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R&umeée

INTRODUCTION. Le polydiméthylsiloxane (PDMS) est un polymére caract&iséala
fois par une stabilitéthermique deveée et des tempé&atures de fusion et de transition
vitreuse trés basses. Il se présente sous forme d’huiles de viscosité variable et peut étre
ré&iculépour former des @astoméres («caoutchoucs silicones >). Une grande gamme
de température d’utilisation combinée a des propriétés intéressantes telles que la
biocompatibilité expliquent les nombreuses applications dont il fait I’objet.

En 1958, Ohlberg et coll. ont &&les premiers aenregistrer les diagrammes de
diffraction X d’élastomeéres de PDMS soumis a une traction uniaxiale (Voir Figure 1-
A). A température ambiante, 1’échantillon est amorphe et les clichés de diffraction
présentent une succession d’anneaux diffus se structurant sous traction, refléant
I’orientation progressive des chaines polyméres. L’échantillon devient semi-cristallin &
basse tempé&ature, et les auteurs soulignent les changements particuliers des
diagrammes de diffraction. Dans la seconde partie de cette &ude, Warrick et coll. se
sont inté&essés au comportement thermo-élastique lors d’un refroidissement progressif
(voir Figure 1-B). lls ont mis en éidence une augmentation brutale et spectaculaire de

la force de réraction, attribuée ala cristallisation partielle.
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Figure 1 A- diagrammes de diffraction X d’un élastomére de PDMS chargé en silice et soumis a
difféentes dongations statiques (ambiante et -60<C). B- Comportement thermo-dastiques de ces
échantillons lors d’un refroidissement progressif.

Une premie&re structure cristalline du PDMS a é&é&éproposee par Damaschun en
1962 a partir du diagramme de texture d’un échantillon fortement étiré. Il suppose que
la maille est monoclinique et qu’elle est traversée par une seule chaine polymeére

préentant une conformation assez relaxée en h&ice 21, avec six monomeres par maille.
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R&umeée

Ce travail est repris en 2000 par Albouy qui, travaillant sur des éhantillons peu
allongés, propose une structure quadratique centré, dans laquelle deux chames
polyméres en conformation 41 trés éendue traversent la maille. Celle-ci contient huit
monomeres, en bon accord avec la densit€éexp&imentale ; dans les deux cas, aucune
structure atomique n’est proposée. Du fait de positions similaires pour les raies de
diffraction dans les deux états d’élongation, Albouy attribue les diffé&ences entre les
diagrammes de diffraction & une diffé&ence de texture. En 2013, Tosaka et coll.
reprennent ce travail et attribuent ces diffé&ences aun polymorphisme complexe. Des
structures atomiques sont proposeées, sans aucune comparaison entre intensités
diffractées mesuréss et calcules.

Le premier but de cette these est donc de déterminer s’il y a polymorphisme ou
simple changement de texture, puis de dé&erminer une ou des structures atomiques en
se basant sur les intensité&s mesurées. Une seconde question inté&essante concerne
I’augmentation brutale de la force de rétraction durant un refroidissement progressif, et
de savoir a quoi elle est liée. D’autres données intéressantes ont également été
collectées.

SYNTHESE DES ECHANTILLONS. Le but est d’obtenir des échantillons pouvant
supporter une ¢longation d’un facteur au moins égal a 5, valeur a laquelle le diagramme
«haute extension » est observé. En I’absence de charge ajoutée, les caoutchoucs
silicones sont tres fragiles. Une charge de silice est normalement utilisé et de deux
processus ont ééutilisé ici : croissance in situ de silice par un procé&lésol-gel et ajout
d’une charge de silice nanométrique modifiée commerciale.

PROPRIETES MECANIQUES ATEMPERATURE AMBIANTE. Les propriéé
meeaniques (modules dastiques, ongation ala rupture) des é&hantillons synthé&isés
sont éudiees. Des mesures paralldes de diffraction X sont effectuees, ce qui donne
acces au coefficient d’amplification des contraintes : il mesure le rapport entre la
contrainte appliquée et celle ressentie par le PDMS en préence de charges de silice
ajoutée. La silice nanomérique appara® beaucoup plus efficace pour ce qui concerne
I’¢longation a la rupture et le coefficient d’amplification des contraintes est proche de
celui calculéen supposant la silice indéformable (Figure 2-A). Les &hantillons chargés
en silice sol-gel cassent plus rapidement mais le coefficient d’amplification des
contraintes est trés supé&ieur acelui calculé(Figure 2-B). Cet effet tres inté&essant

n’avait jamais éerapporté
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Figure 2 Elongation effective ressentie par la gomme de PDMS en fonction de 1’élongation
macroscopique appliquée. -A- poudre nanomérique de silice -B- silice sol-gel.

EVOLUTION DES DIGRAMMES DE DIFFRACTION BASSE
TEMPERATURE : MESURES ET SIMULATIONS. Deux explications diffé&entes
ont &é& proposées pour expliquer la modification des diagrammes de diffraction

observée selon I’extension appliquée : (1) changement de texture et structure cristalline

conservee, (2) polymorphisme caractérisé par 1’existence de quatre structures

cristallines. Des cliché de diffraction ont &éobtenus abasse tempé&ature (-100<C)
pour diffé&entes extensions appliquées (Figure 2-A). Des simulations effectués en
collaboration avec Pascale LAUNOIS (LPS, UniversitéParis-Saclay) montrent que
tous les diagrammes exp&imentaux peuvent &re expliqué par un changement de
texture, en conservant la mé&ne phase cristalline quadratique centré (Figure 3-B).
L’axe d’orientation préférentiel passe d’une direction [001] a fiable extension a une
direction [111] & forte extension. Il reste dans un plan (1-10) aux extensions
intermédiaires (Figure 3-C).

5D || [001] direction

Small strain

Medium strain

SD Il [111] direction

~ Jﬂ,, 15
S

K

High strain

-B- -C-
Figure 3 -A- diagrammes de diffraction exp&imentaux mesurés adiffé&entes dongations &-100<C. —
B- Simulation de diagrammes de textures. —C- Variation associée de ’orientation des chaines
polymeéres.
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COMPORTEMENT THERMO-ELASTIQUE. On voit sur la Figure 4-A que
I’augmentation de la force de rétraction se fait en net décalage avec le processus de
cristallisation : le taux de cristallisation a dga atteint un plateau lorsque cette
augmentation se produit. On sait que le module élastique d’une phase cristalline est trés
sup€&ieur acelui de la phase fondue : ceci s’explique d’une part par un module de la
phase cristalline trés élevé et d’autre part un module de la phase amorphe lui aussi
augmenté par le confinement. L’augmentation de la force de rétraction est alors
expliquée par la contraction thermique de I’échantillon. La Figure 4-C montre les
valeurs des modules calculé& apartir de la diffé&ence de force de réraction et de la
contraction thermique associee. Les valeurs sont en bon accord avec des mesures de
DMA déja publiées. L’augmentation de la température de fusion avec la contrainte
appliqués est significative amis moindre que ce qui est observépar exemple dans le

caoutchouc naturel (Figure 4-B).
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Figure 4 -A- Variation de I’indice de cristallinité et de la force de rétraction durant un cycle en
tempé&ature pour un €hantillon pré&iré —B- Variation de la tempé&ature de fusion en fonction de
I’élongation appliquée. —C- Module @astique calculéapartir du taux de contraction thermique et de la
variation de la force de réraction.

Une phase trés orienté& appara® aux plus fortes d&ongations (phase
«méomorphe »). La Figure 5 montre que cette phase est diffé&ente de la phase
cristalline (caractérisée par I’apparition de multiples réflexions) mais qu’elle lui est liée.

-36.7°C -37.8°C -39.0°C

Figure 5 Passage de la phase mé&omorphe ala phase cristalline.
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ETUDE CRISTALLOGRAPHIQUE. Cette étude est essentiellement basée sur I’analyse de
diagrammes de diffraction de type 9-29 tels que repréenté sur la Figure 6 (quelques
mesures de diffraction éectronique basse tempé&ature ont &alement &éeffectuées). La
position angulaire des nombreuses raies de diffractions est préisénent donnée par une

maille quadratique centré& de paramétres a=0.83972nm et ¢=1.19773nm al70K. On

peut remarquer que le rapport des deux paraméires est trés proche de +/2.
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Figure 6 Diagrammes de diffraction haute et basse tempé&ature.

Une optimisation de type DFT et un afﬁnement de Rietveld ont été¢ tout d’abord
effectués dans le groupe 141 qui est le seul a donner une densité correcte. L affinement
ne converge pas de fagn satisfaisante et la réflexion 110 absente du diagramme
exp&imentale est calculé comme intense. Cette réflexion est absente dans le groupe
l41/a qui a également été testé. Dans ce cas, il est nécessaire d’imposer un taux
d’occupation de 0.5 afin de garder une densité correcte (huit monomeéres par maille en
moyenne). L ajustement n’est pas satisfaisant dans ce cas non plus. La Figure 7 donne
les configurations obtenues dans les deux cas : les chames polymées présentent dans
ces deux cas une conformation éendue avec un axe 41 ou 4s.

Une explication possible est I’existence de domaines cohérents de groupe
d’espace 141 et contenant des chaes soit 41 ou 4s. Le passage d’un domaine a 1’autre
correspondrait au passage d’une conformation 41 aune conformation 43 pour la chame

polymere.
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Figure 7 —A et B - Vue de face et latérale de I’empilement des chaines polyméres pour le groupe 141. —
CetD- Vue de face et lat&ale de ’empilement des chaines polyméres pour le groupe 1441/a

ETUDE DE DEUX ORGANOGELATEURS A BASE DE CHOLESTEROL. Cette éude de la
structure cristalline du PDMS a &é&complé&ée par des mesures de diffractions X sur
diffé&ents organo-gdateurs dont les propriéés chromatiques sont sensibles adiffé&ents
stimuli (voir Figure 8). Ceci constituait le sujet initial de cette these, qui a @émodifié

au vu de la trop importante chimie né&essaire.

Figure 8 Exemples de diagrammes de diffraction obtenus sur diffé&ents organo-g&ateurs.

Mots clef : poly(diméhylsiloxane) (PDMS), caoutchouc silicone, amplification des

déformations, diagrammes de fibre, propriéés thermo-@&astiques, cristallographie
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Chapter 1 Introduction

This chapter gives a brief introduction of poly(dimethylsiloxane) (PDMS),
together with addressing the research motivation of my thesis. The crystallographic
study and the mechanical study of PDMS elastomers at low temperature were reviewed,
and the objectives of the present work are presented in the last section.

1.1 What is Poly (dimethyl siloxane) (PDMS)?

Poly(dimethylsiloxane) (PDMS), also known as dimethylpolysiloxane or
dimethicone, is by far the most important polymeric compound in silicon industry. The
PDMS chain is made up of repeating [-Si(CH3)20—-] units, as shown in Scheme 1.1.

Hc/ \ /% 0%51_\_—043

CHy

i,
/fn
i

Scheme 1.1 The chemical structure of PDMS (n is the number of repeating units)

Like other types of polysiloxanes, PDMS can be obtained from mineral silica
and the whole synthetic method™ is typically divided into five steps: (i) Elemental
silicon is first synthesized by reducing silica with carbon at high temperatures; it is
followed by (ii) the so-called Direct Process or Rochow Process(?l ], that essentially
produces (CHs3)2SiClz2 together with byproducts that are separated by distillation. (iii)
The further hydrolysis of dimethyldichlorosilane (CH3)2SiCl2 gives dihydroxy
structures that produces cyclic monomers with the basic [-Si(CH3)20—] repeat unit by
condensation (iv). Finally, poly(dimethylsiloxane) (PDMS) is obtained by ring-opening
polymerization (v). The corresponding reactions are illustrated as follow:

(1) SiO2 + 2C — Si +2CO
(ii) Si + 2CH3Cl — (CH3)2SiCla
(iii) (CH3)2SiCl2 + 2H>0 — (CH3)2Si(OH)2 + 2HCI
(iv) (CH3)2Si(OH)2 — [Si(CH3)20]3.4 + 2H20
(v) [Si(CH3)20]3.4 — [-Si(CH3)20—]n
where n is the degree of polymerization.

Commonly, PDMS materials made-up of free linear chains present as
transparent oils whose viscosities can be finely tuned by controlling the average chain
length. Cross-linked PDMS materials can be synthesized from either commercial

silanol-terminated or vinyl-terminated precursor chains by means of condensation!*! 5]
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Part I Introduction and Background

or hydrosilylation®] [’ reaction, and the obtained PDMS elastomers are often
designated as silicone rubber in the literature. All these materials can be employed in a
broad temperature range of use (typically —120 <C to 150 <C), which explains their
large domain of applications [U. This is due to some specific features of the (Si—O) bond

that are detailed below.

