by the reduction factor derived’
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by Andrew and Brookeman [Andrew (1970), (1973)]. The range

of values for the intermolecular second mdément can be

estimated by the maximum and minimum reduction factor of :
0.25 and 0.8 given by Smith [Smith (1965)]. A total s®cond -

M L4
moment of- 18.3 * 2.4 G2 is obtained. Therefore ring

puckering could be responsible for the low second moment at
77 K. Reduced intramolecular second moments of 3.8 and

9.4 G2 respectively were calculated for motions (1i) and
(iii) using the modified‘Van Vleck equation [Gutowsky (1950),
Smith (1965)]. Total second moments are then 7.2 t 2.0 G2 K/ﬁ

and 12.8 + 2.2 g2

for motions (ii) and (iii). Motion (ii)
thus éeems from NMR data to be responsible for.the m&tional
transitidﬁ/;f¥l90 K. ' '
a

A.stuay of the temperature dependence of the
dielectric constant of sulfolane in the region of the first
transition showed that the molécular dipoles are still «
aligned [Jannelli (1966)]). This rules out the rotation
aboug an axis perpendicular to the plane of the ring. A :
rotation about the axis passing through the 802 group and

the mid-point of the C(2)-C(3) bond is'then the motion most |

likely responsible for the line narrowing process at 190 K.

!

An,activation energy of 22.6 * 1.7 kJ mol'-l and a pre-
exponential factor of 1.0 x 109 s-l were calculated using
the modified BPP equation [Gutowsky (1950)].

The NMR transition at 288 K coincides with large

increases in dielectric constant [Jannelli (1966)] and in
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(i) molar volume [Jannelli {1968a)]. Isotropic rotation of
the molecules about their centres of gravity was considered
as a possible cause of this line-narrowing process. 1In
this cgse the second moment would be given only by an inter- 4
molecular contribution since the intramolecular interactions

would be reduced to zero. The total second moment gpn be

e

calculated as a function of the lattice constant and the
number of protons per molecule [Smith (1965)]. The plastic

phase is usually body-centred or face-centred ¢ubic.

-

Values of the lattice constant can be estimated by the Q

measured molar volume leading to calculated second moments . ]
[~ i

of 0.8 G2 and 0.9 62 for b.c.c. and f.c.c. structures

respectively. Isotropic rotation alone cannot then explajn

the observed value of 0.2 G2. Self-diffusion must occur

3

e d

simultaneously.
The activation energy for the 288 K transigion

cannot be calculated by the modified BPP equatioh because

the change in linewidth is too sharp. However, a value of f

N
1l

44.5 kJ mol ~ can be dbtained by the Waugh-Fedin gxpression

[Wwaugh (1963)]. This value must represent both the isotropi.

rotat}on and self-~diffusion processes. -
The value of the activation energyjheasured‘by

NMR for self-diffusion in plastic crystals gives an indication

of the mechanism of this process. When a single vacancy )

mechanism is responsible for self-diffusion an activation

enthalpy twice the enthalpy of sublimation LS is determined

by all the possible techniques [Sherwood (1966)]. However
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_the activation eﬁthalpy determiped by NMR for many plastic

mechanical methods give the usual value of ZLS. Bladon d

" behaviour has been reported by Fried [Fried (1973)] for

5

.&
Y TR T ——

crystals is in the range (Lg=2Lg) while tracer and

et al.. [Bladon (1971)] explained this discrepancy by a

"relaxed vacancy" mechanism. A "relaxed vacancy" is a

vacant lattice site into which a number of the surrounding

> ‘.

molecules, (8-20), have collapséd to yield a small disordered
region. Its progress through the lattice will be associated
not only with macroscopic diffusive motions, as in a mono-

N

vacancy mechanism, but also with microscopic motions. Both

I A R |

types of mqotion will be detected by NMR measurements, oc-
curring on a much smaller time-scale than'other neasurements.
On the contrary tracer and meshanical methods, which will |
detect only the macroscopic motions, will give the activation
enthalpy for the single vacancy mechanism.

The activation enthalpy for self-diffusion in
sulfolane must be less than 45 kJ mol '. Since the enthalpy
of sublimation is 48 kJ mol—l (the sum of the enthalﬁies of
fusion and vaporization) the relaxea vacancy mechanism is

‘ -l
more probable.

The further decrease in linewidth for sulfolane

curring above 296 K indicates a motionkoccurring over

. \

even more 1g€;&ce spacings.
|- > )
Supercooling of the plastic phase below 455;5/

may be the cause of the hysteresis effect. A similar
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cycloheptanone "and wyclononanone ~

”~ P ¢

ﬂ REFERENCES

Andrew (1953) - E.R. Andrew, R.G. Eades, Proc. Roy. Soc.,
A, 216, 398-412 (1953), i

Andrew (1970) - E.R. Andrew, J.R. Brookeman, J. Magn. Res.,

.
’

N R R SR .+ s O ST, il

2, 259-66 (1970). o
Andrew (1973) - E.R.~Andrew,'J. Magn. Res., 9, 108-13
" LI -
(1973).
[}
Bladon (1971) - P. Bladon, H.C. Lockart, J.N. Sherwood,
Mol. Phys., 20, 577-84 (1971). ' f -

Eades (1969) - Z.M. El safar, R.G. Eades, J.P. Llewellyn, -
J. Chem. Phys., 50, 3462-66 (1969).