1.1.1 Specificity of the (Si—-O) bond

First, the very high dissociation energy (460 kJ/mol) of the (Si—O) bond endows
PDMS with unusual thermal stability. Furthermore, PDMS possesses some unique
configurational properties due to the inequality of the (Si—-O-Si) and (O-Si—O) bond
angles, which have been experimentally determined to be respectively about 143<and
110< As a consequence, an all-trans form conformation would lead to a closing of the
chain after ca. 11 units (ca. 3607 (143-110; see Figure 1.1-a). Conformational studies
have been conducted by various authors: JA Darsey mapped the conformational energy
surface obtained by rotating around the (Si—O) bond by the angles ¢, and ¢, (Figure
1.1-b) Bl .| He found minima for pair of angles (156< 09 or (0< 2049 that
approximately correspond to the conformation given in Figure 1.1-c.

(a) cns% CHy CH, (UM H
s l/ CH o B S
Si~g—5i Lt i
@y s__o/ © AN SH 5 % \\
i 0 3
Si / Si CHS
/ \ CHjy di 02 CH.
Gy P Q oH tH; / \ 3
Si
r.H3>\' \5*<cns g
o all-trans  / 3
o é o © CHEHy u}cna j”/sclt;
\O g CHy J
CHy | o i—t:H3 0/3\ o ‘\ u/s\
N§i— /
cr*ﬁs 0\5/0“‘5& - / o\si/ o\si/ o=
3
CHy CH:h3 ‘\ \\ \\
crgH3 ;;h!c";s cHy's

Figure 1.1 (a) all-trans conformation. (b) angles used for mapping the conformational energy surface.
(c) conformation of minimum energy®

The (Si—0) bond length is 0.164 nm and this reduces steric hindrance between
methyl groups (torsional flexibility) . The (Si—O-Si) angle can have value between
140=and 180<and the barrier of linearization is small (0.3 kcal/mol). PDMS thus
presents a high bending flexibility. All these features account for the high dynamic
flexibility of the chain and the low value of the glass transition temperature (ca.
—125 <C, see below).
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Chapter 1 Introduction

1.1.2 Mechanical properties of PDMS elastomers

As such PDMS elastomers have low tensile strength, poor wear and tear wear
properties: as an example, elongation at break hardly exceeds 2. To counteract these
drawbacks, fillers are systematically added and finely divided silica powder is most
often used. This addition results in a dramatic increase of the mechanical modulus, tear
strength and tensile strength. However numerous alternative fillers have been proposed
[10] [11] [12] [13] | Sjlica surface is normally covered by silanol (-Si—OH) groups that
strongly interact with the oxygen of the PDMS backbone that explains the increase in
viscosity as silica is added to the PDMS oil. In these conditions, a proper dispersion of
the silica filler may require industrial mixers and an easier dispersion of the silica
particles can be obtained by surface modification (see Chapter 2) B, The in-situ sol-
gel loading process described in Chapter 2 is also an alternate solution to produce an
intimate mixing of a silica phase into the PDMS matrix 1[I The filler content is
generally given in phr, which means parts per hundred: mass of filler (g) added to 100g
of gum.

Silica-filled PDMS elastomers can exhibit “model” Mullins stress softening.
Figure 1.2 presents successive mechanical cycles: red, first cycle, blue, second cycle
and yellow, third cycle [*41, The material presents stress softening after a previous cycle
up to the maximal elongation reached during this cycle. This effect is general in filled
elastomers and is called Mullins effect. It means that if a sample is to be characterized
in a reproducible way up to an extension Amax, it must be previously cycled up to Amax
at least one time. This procedure was not followed in the present work as we are not

really interested by mechanical properties.

Stress (MPa)

1

L
[

‘ 1 | | | |
0 0.5 1 15 2 25 3
Strain

Figure 1.2 Mullins effect in a silica-filled PDMS sample (35phr; [41)

0
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Part I Introduction and Background

1.1.3 Crystallization and glass transition

Upon cooling, PDMS oils or rubbers readily crystallize at a temperature
intermediate between the glass transition temperature (ca. —125 <C) and the melting
temperature (ca. —38 <C). Preventing crystallization requires high cooling rates
(typically 50 <T/min, ref. [15] ). Two melting peaks are most often observed upon
warming that are attributed to two populations of crystallites with different average
sizes (see below).

The morphology of crystallized PDMS was first studied in 2002 using a
scanning electron microscope (SEM) equipped with a cold stage by Sundararajan®!
Figure 1.3 show the SEM micrographs of the crystalline PDMS (Mw=38900 and
182600) at different magnifications. Spherulites of nearly 100 pm in size are seen in

both low and high molecular weight PDMS.

Figure 1.3 SEM micrographs*® of (a, b) PDMS (MW=38900) and (c, d) PDMS (MW=182600) in
lower and higher magnification (scale bar = 100, 10 pm) at —70 °C.

In 1985, Clarson et all*’! studied the thermal behavior of cyclic and linear
poly(dimethylsiloxane) over the temperature range 103-298 K by differential scanning
calorimetry (DSC). The glass transition temperature (7,) of the linear siloxanes
increases from 137 K to 150 K when the number-average of skeletal bonds increases
from n = 10 to 682 but this last temperature is already reached for n = 100. As
mentioned above, two melting endotherms are reported: the higher temperature
endotherm is attributed to the melting of crystallites grown during cooling down. It is
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nearly independent upon the chain length and close to T,,,, = —38 <C. Indeed, the
temperature at which crystallization starts during cooling is typically intermediate
between this value and the glass transition temperature, ca. —80 <C. Cold
crystallization is observed around —90 <C during warming-up when polymer chains
have recovered enough mobility. Crystallites grown during this last phase melt at
Trmi = —49 T and their lower stability is attributed to a smaller size. Cold
crystallization can be suppressed by cooling again after reaching a temperature
intermediate between T,,; and T,,,,.

Meanwhile, Maus et al [*8] investigated the crystallization behavior in bimodal
PDMS molecular-weight blends consisting of long entangled and short, essentially
unentangled, chains by means of DSC and proton NMR spectroscopy. All blends show
two melting peaks lower than 240 K, which were attributed to a
melting/recrystallization of smaller and/or less stable crystallites. They postulated that
the crystallization tendency of PDMS is generally facilitated by the presence of physical
or chemical constraints, which can induce chain orientation correlations on the
timescale of the lifetime of entanglements.

The influence of fillers and crosslinking density on the crystallization behavior
in PDMS elastomers remains somehow controversial but this point is somehow
anecdotic as regard to the purpose of this thesis. On the one hand, Aranguren!]
investigated the influence of silica filler and curing on the crystallization of PDMS
elastomers based on the DSC measurement: the glass transition temperature was
essentially unaffected by silica filler addition or crosslinking. Roland et all®l have
demonstrated that the increase of crosslinking density in PDMS networks reduces both
the extent of crystallization and the thermodynamic stability of the crystal phase. On
the other hand, the calorimetric studies of Dollase et al*® gave an opposite conclusion:
the presence of either physical or chemical crosslinks enhances PDMS crystallization
from the melt, due to the substantial local chain ordering in the melt that facilitates
conformational rearrangements necessary for crystallization. Moreover, Dollase et all?!]
have also investigated the effect of interfaces on PDMS crystallization and found that
the crystallization enhancement does not depend on the specific type of interfacial
interaction between the additives and the polymer, but is rather affected by the presence

of a surface, which is attributed to entropic interactions in the boundary layer.
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Part I Introduction and Background

Shirrazzuoli et all®?l investigated the effect of crystallization and glass transition
on the elastic modulus of PDMS and PDMS silica nanocomposites by means of
Dynamic Mechanical Analysis (DMA) and DSC. Illustrative results obtained on an
unfilled sample are displayed in Figure 1.4 (tand = E"/E', where E'" and E’ is the
loss modulus and the elastic modulus respectively). When cooling down is rapid,
crystallization has no time to proceed before the glass transition is reached. Upon
warming (black squares) the elastic modulus E’ decreases rapidly at the glass transition
temperature and increases again at ca. —100 <C when secondary crystallization
becomes possible. No such a drop is observed after slow cooling (open triangles) as the
sample is already partially crystallized. Between —60 <C and —40 <C the modulus
decrease is due to crystallite melting. These results will be helpful to discuss the present

work.

E'/Pa

140 -120 -100 -80 -60 -40 P%mm
10° 5 Temperatre 1°C
T » T ’ T v T v
-140 -120 -100 -80 -60 -40
Temperature / °C

Figure 1.4 Elastic modulus (E’) and tan & (inset) versus temperature measured on heating an unfilled
PDMS elastomer at 1K min. Open triangle: heating after slow cooling from the melt. Solid squares:
heating after fast cooling from the melt 221,

By combining results from Broad Dielectric Spectroscopy (BDS), Small and
Wide-Angle Neutron Scattering (SANS and WANS) and DSC, Lund et al'®! have
highlighted the relationships between alpha-relaxation dynamics of PDMS and
structure evolution during cold crystallization. They evidenced that the conventional
amorphous phase disappears during crystal growth and is replaced by that a

“constrained amorphous phase” located between crystalline lamellae.

1.2 Role of a preset strain on the crystallization behavior
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In 1958, Ohlberg et al.>1 were probably the first to study the influence of an
applied strain on crystallization. Indeed, their main purpose was to follow the
orientation of crystallites grown under strain and to evaluate crystallinities in a silica-
filled PDMS elastomer. Values for this last parameter are in the range 0.5 — 0.6, which
is typically what is now reported. They also reported a strong increase of the
crystallization temperature from ca. —55 <C in the quiescent state to ca. —14 <C for a
draw ratio 6.3. Crystallization temperature is actually not a very pertinent parameter by
itself as it depends upon the cooling rate, cross-link density... However, —14 T is
well-above the equilibrium melting temperature in the quiescent state which
unambiguously demonstrates an increase of the melting temperature with elongation.
The most interesting point is their report of an anomalous change of X-ray diffraction
patterns with increasing elongation: it is a point that has gone somehow unnoticed and

that is clearly seen in Figure 1.5 (—60 <C; compare patterns at draw ratios 2.4 and 6.2).

Room temperature

-60 °C

L4 r

Draw ratib =1 Draw ratio=2.6 Draw ratio=6.4

Figure 1.5 X-ray diffraction patternsf?*l of silicone rubber measured in amorphous and crystalline state
under different draw ratio. Extension axis is vertical.

Room temperature patterns are also interesting to discuss. They essentially
consist in an inner intense amorphous halo (now mainly associated to inter-chain
correlations) followed by a weaker ring (now mainly associated to intra-chain
correlations). Although images are of rather poor quality, an equatorial intensity
reinforcement is clearly seen at a draw ratio 4.5 that become more finely structured at
very high elongation (8.75).

In the second section of this study, Warrick[?®! performed tension-temperature

measurements with a low-temperature apparatus. It was found that the silica filled
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PDMS elastomers exhibit an atypical thermo-elastic behavior shown in Figure 1.6. The
retractive force shows a dramatic and sudden rise during cool-down which Warrick
attributed to crystallization without giving further proof. One difficulty arises from the
fact that all measurements are made during cool-down that are out-of-equilibrium
conditions and as mentioned above the “incipient crystallization temperature” is not a
really pertinent parameter. Elucidating the relation between the stress rise and

crystallization is one objective of the present work.
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Figure 1.6 Tension of silica filled PDMS samples as a function of temperaturel?, o is the draw ratio.

1.3 The enigma of the PDMS crystal structure

The first investigation of the crystalline structure was performed by
Damaschun?®l in 1962. It was based on the analysis of a diffraction pattern taken at
—90 <T on a highly stretched silicone rubber (draw ratio of 5; 35% Aerosil silica).
Figure 1.7-a is the drawing provided by this paper to illustrate the obtained X-ray fiber
pattern. We see that it clearly corresponds to the photograph “—60 °C; draw ratio = 6.4”
in Figure 1.5. The draw axis is along the vertical and is supposed to correspond to the
chain axis. Due to the absence of a 010 reflection this axis was assumed to be a 21 screw
axis. The chain has been accordingly attributed a two-fold helical conformation (Figure
1.7-b, see below). In agreement with the 21 symmetry a monoclinic unit cell was
proposed with parametersa=1.3 nm, b =0.83 nm, ¢ =0.775 nm, and § = 60< Possible
space groups are P 2:/m and P 2i/c. Based on the estimated density of the crystalline
phase, a loose 21 helical chain conformation was proposed (Figure 1.7-b): there are six
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monomers per unit cell among which three are independent (the other three are

symmetry-related to these ones).

(a) (b)

Figure 1.7 (a) Drawing used to represent the X-ray diffraction pattern. (b) The proposed chain
conformation in the crystalline state. Both were obtained in ref. [26] .

In 1980, Sundararajan et al.?”] performed some measurements on linear PDMS
crystallized from solution in n-heptane and toluene. They observed that lower
molecular oils would give crystals of better quality than very high molecular weight
ones. The observed position of nine diffraction lines could be correctly fitted with
Damaschun's monoclinic unit cell (see Table 1.1).

Table 1.1 Comparison of the observed and calculated d-spacings; the indexation is based on
Damaschun’s monoclinic cell (the monoclinic axis is the c-axis in the table) 271

d(obsd), A d(caled), A hkl indices
6.80 6.71 010
4.11 4.15 002
3.54 3.53 320, 210, 012
2.97 2.99 312 ‘
2.71 2.69 121, 322, 212, 103
2.40 2.40 220, 113
2.26 2.25 223
2.07 2.08 222, 004
1.99 2.00 130, 321, 403, 123

114, 014

The first questioning about Damaschun's two-fold model came from a solid-
state °C and 2°Si NMR study by Schilling et al.[?] in 1991. The observation of a single
resonance for both the 3C and ?°Si nuclei was totally inconsistent with Damaschun’s
proposal of three independent monomers per unit cell. As shown in the projections

represented in Figure 1.8, the three corresponding silicon atoms have different
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environment and the two-fold helical, ribbon-like chain conformation should thus give

rise to multiple resonances.

o

CH3 CHj

o
2o
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Si
CHs CHy CH3 CH3 CHg CHy
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Figure 1.8 Newman projections along the O-Si and Si-O bonds for the crystalline conformation of
PDMS suggested by Damaschun. 2!

Later in 2000, Albouy™! analyzed fibber patterns at low elongation as he had
only unfilled PDMS rubbers at disposition at first (in that case the maximal draw ratio
that can be applied does not exceed 2). He observed a quite different diffraction pattern,

reproduced in Figure 1.9, which corresponds to a sample drawn to an extension of 1.5.

= o ==
:::::F—:{::::*:

Figure 1.9 Low temperature X-ray pattern®l of a 30 wt% silica filled PDMS rubber submitted to
vertical extension (draw ratio A=1.5; exposure time, 20 min).

The black arrow in Figure 1.9 points to the first azimuthal reflection: we call ¢
the crystallographic axis that aligns along the vertical stretching direction and the
indexation of this reflection is (004). Patterns taken at wider angles reveal that only the
(008) reflection can be also observed. The absence of (001) reflection with [ # 4n
indicates that the ¢ axis corresponds to a 41 screw axis. It points to a tetragonal space
group and all line positions can be precisely accounted for with cell parameters of a =

b = ca. 0.83 nm and c (fiber axis) = ca. 1.20 nm (precise values are given for two
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different temperatures [>°: see Table 1.2). It is to notice that the angular positions of
the intensity reinforcements seen in Figure 1.9 are also precisely accounted for.
Reflections hkl that do not satisfy h + k + [ = 2n are furthermore systematically
absent which indicates a centered tetragonal lattice. The crystalline density was
estimated from X-ray absorption measurements: values of 1.16 g/cm® at 183K and
1.21g/cm? at 59K are reported. Both determinations point to eight monomers per unit

cell and the most straightforward space group that satisfies this condition is I 4;.

Table 1.2 Comparison between experimental and measured d-spacings and angular positions & of
intensity reinforcements (183K; a = 0.835nm, ¢ = 1.192nm)

(h.k.])-indices Experimental dyy (nm) Calculated djy (nm) Experimental & angle (deg.) Calculated & angle (deg.)
(0,1,1) 0.685 0.684 549 54.9
(0,2,0) 0.417 0417 88.9 20
(1,2,1) 0.358 0.356 72.8 72.2
(0,1,3) 0.358 0.358 19.4 225
(0,0.4) 0.298 0.298 0.6 0
(1,2,3) 0.272 0.272 433 44.6
(1.3.2) 0.242 0.241 65.1 64.8
(0,2,4) 0.242 0.242 31.2 31
(0,3,.3) 0.228 0.228 53.5 52.6
(0,4,0) 0.209 0.209 89.2 20

A single monomer unit will generate eight equivalent monomers through the
symmetry operations of the space group: this is consistent with the NMR results [?8]
One obtains two chains related by the centering condition and running along the ¢ axis.
The helical pitch of 1.2 nm requires a rather extended conformation as proposed in
Figure 1.10.

Y.
3
| A
. . N
§
3
-q- -b-

Figure 1.10 Model for the fourfold helical conformation of the PDMS chain. (a) top view, (b) side
view. Oxygen atoms are in black 2!

When comparing Table 1.1 with Table 1.2, we see that the line positions can
be accounted for by Damaschun’s and Albouy’s unit cells. It is explicitly assumed by

Albouy that the structure is similar in both cases and that differences in the diffraction
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patterns only reflect a change in the crystalline texture. This change would give rise to

the apparent 21 symmetry.
In 2013, Tosaka et al.[*% were the first to publish evidences of a continuous
transformation of the diffraction patterns in the PDMS elastomer with increasing draw-

ratio: see Figure 1.11.

(a) )

Draw ratio =6 Draw ratio =2.5 Draw ratio =2

Figure 1.11 WAXD patterns® of cross-linked PDMS samples crystallized at =90 °C (scale bar = 10
nm™?). Stretching direction is vertical. Cu Ka radiation was used as the X-ray source.

They also reported the previous observation made by Ohlberg et al.[?*l of the
apparition of a strong intensity reinforcement localized in equatorial position at room
temperature at higher extension: see Figure 1.12-a; it is clear that this reinforcement is
localized close to the “amorphous halo” though at a different position (see Figure 1.12-
b). It is attributed by these authors to a “mesomorphic” phase that develops at higher
draw ratios. The most intense crystalline spot in Figure 11-a (“yellow” spot) grows at
this position and there is thus a relation between this “mesomorphic” phase and the

crystalline one.
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Figure 1.12 (a) Diffraction pattern of a silicone rubber sample stretched to a draw-ratio of 6 at room
temperature; (b) equatorial intensity profiles at various draw ratios (c) peak position as a function of
draw ratio (50

They interpreted the difference in diffraction patterns between low and high
strain in terms of polymorphism: the £ form crystal was assigned to the low strain phase,
and similar to the crystal structure model reported by Albouy!?1, while the a form was
associated to the structure proposed by Damaschun!?8l, The d-spacings for both phases
are similar and the authors perceived it actually as problematic: the explanation they
proposed is rather intricate.

Recently, Tosaka deepened his structural analysis in association with Tashirol3,
They used the technique of the selected area electron diffraction (SAED) to explore the

supposed crystal polymorphism. Examples of single crystals grown on the carbon grid

and the associated diffraction patterns are displayed in Figure 1.13.

(a) Form 1 (b) Form 2 (c) Form 3 (d) Form 4

Figure 1.13 TEM images and the corresponding SAED patterns (taken at the bright circular area with
diameter of about 10 pm) of the PDMS single crystals measured below —100 °C.

These diffraction patterns were analyzed in terms of four different crystal
structures. Such a rich polymorphism is indeed intriguing and it is our opinion that each
assignment is based on limited information (essentially one diffraction plane). We give
in Table 1.3 the crystallographic parameters proposed of each crystalline form: a = =
y = 90<in all cases including orthorhombic cells (the term “fiber axis” refers to the
polymer chain direction). Computed densities are 1 g/cm?® for Form 1 and Form 4, 1.6
g/cm® for Form 2 and Form 3. The density value determines by Albouy for the

crystalline phase is compatible with a mixture of the different forms. The chain
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conformations proposed for each crystalline form are based on simulation and are

highly speculative. They can be found in their publication.

Table 1.3 Four-form crystal structure model for PDMSIEY

Crystal Cell parameters*
Space group
structure a b c
Form 1 P 2:/b (No. 14) 0.69nm 0.84 nm 0.84 nm (fiber axis)
Form 2 P 212,2; (No. 19) 0.88nm 0.41 nm 0.84 nm (fiber axis)
Form 3 14 (No. 82) 0.85nm 0.85 nm 0.84 nm (fiber axis)
Form 4 C m (No. 8) 1.45nm 0.83 nm 1.20 nm (tilted)

* a and b were determined by SAED pattern while ¢ was determined by WAXD pattern

Quite recently, Li’s group®? used in situ synchrotron radiation wide-angle X-
ray scattering technique to study the structural evolution of silica filled PDMS during
uniaxial tensile deformation at temperatures from —40 to —65 <C. They analyzed their
results in terms of polymorphism following closely Tosaka et al. analysis without
further proof.

1.4 Objectives and Aims

The main objective of this work is trying to elucidate the enigma of the
crystalline structure of PDMS, and to find out an explanation for the change in
diffraction patterns with strain. The stress-upturn during cooling down of pre-stretched
samples is also of interest.

Chapter 2 will briefly present different synthesis routes that were explored to
prepare unfilled and filled samples; a rapid mechanical characterization was performed
in order to find PDMS elastomeric materials that can withstand large elongation as this
step is crucial to reproduce Tosaka’s observations.

More detailed tensile/WAXS measurement at room temperature are presented
for some selected samples in Chapter 3. In particular, the effect of the silica filler on
the strain state of the amorphous phase during extension is discussed. Interesting results
are obtained as regard to the strain amplification factor.

A fundamental question is to know if the change in the diffraction patterns with

increasing extension is due to (1) a change in the crystalline texture keeping the same

crystalline structure (2) a change in the crystal structure implying polymorphism. For

this purpose, diffraction and mechanical measurements were simultaneously performed
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during cooling and warming sequences on samples submitted to static elongation: this
is the object of Chapter 4. Chapter 5 is dedicated to the study of the anomalous low-
temperature thermoelastic behavior observed in stretched PDMS during cooling and
heating.

Chapter 6 is a crystallographic study where we tried to adjust experimental line
intensities with a structural model. It is completed by some electron microscopy results.
Consideration about some orientation effects observed in cooled PDMS oils are also
added.

The subject of my thesis was originally the study of some liquid-crystal
polymers. The west wing of the Laboratory was closed six months for renovation and
during this time, |1 went to Chimie ParisTech, Paris to analyze X-ray characterizations
that had been performed on two cholesterol-based organogelators: this is object of
Chapter 7.

Finally, Chapter 8 summarizes all the results and gives suggestions for future

work.
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2.1 Introduction

A lot of approaches were undertaken to prepare elastomeric networks, which
thus endow PDMS materials rubberlike elasticity for further application in industry.
The most popular precursors for producing PDMS elastomer are reactive polymers with
end-link functional groups, which can be used with a crosslinker to produce high
performance elastomeric materials.

The most frequent synthesis routes for PDMS elastomers are starting either from
hydroxyl-terminated (Si-OH) or vinyl-terminated (Si- or O-CH=CH?) precursor chains.
A tin-based catalyst is most often used in the first case and a platinum-based one for
the second case. For example, Schmidt et al [*! is using hydroxyl-terminated PDMS to
prepare a network structure with tetraethoxysilane (TEOS) as cross-linker and tin (I1)
2-ethylhexanoate as catalyst ! Patel et al. ¥l is cross-linking a vinyl-terminated PDMS
in the bulk using tetrakis(dimethylsiloxy)silane as cross-linker in the presence of the
catalyst cis-dichlorobis(diethyl sulfide)-platinum(l1); curing time was 72hrs at 35<C.
In another example Dewimille et al. [ are mixing vinyl-terminated precursor chains
and 1,3,5,7-tetramethylcyclotetrasiloxan (cross-linker) with the milder catalyst
Platinum (0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution (Karstedt’s
Catalyst); curing time is 24hrs at 80 <T. In the work of Takeuchi et al. !, both hydroxyl-
terminated and vinyl-terminated PDMS precursors were used to fabricate the PDMS
networks. In addition, Chaumont et al. 81 [/l synthesized silicon rubber at high
temperature from vinyl-terminated PDMS by free-radical crosslinking adding of
dicumyl peroxide (DCP). Other methods involve complicated precursor mixtures, for
example, the most widely used product Sylgard® 184 from Dow Corning. Due to its
simplicity of use, this bi-component product (base and curing agent) is widely used [
[141 'Except these synthesis routines, radiation-induced crosslinking, including electron-
beam (51161 and gamma irradiation (17118 was also applied to fabricate elastomers.
Photo-initiated thiol-ene cross-linking has also been used for the synthesis of
elastomeric structure in an environmental friendly way 11241

Due to the poor mechanical properties of the neat PDMS, numerous kinds of
fillers can be incorporated in order to improve their properties 2>/ . Among these fillers,
silica nanoparticles are the most popular due to their good compatibility with the PDMS
matrix. However, the addition of the silica powder into the PDMS oil results in a

viscosity increase and it may be difficult to achieve a very good dispersion without
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specific mixers. As regard to the lack of this type of apparatus in the Laboratory, we
turned to silica with modified surface or in situ generated silica by sol-gel method [41[2¢]
Other fillers, like CNT #1271 graphite 281 carbon black %1, clay particles B% | mica
flakes B | layered silicate 21 | organomontmorillonite % | palygorskite 4 and
oligomeric silsesquioxane ! | are also reported.

We present in this chapter the synthesis of silicone rubbers based on different
PDMS precursor chains and fillers; their mechanical properties are compared with a
particular accent on the elongation at break. As stressed in Chapter 2, our goal is to
obtain samples with elongation at break in excess of 5.