Fried (1953) - E; Fried, Mol. Cryst. Liq. Cryst., 20, 1-12 ‘
(1973).

Gutowsky (1950) - H.S. Gutowsky, G.E. Pake, J. Chem. Phys.,
18, 162-70 (1950). | S

Jgnnelli (1964) - L. Jannelli, M. Della Monica, A. Della —
Monice, Gazz. Chim. Ital., 94, 552-66 }%9632.

Jannelli (1966) - U. Lamanna, O. Sciacovelli, L. Jan;elli,
Gazz. Chim.. Ital., 2§'1i14-24 (1966) .

Jannelli (1968a) - O. Sciacovelli, L. Jannelli, A. Della

- Monica, Gazz. Chim. Ital., 98 936-48<}1968). l

Jannelli (1968b) - M. Della Monica, L. Jannelli, U. Lamanna,
J. ths. Chem., 72, 1068-71 (1968). x )

Katon (1964) - WeR. Feairﬁeller, J.E. Ka;on Spectr;:§5m.
Acta, 20, 1099-1108 (1964). : <. |

! 4 .




Sherwood (1966) - G.M. Hood, J.N. Sherwood, J. Chim, Phys.,

——

Katon (1965) -‘b.E. Katon, W.R. Feairheller, Spectrochim,

Acta, 21, 199-201(1965).

Le Fevre (1963) -~ M.J. é%@fey, L.R. Fisher, R.J.W. Le Fevre,

J. Chem, Soc., 4450-54 (1963).
Naumov (1973) - V.A: Naumov, V.N. Semashko, S.A. Shaidulin,

" , -
J. Struct. Chem., 14, 555-59 (1973). |

_Rushworth (1954) - F.A. Rushworth, Proc. Roy. Soc., A, 222,

526-41 (1954).
Rushworth (1964) - M.J.R. Hoch, F.A. Rughworth, Proc. Phys.

Soc., 83, 949-58 (1964).

Smith (1965) - G.W. Smith, J. Chem. Phys., 42, 4229-43, '

(1965).

. .

Staveley (1962) - L.A.K. Staveley, Ann. Rev. Phys. Chem.,
13, 351-68 (1962).

Timmermans (1961) —~ J. Timmermans, J. Phys. Chem. Solids,
18, 1-8 (1961).

Ubbelohde (1957) - A.R. Ubbelohde, Quart. Rev., 11, 246-72

(195%) .

.Ubbelohde (1965) - A.R. Ubbelohde, Angew. Chem. Intern.
\ .

Edit., 4, 587-91 (1965).

Waugh (1963) - J.S. Waugh, E.I. Fedin, Soviet Phys.-Solid
h | ‘

State, 4, 1633-36 (1963).

’ N "

N s

1 \' \

it




162

-,

TABLE (B-l): Temperature dependence of the linewidth of

0 solid sulfolane - Data for Fig. (B-1l) -
Temperature/K '’ Linewidth/G
)
. 77 - 13.8
113 13.6
155 13.0 ' ‘
, 175 12.7 . 4
’ 183 12.4 , ‘ 3
194 11.2 .
206 10.2
211 9.9
- P 9.7
235 8.8
238 8.7 e
' 245 8.5
. 250 8.7 \
253 8.4
259 8.3
o4 - 7.6
267 7.5
267 0.5
271 0.8 "
9 273 0.8 '

277 8.2
an ' 277 0.4

*...2

——
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1
TABLE (B-1): (cont'd)
! » )
" Temperature/K Linewidth/G “
Cae
286 N .- 0.3
S - .
286 & ¢ 8.0 _ ‘
87 6.0
288 8.2 '

295 0.2

[N

TABLE (B-2): Temperature dependence of the-second moment of

solid sulfolane - Data for Fig. (B-2)

4

Temperature/K " second moment/G2 ,;
77 16.3 ‘
113 15.9 g
1 155 15.1 f
175 14.0 {
" 183 13.9
192 12.0
199 11.2 '
211 10.3
229 8.5
235 ‘ 7.6
2138 7.5
T241 v 7.4
245 - 7.0 !

#45,
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TABLE (B-2): (cont"d)
Temperature/K Second moment/G‘2
253 6.4
. 257 1.2
265 7.7 v
267 0.5
269 7.7
', 271 0.7
« 272 0.9
276 0.4
. 278 0.4
. 281 0.6
283 0.2 *
285 7.5
286 6.6 y
287 | 4.2
288 " 5.4
288 x\ 4.9
295 0.1