2.2 Experimental section
2.2.1 Materials
For the whole experiment, the chemical reagents are listed in Table 2.1.

Table 2.1 the list of chemical reagents

Chemical reagent CAS-No. Vendor
PDMS precusor chains

silanol-terminated (DMS-S21 and DMS-S27) 70131-67-8

vinyl-terminated (DMS-V25, DMS-V31R and DMS-V33) 68083-19-2 Gelest Inc.
poly(hydromethyl-co-dimethylsiloxane) (HMS-301) 68037-59-2

Sylgard®184

crosslinking agent

tetraethoxysilane (TEOS) 78-10-4 Sigma-aldrich
tetrakis(dimethylsiloxy)silane (A4) 17082-47-2 Gelest Inc.
catalyst

Stannous-2-ethylhexanoate 301-10-0 Sigma-aldrich
chloroplatinic acid (0.1mM isopropanol solution)*

platinum/divinyltetramethyldisiloxane complex (SIP6830.3) 68478-92-2 Gelest Inc.
dibutyltin dilaurate (DBTDL) 77-58-7 Sigma-aldrich
filler

hexamethylsilazane-treated silicon dioxide (S51S6962.0) 68909-20-6/7631-86-9 Gelest Inc.
multiwall carbon nanotubes (NC7000 series) Nanocyl

* it was synthesized by dissolving chloroplatinic acid hydrate into isopropanol

2.2.2 Swelling experiments
Swelling experiments were simply used to evaluate the soluble fraction, that is
the amount of polymer chains that remained non cross-linked. The weight of PDMS

sample m,, is first measured and the sample is allowed to swell for 3 days in toluene
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with daily change of toluene to permit maximum soluble components extraction. The
sample is then put in a series of methanol/toluene mixtures with increasing methanol
ratio to remove the solvent. It is then dried in a vacuum oven, and its weight after

extraction m, is measured. The soluble fraction wg,; is calculated by the equation

my —my
Weo] = — (2.1)
0

2.2.3 Casting mold and sol-gel loading method

In our experiments, three kinds of Teflon molds were used to fabricate flat film
sample and dumbbell shape sample. Figure 2.1 displays two molds: the dimension of
the round-one is 10 cm diameter <0.1 cm in depth. The volume of the mold is given
and small so that it is helpful for the fabrication of small quantities of films. The other
one is rectangular 25cm in length, 0.1cm in depth and 17 cm in width. The actual length
can be adjusted between 0 and 21.5cm by moving the two casting bars. It can be used

to make larger films or films with a very small thickness.

Figure 2.1 Elastomeric sheet obtained by (a) round-shape and (b) rectangle mold; (c) dog bone
specimen.

After curing, dog-bone shape samples can be cut away with a steel puncher (see
Figure 2.1c). In order to make films with a homogeneous width, the horizontality of
the mold can be adjusted with the four lateral screws.

Slippage of the sample out of the holding grips during mechanical test can be a
problem. It can be overcome by preparing dumbbell shape specimens (see Figure 2.2d).
For this purpose, we also used a home-built double tunnel filling mold shown in Figure
2.2. The central film width is fixed to 0.75mm to limit the absorption of X-rays for
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diffraction experiments (the optimal thickness at a wavelength 0.1542nm is ca. 0.3mm).
However, if the viscosity of the mixture is too high, bubbles have difficulties to escape;
as a result, it is better to spend a lot of time removing all bubbles and most solvent of
the mixture before putting the mold in the oven for final curing. This is done using a
rotary evaporator.

(d)

Figure 2.2 The double tunnel filling mold: (a) side view; (b) top view and (c) inner view; (d) dumbbell
sheet.

An atmosphere saturated with water is needed for the in-situ generation of silica
filler by the sol-gel process in the neat PDMS networks. After swelling in the TEOS in
the presence of a tin catalyst (see below) for a set time, the film was laid in the upper
place of the glass box with some water at the bottom. The box was then sealed and put
in an oven at 30 <C for 24 hours.

2.3 Whole strategy

Based on the solution casting method, all PDMS elastomers were fabricated
mainly in three steps, schematically shown in Scheme 2.1.

Catalyst casting 5
= > > B

sturng stirring N ! 80°C
s w4
Scheme 2.1 The solution casting method

(1) in order to have a homogeneous dispersion, PDMS precursors are premixed
with the cross-linker with some good solvent, like toluene, followed by the addition of

,

PDMS oil + Crosslinker

curing

degassing

10 min

the catalyst for a relatively short period.
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(2) Degassing and casting steps are very crucial due to the great negative effect
on the mechanical properties of bubbles created inside the mixture, especially for the
case of fabricating dumbbell-shaped PDMS elastomeric specimen;

(3) The final curing was usually performed in an oven with optimum curing
time.

In this section, different synthesis routines are carried out, and tensile tests are
performed to test the mechanical properties of synthesized film. These results are
compared and assessed to find the best strategy to obtain PDMS elastomeric materials
with good mechanical properties (essentially elongation at break).

The whole strategy can be divided into two section: first is to the synthesis of
neat and filled PDMS elastomers; in a second step, the results obtained from tensile test
are compared in order to choose the proper solution to fabricate PDMS elastomers with
good mechanical properties. It corresponds to a trial and test process that proved not
straightforward.

It is known that mixing silica powder and the PDMS oil during the first steps of
the synthesis is a difficult task as the mixture becomes highly viscous. In order to
circumvent this difficulty, we first decided to follow the sol-gel loading method
described by Liliane Bokobza (see below). As she also presented multiwall carbon
nanotubes as a highly efficient filler at very low concentration, we also decided to try
this method. In both cases silanol-terminated PDMS with high and low molecular
weight are cross-linked in presence of a tin catalyst. However, both methods seemingly
gave not satisfying results and we turned to commercial Sylgard® 184. The obtained
film is more rigid and with low elongation at break which is not good for our purpose.
Afterwards, we turned to vinyl-terminated PDMS with high molecular weight and a
platinum catalyst. The neat PDMS behaves better when compared with networks
synthesized from silanol-terminated PDMS oil, but it still cannot meet our later
experimental need. Therefore, filled PDMS elastomers were fabricated by physical
mixing with surface modified silica or in-situ sol-gel generation of silica, expecting to
achieve good dispersion of the fillers in the soft matrix. The result shows great
enhancement of their mechanical property, which turns out to be best choice of method

to obtain PDMS elastomer with good mechanical properties.

2.4 Preparation of unfilled PDMS networks
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Neat PDMS elastomers were fabricated from polydimethylsiloxane precursor
chains by means of different multifunctional cross-linking agent in the presence of

corresponding catalysts, according to published research papers.

2.4.1 from silanol-terminated PDMS precursor

Unfilled elastomer networks were synthesized using silanol-terminated
poly(dimethylsiloxane) precursor chains (Mw=18000) and a tetrafunctional
alkoxysilane cross-linker. The cross-linking reaction involved is a condensation
reaction that produces ethanol as a by-product (that rapidly evaporates out of the

sample). It is catalyzed with a tin catalyst (see below).

IS
¢l

CH3 H3C CH3 //’1>C—L"_("}\\
| “—o._.0— Sn cat " ny 0 (“H\\\
HO—Si—O1H + >SiC — % ko SR
| . /_O o__\ ..,-\‘.,:‘—ﬁl—O-St—()—Sll—,.;n".;\/.
CHj HaC CHs o T + CHy/
i “-\\n,(:fsTf(:nj//
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13.12 g silanol-terminated PDMS oil is mixed with cross-linking agent TEOS
(tetraethyl orthosilicate; see amount below) in toluene for 30 minutes; the tin catalyst
(stannous-2-ethyl-hexanoate) is then added to the mixture in the extent of 1.2 g/100 g
of chains, under magnetic stirring for another 5 minutes. The reacting mixture is slowly
cast into a rectangle Teflon mold and left 30 minutes at room temperature then at 80 <C
for one day for complete curing. The as-obtained film has a dimension of 17 cm length
>8 cm width < 0.1 cm thickness. It is cut into dog bone shape specimens of 7.5 cm
length ><0.4 cm width, and four specimens are used for every single tensile test.

To verify the influence from the adding amount of crosslinker, the precursor
chains is reacted with TEOS in different reaction ratio r [equal to n(TEOS)/n(PDMS),
in which n(TEOS) and n(PDMS) refers to the mole amount of substance of TEOS and
silanol-terminated PDMS]; six series (r = 0.5, 1, 1.5, 2.5, 5, 7.5) were investigated.

Before we discuss the assessment of networks, it is important to recall some
definitions of quantities used in mechanics. The origin of the elastomer hyper-elasticity
is also briefly discussed and the simplest formula for the retractive force is given.

The engineering stress o is the ratio of the loading force to the initial sample
cross-section (the true stress is the ratio of the loading force to the actual sample cross-

section), formula 2.2. The strain ¢ is the relative length variation (formula 2.3) while
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the elongation is the ratio of the actual length by the original one. Extension, stretch-

ratio or draw-ratio are synonyms of elongation often found in the literature.

o=F/A, (2.2)
e=AL/Ly = (L —Ly)/Lo (2.3)
A=L/Ly=¢+1 (2.4)

The polymer chains in an elastomeric network are in a molten state and the
monomers present a constant thermal agitation. They are thus randomly oriented in
absence of applied strain; an applied elongation will impose some preferential
orientation which is opposed by the monomer continuous thermal motion: it creates a
retractive force. The thermal agitation of monomers increases with temperature and so
does the retractive force. The force origin is entropic and does not involve changes in
bond angles or bond length. An energetic contribution, generally small, comes from the
fact that chain conformations with different energies can be favored by the applied
elongation.

The so-called Gaussian theory of hyper-elasticity in its simplest form gives
formula 2.5 which is valid for limited elongation. N is the number of active (= cross-
linked at both ends) chains, ks is the Boltzmann constant and T the absolute temperature:

1
o = NkgT (A - ﬁ) (2.5)

The multiplying factor NkgT is also called the shear modulus G (it appears in
pure shear experiments that are specific mechanical tests) and is written (formula 2.8):

PpRT
M,

G = NkgT = (2.8)

where p is the sample density, R the gas constant and Mc the number average
chain molecular weight. Elastomer fabricated with different molar ratio r of TEOS vs
silanol-terminated PDMS (Mw=18000) are investigated, with r ranging from 1 to 7.5:
the tensile test results are shown in Figure 2.3 (room temperature).

Networks prepared at stoichiometric conditions (r = 0.5) are not shown in the
above-given figure, because the as-obtained samples are too sticky. It indicates a low
crosslink density that could be due to the volatility of the TEOS cross-linker. A higher
amount of cross-linker is required for the alkoxy-functional condensation reaction

between silanol-terminated PDMS and TEOS. From the stress-strain plot, it is obvious
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that the modulus could be improved when increasing the adding amount of cross-linker.

The elongation at break does not display a specific behavior in relation to r.

Stress o [MPa]

T T T T T T T T T T
0.0 02 04 0.6 0.8 1.0 1.2 14 16 18

Strain ¢

Figure 2.3 Stress vs. strain plot with respect to different reaction ratio r.

As introduced before, the engineering stress is expected to depend linearly upon
(A-1/A%) and the slope is related to the average molecular weight between two crosslinks.
We see on the plot given in Figure 2.4 that this relation is rather well-followed. A closer

examination reveals some discrepancies that are discussed in Chapter 3.

Stress o [MPa]

P

Figure 2.4 Stress vs (A-1/A%) plot with respect to different reaction ratio r.

Table 2.2 Summary of mechanical property in elastomeric networks synthesized from silanol-terminated
PDMS (Mw=18000)

sample Weol &b o [MPa] G [MPa] M. [g/mol]
r= 4.041% 1.08 0.2727 0.1377 17.07k
r=1.5 4.226% 1.72 0.3856 0.1392 16.89k
r=25 4.195% 1.29 0.5479 0.2454 9.58k
r=5 3.797% 1.06 0.5387 0.2905 8.09k
r=75 3.383% 0.94 0.6185 0.3663 6.42k

where wq is the soluble fraction obtained by swelling experiments, &, and oy, refers to strain and stress at
break, G is the elastic modulus and Mc is the average molecular weight.
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The resulting data are given in Table 2.2. When the reaction ratio exceeds 1.5,
the ultimate strength increases but Mc experiences a sudden drop, probably due to the
fact that too much cross-linker will produce a heterogeneous network. In these
conditionsr = 1andr = 1.5 can be selected as optimal reaction ratios.

We also checked the influence of precursor chain length and mixtures of
different silanol-terminated PDMS precursors (Mw = 18000, 4200) were selected for
this purpose. They are denominated Mix000, Mix030, Mix050, Mix070, Mix100,
where the number indicates the weight percentage of short chains.

7.58 g silanol-terminated PDMS oil (including long and short precursor chain)
are mixed with cross-linking agent TEOS (tetraethyl orthosilicate) in toluene for 30
minutes, with a reaction ratio r = 1 [equal to n(TEOS)/n(PDMS), in which n(TEQOS)
and n(PDMS) refers to the mole amount of substance of TEOS and total silanol-
terminated PDMS chains]. 0.09 g tin catalyst (stannous-2-ethyl-hexanoate) are then
added to the mixture under magnetic stirring for another 5 minutes. The reacting
mixture is slowly poured into the round shape Teflon mold and left 30 minutes at room
temperature then at 80 <C for one day for complete curing. The as-obtained film was

cut into dog-bone shape specimens and four specimens are used for mechanical testing.
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Figure 2.5 Stress vs strain plot of networks synthesized from long/short chains mixing in different
weight ratio.

The tensile test results are displayed in Figure 2.5: it is expected that the short
chains act primarily to increase the ultimate strength due to their limited deformability,
while the long chains somehow thwart the spread of rupture nuclei that would otherwise
lead to catastrophic failure. On the contrary mechanical properties appeared degraded

and these neat PDMS networks synthesized from silanol-terminated PDMS precursor
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mixtures (including long and short chains) do not satisfy our final target as they exhibit

poor extensibility.

2.4.2 from commercial Sylgard® 184
Commercial Sylgard® 184 from Dow Corning was also tried to make PDMS

rubberlike specimen: Table 2.3 presents the detailed composition of Sylgard® 184.
Table 2.3 Composition of PDMS silicone elastomer kit, Sylgard® 184

CAS-No. Concentration (wt%)
Base
Dimethyl siloxane, dimethylvinyl-terminated 68083-19-2 50-70
Dimethyvinylated and trimethylated silica 68988-89-6 30-50
Tetra(trimethylsiloxy) silane 3555-47-3 1-5
Ethylbenzene 100-41-4 0.1-1
Curing agent
Dimethyl, methylhydrogen siloxane 68037-59-2 50-70
Dimethyl siloxane, dimethylvinyl-terminated 68083-19-2 20-30
Dimethyvinylated and trimethylated silica 68988-89-6 10-20
Tetramethyl tetravinyl cyclotetrasiloxane 2554-06-5 1-5
Ethylbenzene 100-41-4 0-0.1

11.93 g base part are first dissolved in ethanol, and magnetically stirred for 1
hr., until complete evaporation of ethanol; 1.193 g of curing agent are then added into
the mixture under stirring for 10 min; Finally, the mixture is poured into the rectangle
or the double tunnel filling mold and let to stay at 60 <C for 3 hours in a vacuum oven.

Although the film is easy to peel off from the mold, the elastomer obtained is

too tough with poor extensibility and this cannot satisfy our purpose.

2.4.3 from vinyl-terminated PDMS precursor

PDMS elastomers were also synthesized using the hydrosilylation reaction of
vinyl-terminated PDMS (MW=28000) with cross-linker poly(methylhydrosiloxane)
(PMHS) and a hot catalyst of platinum carbonyl complex (SIP 6829.0, 3-3.5% Pt). The

whole chemical reaction is shown below:

CHy CHy §f  CHy
/—%& }»&—/ ? 4 HyC- s| st' %s. CHy ——— ey
HoC

N CHs n CHg

$i—0—{8i—0 —8i—0—$i-—0—4-§i—04-8i
n

V|nyl-term|nated PDMS Poly(methylhydrosnloxane)
Cross-linked networks
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0.4 g methylhydrosiloxane-dimethylsiloxane copolymer (HMS-301, Gelest Inc.)
are premixed with 20 ppm catalyst of platinum complex solution (SIP6830.3, Gelest
Inc.) in toluene for 30 minutes at room temperature; 10 g vinyl-terminated PDMS
(S1S6962.0, Gelest Inc.) are then added under magnetic stirring. The well-stirred
mixture was then poured into a Teflon mold and cured at room temperature for 4 hrs.
This method failed because the reaction is too rapid (“hot catalyst”) and we had no time
pouring the mixture into the mold before it cross-links.

After that, a more moderate platinum catalyst (called Speier catalyst) was used
to catalyze the crosslinking reaction between the tetrakis(dimethylsiloxy)silane (A4)
cross-linker and the precursor chain of vinyl-terminated PDMS oil (Mw=43000). Speier
catalyst was prepared as follows: chloroplatinic acid hydrate was quickly weighted by
a balance (typically 0.04g) and dissolved into isopropanol to prepare 0.1 mol/L
chloroplatinic acid-isopropanol solution. The solution was kept in a fridge prior use.
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10 g vinyl-terminated PDMS (Mw=43000) oil are then mixed with 0.1261 g
cross-linker of tetrakis(dimethylsiloxy)silane in toluene at room temperature for 30
minutes with a mixing ratio r ca. 165 [equal to n(tetrafunctional
hydrosilane)/n(PDMS)]. Afterwards, 19.8 uL chloroplatinic acid-isopropanol solution
(the adding amount is 9.8 pL for 5 g of sample mixture) were added under vigorous
stirring for another 10 minutes. After degassing in vacuum for 5 minutes, the mixture
was poured into the mold and cured at 90 <C for 24 hrs.

It must be pointed out that the degassing step should be repeated at least 5 times
when fabricating the dumbbell-shape specimen and using the homemade mold with two
vertical two filling tunnels. The 0.75 mm thick sheet obtained was carefully released
from the mold to avoid scratching the surface, and cut into dumbbell shape specimens
6 mm in width.,

The mechanical properties of unfilled PDMS networks prepared from different

PDMS precursor chains are compared in Figure 2.6. As expected, the modulus
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increases with decreasing molecular weight and higher elongation at break is obtained
with the higher molecular weight. As for networks prepared from silanol-terminated

PDMS, the mechanical properties of the neat networks are not sufficient.
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Figure 2.6 Comparison of unfilled PDMS networks from different precursor chains (r = 1)

2.5 Preparation of filled PDMS elastomers

Silica powder is normally used to improve the resistance to tear of PDMS
networks. However, as stressed above, pristine silica may be difficult to disperse
correctly during the mixing process: this is due to the presence of —OH groups at the
particle surface that strongly interact with the Si-O-Si moieties. The silica surface can
be modified with silanes to reduce hydroxyl content allowing thus improved dispersion.
In-situ generation of silica into the PDMS matrix by a sol-gel process is also another
way to insure perfect mixing. We first present some attempts conducted with another
filler, surface modified multi-wall carbon nanotubes (MCNT), as impressive

reinforcement effects have been reported in the Section 2.1.

25.1 PDMS@MCNTSs (base: silanol-terminated PDMS)

Commercial multiwall carbon nanotubes MCNTs (NANO® CYLNC7000
series), are produced via a Catalytic Chemical Vapor Deposition (CCVD) process: they
have an average diameter of 9.5 nm with an average length of 1.5 um. All PDMS
samples were filled with 0.5 phr MWCNTSs following previous publications [, The
functionalization of the MWCNTSs is a two steps process:

(2) synthesis of MWCNTs—COOH: 3g MWCNTSs are dispersed into 300 mL of
concentrated H2SO4/HNOs3 (3:2 v/v) solution at 50 <C and stirred for 24 hrs. The
solution is filtered, washed with water and acetone. The resulting functionalized
MWCNTSs (named HO-MCNT) are then dried under vacuum at 100 °C for 24 hrs.;
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(2) synthesis of MWCNTs-APTES: about 1 g of MWCNTs-COOH is
dispersed into 250 mL of ethanol via ultrasonication for 2 hrs. Then the reaction is
conducted with 0.1 g APTES (3-aminopropyltriethoxysilane, bought from Sigma-
Aldrich) (10.0 wt% of MCNTSs) while stirring at 70 <C for 4 hrs. After completion of
the reaction, the product is purified by repeated washing with water followed by acetone.
Finally, the resulting silanized nanotubes (named Si-MCNT) are dried under vacuum
at 80 <C for 12 hrs.

In terms of fabricating PDMS@MCNT composites, the pristine and functional
MCNT were dispersed in propanol separately and sonicated in an ultrasonic bath for 60
min to achieve uniform dispersion. Then, about 7.58 g silanol-terminated PDMS
(Mw=18000) oil and 0.179 g TEOS (TEOS: PDMS = 1:2 M ratio) were added into the
MCNT suspension and sonicated for another 30 min. This mixture was stirred for about
2 hrs to completely evaporate propanol, followed by addition of the tin catalyst. After
degassing, the mixture was poured into the round Teflon mold. The mold was kept in
an oven and the mixture was cured at 80 <C for 12 hrs. The degassing and curing cycles
were applied on the basis of trial and error. Finally, PDMS filled with 0.5 phr pristine
MCNT, 0.5 phr HO-MCNT and 0.5 phr Si-MCNT were synthesized.
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Figure 2.7 stress vs strain plot of PDMS@MCNTs composites by physical mixing.

Due to the different filler loading method, the final composites are synthesized
by using different reaction ratio r [equal to n(TEOS)/n(PDMS)]. For the case of
PDMS@MCNTSs (showed in Figure 2.7), r was set the value of 2 in order to assure the
full crosslinking of the silanol-terminated PDMS. Compared with the neat PDMS
elastomer, both MCNT filled and Si-MCNT filled elastomer were showing high
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strength but very low elongation at break (see Figure 2.7). Although Si-MCNT should
have an improved compatibility with the soft matrix, the impact is not obvious
compared to unmodified MCNT. The HO-MCNT filled sample shows an opposite
behavior and the stiffness is decreased compared to neat PDMS. It may indicate a
condensation reaction between the carboxyl groups on the surface of MCNT and the
alkoxy groups from cross-linker TEOS, giving rise to partially cross-linked networks.

To conclude, both pristine MCNT and surface modified MCNT are not efficient

to improve the mechanical property of PDMS networks and they are ruled out.

2.5.2 PDMS@ sol-gel silica (base: silanol-terminated PDMS)

The in situ generation of silica into the unfilled PDMS networks by the sol-gel
process first involves swelling by TEOS in the presence of a tin catalyst (dibutyltin
dilaurate (DBTDL) at 3 wt%; the catalyst act as Lewis acid to catalyze this reaction).
By controlling the swelling time, we can get PDMS composites with different filler
loadings. In the present case, we first synthesized elastomeric networks from silanol-
terminated PDMS (Mw=18000) with reaction ratio r of 1.5; the unfilled flat films were
then swelled in TEOS/DBTDL solution for 1 min, 5 min, 10 min and 30 min.

Once swollen, the film was put in a sealed glass box containing water at its
bottom for 24 hours and maintained at a constant temperature (30 <C) in an oven. The
silica filler is generated inside the PDMS matrix during the exposure to saturated water
vapor according to the reaction:

Si(OC2Hs)s + 2H20 — SiO2 + 4C2HsOH
The films were then vacuum-dried at 80 <C for several days to constant weight in order
to remove any alcohol generated during the reaction and remaining unreacted TEOS.
The final silica content can be computed as
Si0, content = (m; — my)/my (2.9)
where mi and mo is the final weight (after drying) and primary weight of the specimen.

The final silica loading content is influenced by the swelling temperature and
swelling time, and by the thickness of the sample. Thus, we cannot repeat perfectly
similar silica contents even though all experimental conditions are nearly the same.
Figure 2.8 gives the mechanical results for PDMS@silica composites (r = 1) fabricated
with different swelling times. With increasing swelling time, silica loading content can

be as high as 56 phr and the sample becomes very rigid and prone to breakage. The
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mechanical property turns out to be best for a swelling time of 5 minutes as the

toughness is increased without impairing extensibility.
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Figure 2.8 stress vs strain plot of PDMS@silica composites by sol-gel method.

To sum up, it appears that PDMS elastomers filled either with surface modified
MCNTSs or silica via sol-gel process are not satisfying. We decided to turn to nano-
particulate silica: vinyl-terminated PDMS oil was used to avoid problems linked to the
adsorption of silanol-terminated PDMS oil. However, it was also decided to test in situ

sol-gel generation for this type of network.

2.5.3 PDMS@ powder silica (base: vinyl-terminated PDMS)

We first tried to synthesize PDMS@silica composites according to a method
proposed by the chemical supplier Gelest. Specifically, 15 wt% hexamethyldisilazane-
treated silicon dioxide fillers (S1S6962.0, Gelest Inc.; ultimate particle size = 20 nm; as
mentioned above grafting with hexamethyldisilazane modifies the silica surface and
promotes dispersion of silica into PDMS) were mixed with vinyl-terminated PDMS oil
(DMS-V31, Gelest Inc.; Mw=28000) to produce the so-called DMS-V31S15 mixture.
Then, 99.85 wt% DMS-V31S15 mixture and 0.15 wt% platinum carbonyl complex
(SIP6831.2, Gelest Inc.) catalyst were mixed to prepare Part A. On the other hand, 90
wt% vinyl-terminated PDMS oil (DMS-V31, Gelest Inc.; Mw=28000) was blended
with 10 wt% cross-linker of methylhydrosiloxane-dimethylsiloxane copolymer (HMS-
301, Gelest Inc.), to prepare Part B. The curing step proceeds at room temperature for
over 4 hrs after mixing 3 parts A to 1 part B. The method did not succeed because the
mixture suddenly turned solid into the beaker and could not be casted into films. Hence,

this method will be excluded and another milder catalyst will be tried.
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Subsequently, vinyl-terminated PDMS (DMS-V33, Gelest Inc.; Mw=43000) oil
was selected to prepare the composites. The hexamethylsilazane-treated silicon dioxide
filler was first dispersed into toluene by sonication for 30 minutes, followed by addition
of 10g of vinyl-terminated PDMS and 0.1261g cross-linker (tetrakis-(dimethylsiloxy)-
silane) [the reaction ratio of n(crosslinker)/n(PDMS) is 1.65]. A higher proportion of
cross-linker was used to achieve full crosslinking in the composites. The filler content
ranges from 5 phr to 40 phr by changing the amount of added silica. After stirring for
30 minutes, about 30 pL catalyst of chloroplatinic acid-isopropanol solution were added
and mixed for another 15 minutes. The mixture was degassed and poured into the teflon
mold, cured in an oven at 90 T for 12 hrs. The final flat film (17 cm length <6 cm
width > 0.1 cm thickness) was cut into dog bone shape specimens with dimension
50mm x4 mm for further mechanical tests. Concerning dumbbell samples that are
manufactured in a rather closed mold, complete removal of bubbles before the curing
step requires at least five vacuum degassing & air venting sequences to obtain good

samples (venting is necessary to prevent spill out of the mixture).
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Figure 2.9 (a) stress vs strain plot; (b) stress and strain at break vs filler content plot.

Tensile tests obtained on theses samples are shown in Figure 2.9. It is obvious
that the silica filler significantly improves the mechanical property of neat PDMS
elastomer, both in terms of strength and elongation at break. When the silica content
exceeds 20 phr, the elastomer can be stretched to more than 400%, which is sufficient

to observe the expected changes in the diffraction patterns.

2.5.4 PDMS@ sol-gel silica (base: vinyl-terminated PDMS)
The in situ generation of silica by sol-gel method is the same as for silanol-

terminated PDMS networks: six neat PDMS elastomeric films with similar dimensions
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(60mm >x60mm; 1mm in thickness) were swollen into 200 mL TEOS in the presence
of a 3 wt% tin catalyst of dibutyltin dilaurate; the swelling time for each sample was
set to 1 min, 2min, 3min, 5 min, 7min and 10 min respectively. The original mass and
the final mass were measured to compute the silica content. Thereafter, the flat film
sample was cut into dog bone shape with dimension of 5 mm in length and 4 mm width.

The measured elongations at break did not match those obtained with the
modified silica powder and these samples were not initially retained. However, they
revealed some surprising features under X-ray diffraction examination and this will be

presented in the next chapter.

2.6 Final choice of materials
The results obtained with the different methods are summarized in following
table:

Precusor chain Filler Advantages/disadvantages

simple and easy synthesis steps
easy to remove bubble

relatively poor mechanical property
super-easy synthesis steps

silanol-PDMS surfaced modified MCNT
(MW=18000, 4200) sol-gel silica***

Sylgard® 184 obtained film is tough with relative low
elasticity
Vinyl-PDMS simple and easy synthesis steps

(Mw=28000) powder silica**

Vinyl-PDMS powder silica**
(Mw=43000) sol-gel silica***

very quick reaction, unable to cast into film

simple and easy synthesis steps
good mechanical properties
*difficult to remove bubble

* refers to the fabrication of dumbbell rather than dog-bone shape specimen

** hexamethylsilazane-treated silica (physical mixing)

*** in situ generated silica (sol-gel loading)

In term of elongation at break, the most obvious choice is the combination of
vinyl-terminated chains as starting material and modified silica as filler. As mentioned
above in situ generation of silica into networks obtained from vinyl-terminated chains
proved to be very interesting for the study of changes in the diffraction patterns. The
following chapter is devoted to a cross-study of these materials by simultaneous tensile

tests and X-ray diffraction.
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Chapter 3 Tensile Tests of PDMS@SIiO; Elastomers at Room Temperature

3.1 Introduction

As underlined in Chapter 1, the most important specification for our samples
is the elongation at break (Aoreak): it must be high enough to permit the observation of
the passage from the lower elongation (A < 2) to the higher elongation (A > 4-5)
crystalline diffraction patterns at low-temperature and values in excess of 5 are thus
typically targeted. Ultimate extensions up to 9 are reported in the literature for silica-
filled PDMS and our goal seems modest, but it is in relation with the simplicity of
means we have for the material synthesis.

We present here the mechanical tests at room temperature that have been
conducted on the most promising materials. Moreover, the tensile test machine also
allows to simultaneously record X-ray diffraction patterns and we thought it senseless
not to use this additional information. It will be shown that it actually proved useful and

the last section of this chapter concentrates on this point.

3.2 Technical section
3.2.1 The tensile WAXS machine

The tensile WAXS machine shown in Figure 3.1-A is mounted on a rotating
anode X-ray generator (Rigaku RU200BEH; focus size: 0.2 0.2 mm?; operated at 40
kV, 40 mA) and the K radiation of the copper anode is selected by a doubly-curved
graphite monochromator (A = 0.1542 nm; source-to-optics distance = optics-to-sample
distance = 24 cm). This type of optics delivers a very intense beam but with a limited
resolution (typically 8¢, ,, ~ 0.15nm™?).

The sample is located at the focalization point close to the collimator exit (see
Figure 3.1-B): the beam impact on the sample is a circle ca. Imm in diameter and the
delivered intensity is of the order of 10° photons/s. Diffraction patterns were recorded
with a hybrid-pixel X-ray camera (Pilatus 200K) that combines high dynamic,
sensitivity and absence of noise. Exposure time were set at 10s and the transfer time
from the camera to the computer is ca. 0.3s. The beam-stop is fixed on the detector and
contains a photodiode to monitor the intensity transmitted through the sample: this
information is necessary for a proper correction of the air scattering contribution. The
sample is stretched symmetrically at a selectable speed (1 to 800 mm/ min) and the
force sensor is located on one of the holding stages (Sensy miniature force sensor 5932

series, 30daN max.). Punctured vertical stainless pipes can blow thermalized air onto
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the sample but this option is presently not used as all experiments were conducted at
room temperature. The same remark applies to the infrared sensor that measures the
surface temperature of the sample. An optical camera takes a magnified image of the
sample simultaneously with the X-ray pattern acquisition: the analysis of these images

is our only way to extract precise draw ratios (see below).

Collimator

Down grip

Sample holder
system
ol W
%

-A- -B-
Figure 3.1 The tensile test machine.

2D detector (CCD)

As mentioned in Chapter 2, two types of tensile specimens have been made
and their dimensions are summarized in Figure 3.2. Dog-bone shape samples are most
often used for elastomer mechanical testing. Samples may be difficult to hold when the
retractive force becomes important and we have developed the small pneumatic assisted
grips presented in Figure 3.1-A (left) to minimize this problem. Indeed, PDMS
elastomers are rather soft and no tendency to slippage was observed. Dumbbell shape
samples are less prone to slippage and the grips can be made quite small (Figure 3.1-
B, right). In all cases the sample thickness was limited to ca. 0.6mm to reduce X-ray
absorption and optimize the amount of diffracted intensity. As mentioned in Chapter
2, PDMS@SiO2 mixtures become quite viscous at higher SiO2 content and this led to
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difficulties for homogeneously fill the dumbbell mold with such a narrow gap between
the two opposite mold plates (see Figure 2.2 in Chapter 2).

(a) - (b)
— @ s0mm |
1mm
6 mm 4 mm
| 20 mm | 20 mm

Figure 3.2 Dimension of tested specimen: (a) dumbbell shape and (b) dog-bone shape.

3.2.2 Evaluation of the draw ratio

Nowadays the precise determination of the strain field experienced by an
elastomeric specimen is based on digital image correlation techniques ™M . Paint is
generally sprayed on the sample to produce a speckle pattern whose evolution is
followed image after image by the appropriate software (see Figure 3.3-A). Such
softwares are expensive, the technique requires very uniform lightening conditions and
the adequate paint spraying is not always easy to obtain. For these reasons, we preferred
to use two simple but highly time-consuming techniques based on a visual inspection
of images. It is first possible to follow how added marks progressively separate in the
stretching direction: this is illustrated in Figure 3.3-B. One problem is that added marks
quite often get out of the image field and alternative marks have to be found (for
instance dust points or local visible irregularities).

‘collimatar " collimator

O
Image #1 Image #30 Image #184

-B-
Figure 3.3 -A- illustration of the digital image correlation technique (after 1) -B- illustration of the
two techniques used for the evaluation of the draw ratio (red: direct measurement along the stretching
axis, blue: indirect measurement from the sample width). Silica powder filled sample of 18phr.

The second technique relies on the measurement of the sample width: it varies

as 1/v/2 where 1 is the draw ratio with the hypothesis of an uncompressible material
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(PDMS Poisson ratio: 0.500 4+ 0.03 B1). It is to notice that the software of the machine
automatically measures the sample width, but changing lightening conditions may
induce errors and we preferred to do it manually. This method is less precise than the
first one at higher stretches.

We see in Figure 3.4 that draw ratios obtained by the two techniques compare
well. Averages between these two types of measurements are systematically used in

what follows.

Silica powder filler, 18phr
L 44 g : along the stretching direction o g
T © :from the sample width o B 8o
— o o
2 2B°
S 34 B
(=] - C
o
a
21 5 o
L°
([ E— . . :
1 40 80 120 160

Image number

Figure 3.4 Comparison of draw ratio obtained with the two techniques (see text)

3.2.3 Stress-strain curves

In the present case, all samples have been submitted to a single pull test till
breakage without any prior accommodation (ie. stress softening induced by repeated
stretching). It means that stress-strain curves presented below are not equilibrium ones

as regard to stress levels.

3.2.3.1 Unfilled samples

Six dog-bone samples of the same batch (vinyl terminated oil, Mw=48000; see
Chapter 2) were tested at an extension speed of 10 mm mn'*: we see in Figure 3.5 that
the different curves are close and the average elongation at break is ca. 2.3 in agreement
with what is reported in the literature for unfilled PDMS elastomers(“l . As will be
confirmed below, we remain in the Gaussian regime of the low elongations and data

can be adjusted with the Mooney-Rivlin formula:
o= (2C, +2C,/AD)(A—1/22) (3.1)
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It is recalled that the term 2C; is generally identified with the shear modulus G
for the ideal chain network (see Chapter 2) and the added correction 2C, is attributed
to the additional topological constraints exerted by the surrounding chains on a given
polymer chain. We presently obtained 2C; = 0.1012 and 2C, = 0.1342 and the fact
that C, ~C, is often observed in various elastomers I,

Identifying 2C, with G = pRT /M,,, one obtains M,, = 23236 g/mol, far from
the expected value, 48000g/mole. This can be explained by the fact that one is well-
above the entanglement molecular weight M, =~ 10000g/mol [61 . Indeed the shear
modulus at A= 1is 2C; + 2C, that actually yields M,, = M, . Entanglement free PDMS

elastomers can be obtained using modified PDMS chains "],

0.4
©
S
> 0.3 o
®
o
®
g 0.2
o _ .-
o : Mooney-Rivlin
© 0.1+
c
w
0.0 ¥ : : .
1.0 1.5 2.0 2.5
Draw ratio

Figure 3.5 Stress-strain curves for unfilled PDMS material (material basis: vinyl-terminated oil
Mw=48000g/maol).

3.2.3.2 Silica powder filled samples
Stress-strain curves and elongation at break are displayed in Figure 3.6: each
curve corresponds to an average over a minimum of two test samples. As expected, the
stress level increases in average with the silica content at a given draw ratio and some
inconsistencies (for instance 40 phr curve) may due to the reduced number of test
samples. The elongation at break exceeds our original goal Abreak = 5 for a silica content

equal or in excess of 25 phr.

SHI Xiang 55



Part II Experimental Section
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Figure 3.6 -A- Stress-strain curves for the silica powder filled samples; each data set corresponds to a
single specimen. -B- Elongation at break vs. silica content

3.2.3.3 Sol-gel silica filled samples

Unfilled elastomers similar to the ones presented above are first swollen with

different contents of TEOS and put in a water vapor saturated atmosphere to induce

silica condensation (see Chapter 2). We see in Figure 3.7-A that an important

reinforcement is induced even for low silica contents: stress levels similar to those

measured in silica powder filled samples are reached at significantly lower strain levels.

This agrees with previous reports that silica produced by the sol-gel process is highly

efficient for reinforcement 1. However, Avreak (Se€ Figure 3.7-B) is only moderately

improved compared to unfilled networks and remains far from our target. We show in

what follows that these sol-gel filled samples should not be rejected and that they can

prove interesting for some experiments.

7 -
6-
5.
4
3.
2.

Engineering stress (MPa)

-

: unfilled

—: 9phr
—:13phr
:16phr
: 24phr
: 28phr
——: 35phr
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4.0
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4.0 -
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3.0+
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Figure 3.7 -A- Stress-strain curves for the sol-gel filled samples; each data set corresponds to a single
specimen. -B- Elongation at break vs. silica content.
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3.2.3.4 The strain-amplification factor
We see that the addition of a silica filler results in an increase of the stress. For
moderate filler content the stress increase is generally well accounted for by the Guth
and Gold formula
riea(®,€) = (1 + 2.5¢ + 0(9?))ounsinzea(€) (3.2)
where € = 1 — 1 is the applied strain and ¢ the volume fraction of filler [, According
to T Inoue et al.l%, this formula can be rewritten
Ofitea (P, €) = ac(@)ags(®)unsinea(€) (3.3)
where a. (@) = 1/(1 — @), a.(¢) is the strain amplification factor which is the ratio
between the strain experienced by the soft matrix to the applied strain. It originates from
the fact that silica particles are rigid and cannot deform which results in an enhanced
deformation of the soft fraction [*1]. Based upon geometric consideration it is evaluated
tobe 1/(1 — ¢). The second term a, (¢) = 1 + 1.5¢ is the stress amplification factor
and it comes from the fact that the free flow of chains during extension is hindered by
the presence of the rigid filler particles.
We will now show how X-ray diffraction may give an access to the strain
amplification factor a.(¢): the results will be compared with the theoretical prediction

a.(p) = 1/(1 — ¢) for the two filling procedures.

3.3 Diffraction by amorphous PDMS
3.3.1 Quiescent state

At room temperature, polymeric chains within the PDMS network are molten
and randomly oriented: the associated reciprocal space thus possesses spherical
symmetry which means it consists in concentric spheres whose intensity I(g) only
depends upon g = |g|. The scattering geometry of the tensile machine is depicted in
Figure 3.8 and we see that the intersection of a given reciprocal sphere with the Ewald

sphere of reflection is a circle that results in an intensity ring on the X-ray camera.
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Machine ¢
tensile axis

U LRI
-7 X-ray beam N7 N

Sphere in the
reciprocal space

Ewald sphere

X-ray camera

Figure 3.8 Scattering geometry for the tensile test machine

An example of such a pattern is given in Figure 3.9-A and the associated radial
scan is displayed in Figure 3.9-B (in a radial scan, the plotted intensity is averaged on
circles of increasing radii). It can be stressed that diffraction patterns of a PDMS rubber
in the quiescent state or of a PDMS oil are similar as the concentration in cross-links is
in any case too weak to induce any detectable change. We observe a rather intense and
broad ring at smaller diffraction angles often called “amorphous halo” in the literature
that is succeeded by weaker rings better seen on the radial scan. This succession of
broad rings is typical for short-range order as only distances beween nearest neighbor
atoms or moities are well-defined. If d is such a distance, a broad peak can be observed

at a scattering vector of modulus g that approximately satisfies the relation q - d = 2m.

i} =
< 3000
3
K]
S
S
> 2000
=
7]
' —
]
= 1000 4
0 - - - - v g
10 20 30 40 50 60
G scattering vector (nm-1)
A- -B-

Figure 3.9 -A- Representative diffraction pattern for a PDMS oil in the scattering geometry depicted in
Figure 3.8. -B- Associated radial scan.
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The inner intense broad peak is centered at g = 8.45 nm™1! and X-rays are not
sensitive to atomic details for such a value of the scattering vector (q - a < 2x for inter-
atomic distances a~0.15 nm): each chain appears more or less like a tube of uniform
density (see Figure 3.10) and the distance d = 2m/q = 0.74 nm gives an order of
magnitude for the distance between these tubes, ie. between adjacent polymer chains.
The main peak is thus mainly associated to inter-chain correlations while weaker
peaks at larger scattering vectors in Figure 3.9 mainly correspond to smaller distances,
ie. intra-chain correlations (distances a in Figure 3.10). Of course the reality is more

complex than that.

(g\

Figure 3.10 Schematization of distances observed by X-ray diffractionin a polymer melt

3.3.2 Effect of stretching

Stretching results in a preferential orientation of polymer chains along the
stretching axis. This can quantified by the definition of a segmental orientation
function w(d9, @) such that the probability that the orientation of a segment lies within
the solid angle d2 (see Figure 3.11) is given by dP(9,¢) = w(®9,p)d2 . The
distribution is uniform in the quiescent state (w(9,¢) = 1/4m) and becomes

progressively centered at the poles under stretching.

Streching axis |

Figure 3.11 The definition of the segmental orientation function w(39, @)
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A spherical function can be developped on spherical harmonics Y;"* (9, ¢) and

this holds for the segmental orientation function:
[ l
WP =D > a0 (34
=0 m=-1

where a;,, = fOZ" de [; sin9d9Y;™(9,9)f (I, ¢). Simple stretch will impose
uniaxial symmetry and the function does not depend upon ¢: the coefficients a; ,,, are

all equal to zero except for m = 0:

w(®) = S0, Y° ) = Tia; |22 Py (cos 9) (3.5)

where P;(cos9) are Legendre polynomials. w(?9) is an even function of ¥ and its
expansion can only contain even Legendre polynomials and we can write more

conveniently:

41+ 1
W) = ) = (Py)Pyy(cos ®) (36)
l

where (P,;) = f: sind d9 P,;(cos9)w(¥I). In the Gaussian regime of low stretches

and in the frame of the classical theory of elasticity 1?1, the coefficients (P,;) are

negligible for [ > 1 and

1 1 24
Py =g (/12 - Z) +0 (F) 3.7)

One can notice that (P,)~o, where o, is the true stress (related to the
engineering stress o by g, = Ao for incompressible materials). In real networks, a
segment will be not only sensitive to the orientation imposed by the chain extremities
but also to the orientational field exerted by the surrounding segments: the above-given
formula for (P,) is normally no more valid. However, the proportionality relation
between a; and (P,) generally holds for real elatomeric networks and this is the stress-
optical law 131,

We saw previously that the reciprocal space for an unextended sample consists
of concentric spheres characterized by their intensity I(g). Simple stretch imposes
uniaxial symmetry and the intensity 7(g) will now depend not only on the modulus g =
|g| but also on the angle 9 beween the stretching axis and g:

41+ 1
109) = Iy Y~ (P (@)P(cos ) (38)
l
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It has been demonstrated that (PR¥(q)) is proportional to (P,;) at scattering
vectors ¢ that are only associated to intra-chain correlations 4 . GR Mitchell admits
this to still hold at scattering vectors g associated to inter-chain correlations and in
particular to the “amorphous halo” [**1, There is no demonstration of this point to our
knowledge. GR Mitchell proposes to estimate the proportionality factor between (PRX)
and (P,) based on geometrical considerations but he unfortunatly does not give details.

At our level, the interest of measuring the coefficients (PX*)_is twofold:

(1) In the gaussian regime of low stretches, only the coefficient (PRX) is
significant. It can be used to evaluate the strain amplification factor a,(¢) in filled
PDMS as follows [*®1 | Let us suppose that we know the draw-ratio dependence of
(P5X)unrinea(A) for the unfilled material and (P5*) f;y;.4 (4) for a filled material. The
effective draw-ratio A, experienced by the PDMS gum in the filled material is given

by the equation that allows to link A.¢¢ and 4 :

(PEXYunfitied(Aefr) = (PEX) fittea(d) (3.9)
(2) The apparition of higher order (PRX) coefficients is a signal that the sample
is out of the gaussian regime. For a chain of N statistical segments, this normally

happens when the draw ratio is no more negigible compared to the maximum theoretical

extension vVN.

3.3.3 Measurement of the coefficients (PX¥
3.3.3.1 The diffraction geometry

The diffraction geometry for the tensile apparatus has been given in Figure 3.8.
In order to determine the coefficients (P5*(q)) at a given g-vector modulus, it is
necessary to measure the scattered intensity from the equator to the north pole as
schematized in Figure 3.12-A. This is called an azimuthal scan and it is performed by
giving the sample axis a kind of precession movement as schematized in Figure 3.12-
B. An example of such a measurement is given by study by GR Mitchell [**I | This
complicated movement is impossible to perform with our stretching apparatus that only

allows the static geometry depicted in Figure 3.8 and 3.12-C.
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2D-detector

-A- -C-
Figure 3.12 -A- An azimuthal scan, -B- how to perform an azimuthal scan, -C- the actual scattering
geometry

In this case, only scans corresponding to the yellow circle are measured. One
can apply the correction cos9 = cos @ cos ¢ to transform these scans into azimuthal
scans. In the case of the amorphous halo of PDMS (see Figure 9), @ = 6° for the Ko

radiation of copper and cos © =~ 0.994: no correction is necessary and we can write:

1@.9) ~ Iy Y L (PR (@) Py (cos ) (310)
l
3.3.3.2 Correction for air and silica scattering

Air and silica scatterings bring a non negligible contribution to the recorded
intensity and it has to be properly removed. Air scattering is measured in absence of
sample and the associated ¢-scan is flat: I,;.(p) = 12;,.. As mentioned above the
intensity transmitted through the sample is continuously measured by a diode located
into the beam-stop. We call I§"the intensity measured without sample and I&7. (1)
the intensity transmitted through the sample for a draw ratio A: the correction is simply
19, (182 (1) /1§™). The contribution of silica is different in that it contributes to the
intensity scattered by the sample in a constant proportion. Silica particles are isotropic
scatterers and the associated scattering does not depend upon ¢: it has to be removed
from the only zero'™ order term I,(PEX).

We show in Figure 3.13 that the scattered intensity for a silica-filled sample can
be successfully accounted for as the sum of the scattering by an unfilled PDMS network

and by the silica particles (sol-gel particles are assumed to scatter in a similar way to

UniversitéParis-Saclay 62



Chapter 3 Tensile Tests of PDMS@SiO- Elastomers at Room Temperature

amorphous silica powder). These measurements are conducted on unstretched samples
for the sake of simplicity. The silica correction is computed within the interval given
by the two vertical dotted black lines that correspond to the inner and outer limits of the

¢-scans used below.

Silica loading: 35phr

T . Measured

© : Sum of contributions
5 -: PDMS contribution
7 1004 - -: Silica contribution
g

£

150 200
Radius (pixel)

Figure 3.13 Evaluation of the silica contribution to the background. All radial scans have been
previously corrected for air scattering. Vertical dotted black lines correspond to the inner and outer
limits of the ¢-scan.

We have plotted in Figure 3.14 the ratio of the PDMS gum contribution to the
total intensity for measurements performed at different silica contents. We observe an
almost linear dependence and the zero™ order contribution to the ¢-scan intensity needs
to be simply multiplied by the approximate factor 0.996 — 0.00182 = phr (black line

in Figure 3.14); this correction remains actually limited.

5’ 1.00 L linear fit
e 0 experimental
*_aE, 09841 o\,
_E )
0.96 4
0.94 -
0.92 -
0 10 20 30 40

phr

Figure 3.14 Correction for the silica contribution.
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3.4 Results
3.4.1 Neat PDMS samples

We display in Figure 3.15 the dependence of the Legendre coefficients upon
elongation for six unfilled samples of the same batch. We see that (Pf*),,fuiea
remains negligible which means that we stay in the Gaussian regime. Black heavy lines
(labelled as “guide for the eye”) are data averages. (P5*)ynrineq 1S CONVeniently
adjusted by a second-order polynomial relation of (PFX),,fiea ~ 0.02226 —
0.01891 — 0.0029542.

0.002 +

X
< PF: >ur| filled

X
0.04. <p:;>unﬁlled .

-0.02 4

: guide for the eye

0.00 x T ) r T .
1.0 1.5 2.0 25 1.0 1.5 2.0 25
Draw ratio Draw ratio

A- -B-
Figure 3.15 Legendre coefficients (P5*) and (P%X) for the unfilled samples. The guide for the eye
corresponds to the estimated average behavior.

As mentioned above, GR Mitchell did not present his methodology to estimate
the proportionality factor that relates (PXX) to (P,): it thus not possible to make a
comparison with the prediction of the classical theory given by Equation 3.71%2, We
show in Figure 3.16 that (Pfx)unﬁ”ed and the true stress approximately follow a

similar dependence upon elongation, which is in agreement with the stress optical law.
0.8+

0.6 4

0.4+
—: true s}ress

True stress (MPa)

—a<P,>
* =2 unfilled

0.24

0.0 x - 1
1.0 1.5 2.0 25

draw ratio

Figure 3.16 Comparison of true stress and (P§X)unﬁ”ed strain behavior
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3.4.2 The strain amplification factor in the low-strain region

From the tensile WAXS analysis of neat PDMS network, we now know that :

(PEXYumrinea(Ress) ~ 0.02226 — 0.0189A,7 — 0.002952 4 (3.11)

In what follows, (P5*) r111.4 (1) Will be evaluated in the region of low strains
where higher order coefficients (PRX) are negligible and the strain amplification factor
will be evaluated using formula 3.9. It will be compared to the expression a,.(¢) =

(Aesr —1)/(A—1) = 1/(1 — o) equivalently written

desr= (A =Da(p)+1=A—-9)/(1—-¢) (3.12)
where the silica volume fraction ¢ can be obtained from the phr content according to
(phr/psio,) 0.44phr

(3.13)

v= (phr/psio, + 100/pppums) ~ (100 + 0.44phr)
where psio, and pppys are respectively the density of silica filler (ca. 2.2 g/cmq) and
PDMS oil (0.965 g/cm?3).

3.4.2.1 Powder silica filler

We used the above-mentioned Equation 3.9 to plot the effective elongation vs.
applied elongation for a representative example (see Figure 3.17; 30 phr powder silica
filled PDMS). We see that the agreement with the expected behavior A,rr =
(A —@)/(1 — o) is only approximate. The experimental strain amplification factor is
simply obtained by a linear adjustment of the curve in Figure 3.17. All experimental
strain amplification coefficients for the different silica content have been similarly
obtained; they are listed in Table 3.1 and an overall satisfying agreement between

experimental and calculated strain amplification factors is observed.

2.5
. ——: experimental
2 —— : calculated
2
% 201 30 phr
2
s
<
o
2
5 1.51
@
=
[}
1.0 T T |
1.0 1.5 2.0 2.5

applied draw ratio A

Figure 3.17 Effective draw ratio vs. applied draw ratio in a powder silica (30phr) filled PDMS
elastomer
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Table 3.1 Powder silica filled samples: experimental and calculated strain amplification coefficients

(as(ga)exp and ae(ﬁ”)cal)
Silica content (phr) 11 15 18 20 25 25** 30 33 35 40 43

a.(0)car™ 1.05 107 108 109 111 111 113 115 115 118 1.19

a.(#) exp 09 103 12 101 114 128 115 126 119 113 1.24

* based on the formula a;(¢) .o = 1/(1 — @)
** different batch

3.4.2.2 Sol-gel silica filler
Similar to what is done for powder silica filled PDMS elastomer, the effective
elongation vs. applied elongation curve of a representative example (28 phr sol-gel
silica filled PDMS) is given in Figure 3.18. Contrary to the case of powder filled
samples, we observe a very strong mismatch between the two curves: the experimental

effective elongation of the gum is much higher than the expected behavior 4,5 =

A=9)/(1-9).

3.5
£ —— : experimental
< —
S 3.01 : calculated
© 28 phr
2 25
]
@
Z 20
o
&
® 15
1.0 T T !
1.0 1.5 2.0 25

applied draw ratio A

Figure 3.18 Effective draw ratio vs. applied draw ratio in a sol-gel silica (28phr) filled PDMS
elastomer

The experimental strain amplification factors that are collected in Table 2 for
the different filler contents are systematically higher than the expected ones; an
approximately linear increase with filler content is observed. To the best of our

knowledge this effect has not been yet reported.

Table 3.2 Sol-gel silica filled samples: experimental and calculated strain amplification coefficients

(ag(ga)exp and ae(w)cal)
Silica content (phr) 9 13 16 24 28 35

. (O ear™ 104 1.06 107 111 112 115
e (@) exp 147 154 158 192 1.97 231

* based on the formula a,(¢) = 1/(1 — @)
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The high value for the strain amplification factor will be confirmed in Chapter
4 where changes in the low-temperature crystalline texture are observed at much lower
draw ratios in sol-gel filled samples. As anticipating example, we compare in Figure
3.19 diffraction patterns obtained at a similar draw ratio for powder silica and sol-gel
filled samples with close silica content. Differences are obvious and using sol-gel filled
samples will prove useful when the sample holder does not permit to submit the sample

to high draw ratios.

10 phr powder silica 13 phr sol-gel silica

T T
\\ J

C
) -

-A- -B-
Figure 3.19 Low-temperature crystalline texture obtained at a preset elongation of about 1.5: -A-
powder silica filling; -B- sol-gel silica filling procedures. Stretching direction is vertical.

3.4.3 Silica-filled PDMS samples in high-strain region

Three pictures are displayed in Figure 3.20 to illustrate the evolution of the
diffraction patterns during deformation in the high-strain region. At 1 = 4, the
amorphous halo has become well-modulated in intensity and Legendre polynomials up
to [ = 3 are necessary to adjust the ¢-scans (ie. up to (PE¥)). At A = 5, a well-defined
spot appears in equatorial position (red arrow) and it becomes highly visible on the last
pattern (1 = 6.4).

40phr 40phr 40phr
R R |
A=4 A=5 A=6.4

Figure 3.20 Evolution of the X-ray patterns at higher draw ratios (powder silica filled sample)
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Tosaka et al.l'”] have been probably the first to explicitly report this specific
equatorial reinforcement that they associate to the apparition of a “mesomorphic phase”.
It is slightly off-centered with respect to the maximum of the amorphous halo (Figure
3.21-B) and this has been used by Tosaka et al. to quantify its development (Figure

3.21-C; beware that strain ratios are draw ratios minus one). This “mesomorphic phase”

is also manifested by the faint azimuthal features indicated by white arrows in Figure
3.21-A.

8.8
0001 200 8.75
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3 9 =S o 865 L
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£ 1500 S 861 .l'
1000 o s
8.559 P
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0 2 4 6 8 10 12 14 1 2 3
q(nm™) Strain ratio

Figure 3.21 -A- “Yellow spot”: equatorial reflection for the “mesomorphous phase”. Additional
features are pointed to by white arrows (unspecified draw ratio). -B- equatorial profiles -C- position of
the maxima in Figure 3.20-B (after Tosaka et al. '),

We have plotted in Figure 3.22 the ratio of the equatorial peak intensity to the
total intensity as measured from the ¢-scans on a 40 phr powder silica filled sample.
Rather similar curves are obtained for other silica contents. It confirms that the
“mesomorphous phase” essentially develops for elongation above 4 and does not
account for more than 10% of the scattered intensity within the amorphous halo at ca.
6.5. We will see in Chapter 4 it is interesting as a precursor of the high-strain crystalline

texture.

o
Y
o

I Pea kl I Total

0.05 -

0.00 Snaeneriurg@E ,
2 4 6
draw ratio

Figure 3.22 Elongation dependence of the proportion of the intensity scattered into the
“mesomorphous” equatorial spot.
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The equatorial peak associated to the “mesomorphous phase” is located within
a ¢ -angular interval +20°. This angular zone was removed from adjustement
procedure in order to characterize the orientation of the only amorphous fraction. A
development comprising Legendre polynomials P,;(cos ¢) up to [ = 3 is necessary to
account for the observed intensity modulatio: three coefficients (PRX), (PRX) and
(PEX) are thus introduced and their elongation-dependence is given in Figure 3.23 for
all powder-silica filled samples (each curve corresponds to an average over at least two

samples).

RX
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0.06 4

——: 20phr
-0.2 : 25phr
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0.0+ 0.00
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0.000 +
1

Figure 3.23 (PRX), (PRX) and (PF*) Legendre coefficients for the powder silica filled samples. Each
curve is an average over at least two samples.

We first see that all curves in each diagram are rather well-grouped, which is
not astonishing as the strain-amplification factor does not markedly exceed 1 for all
filling contents (see Table 3.1). A more surprising fact is that (PR¥) cannot be
neglected for draw ratios above say 3: it means that we are out of the Gaussian regime
at rather low elongations. Above elongations of ca. 3.5-4, the addition of 6™ order
Legendre polynomial becomes furthermore necessary.

Mechanical measurements presented in Section 3.2.3.1 gave an estimate M,, ~
23236g/mol, that corresponds to 314 siloxane monomers (—Si(CH3)20—, Mw = 74.15
g/mol). In the model of the freely jointed segments, a polymer chain is represented
by N statistical segments that can freely oriente independently from each other. In that
case, the chain can be drawn to a maximal extension v/N. In real polymeric chains, there
is contraints in the orientation of adjacent monomers and the statistical segment (also
called Kuhn segments) is approximated by a few segments. In PDMS, this number of

segments has been evaluated to 5-6. [*8], The maximal extensibility is thus reduced to
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ca. /314/5.5 ~ 7.5. Applied elongations of A > 2 are no more negligible compared
to this value which could explain we are rapidly out of the Gaussian regime.

We now turn to the sol-gel filled samples (Figure 3.24). Each curve corresponds
to a single sample which somehow diminishes the reliability of the data. At the
difference of what is observed with powder silica filled samples, increasing values are
observed with increasing filler content at a given draw-ratio. This reflects the fact that
strain amplification factor increases rapidly as the silica content increases (see Table
3.2).

-0.025

-0.020 ——:13phr
—: 16phr
: 24phr
: 28phr
—— : 35phr

-0.015

-0.010

-0.005

" T + 0.000+
4 1 2 3 4 1 2
Draw ratio Draw ratio Draw ratio

Figure 3.24 (PRX), (PRX) and (PEX) Legendre coefficients for the sol-gel silica filled samples. Each
curve corresponds to a single sample.
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Chapter 4 WAXD Fiber Pattern Analysis and Simulation

4.1 Introduction

We emphasized in Chapter 1 the impressive evolution of WAXD patterns at
low temperature depending upon the applied extension. This observation has been
reported by some authors, but Tosaka et al. were the first to investigate it carefully and
record intermediate steps % Figure 4.1 is taken from their publication. We see that
the inner reflections for example start to split as the draw ratio increases, and move
continuously to their final locations: this splitting typically appears at a draw ratio

exceeding 2 and no more evolution is observed above 5-6.

(a) ()

Draw ratio =6 Draw ratio =2.5 Draw ratio =2

Figure 4.1 WAXD patternst®” of cross-linked PDMS samples crystallized at —90 °C.
Stretching direction is vertical. Cu Ko radiation was used as the X-ray source.

Two explanations were proposed to explain these changes: (1) in the above-
mentioned publication, Tosaka et al. 2% proposed a polymorphism with two phases (this
polymorphism was increased to four phases in a subsequent paper?, see Chapter 1):
the high stretch phase called g that would correspond to the monoclinic phase proposed
by Damaschun [, while the low stretch phase called a that would correspond to the
tetragonal phase described by Albouyl¥ . (2) On the other side Albouy originally
suggested that a simple texture change was responsible for this evolution, the crystalline
structure remaining tetragonal 4. In order to clarify this point, a systematic study was
carried on: it is presented in what follows.

We present here only WAXD patterns obtained at low temperature; however,
they were continuously recorded with the tensile force during the cooling sequence
necessary to reach crystallization, and during the following warming. The evolution of
the mechanical properties in relation to the crystallization process is presented in detail

in the following Chapter 5.

4.2 Experimental section
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4.2.1 Material and sample preparation

Silicone rubbers used for these experiments are two types: (i)
hexamethylsilazane-treated silica-filled networks based on vinyl-terminated PDMS
(Mw= 43000). Samples are given a dumbbell-shape that allows the use of rather small
grips (ca 30mm in length, 6 mm in width and 1 mm in thickness). 1 mm thick samples

are quite absorbing at the wavelength of copper (0.1542nm) but this is not a real

problem as the thickness is diminished by a factor v for an extension A. (i) We
emphasized in Chapter 3 the interest presented by sol-gel silica filled samples due to
their high strain amplification factor. They have been used with a shorter wavelength
set-up presented in the next section. WAXD patterns obtained in that case present a
much better definition of the intensity reinforcements and they are presented below as

representative examples for the two extreme strain-states.

4.2.2 Tensile WAXS measurements.

The homemade tensile WAXS setup (Cu Ka radiation, A = 0.15418 nm)
presented in Chapter 3 does not allow to cool the sample below ca. —10 °C. Some
adaptation was thus necessary and they are presented in details in Chapter 5.
Diffraction patterns presented here have been acquired at ca. —110 °C and this is the
minimum temperature reached after cooling. It is close to Tq and no more evolution is
expected at lower temperatures. The value of the preset elongation is obtained from the

distance between red ink marks on the sample.
N ==

Vacuum & cooling system

.Cr'yb-e‘quibhw'eht “Vacuum pump I

i

Vacuum chamber Sample holder

2D detector
Cryo-cell module

Figure 4.2 The setup used for WAXD pattern acquisition at low temperature and molybdenum
wavelength (0.071nm). The reduced size of the sample holder only allows moderate extension.
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As said above, these experiments have been completed by the acquisition of
some patterns with another setup working at the wavelength of molybdenum (0.071nm).
A shorter wavelength allows a larger fraction of the reciprocal space to be observed but
the sample holder only allows the application of moderate draw ratios (Figure 4.2: see
the size of the sample holder). Furthermore, cooling and warming times are quite long

and do not allow for a rapid sample change. Only a few extensions were investigated.

4.3 WAXD pattern simulation methodology

Whatever explanation about the X-ray pattern evolution will turn correct, it is

necessary to be able to simulate diffraction diagrams associated to a given texture

(orientation of crystallites) for a given structure (structure of each crystallite). For this
purpose, we received the help of Pascale LAUNOIS (LPS, team MATRIX), who

developed a sophisticated software for the simulation of WAXD patterns. In what

follows, we give a simplified overview of the way it operates.

4.3.1 Geometry of scattering
The scattering geometry that corresponds to the stretching apparatus is first

recalled in Figure 4.3.

SD

SD

Ewald 7sphere

Reflection circle
Traction axis

Diffraction cone

Figure 4.3 Sketch of the scattering geometry presently used. The blue sphere in the portion of the
reciprocal space that corresponds to a given hkl reflection for the whole crystallites.
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Sample and detector are normal to the X-ray primary beam. The stretching axis

of the sample SD is parallel to the plane of the detector. We have represented the Ewald
sphere which is a geometric construction that allows visualize the occurrence of
scattering points. It is a virtual sphere of radius 2w\ (incident wave-vector modulus)
centered on the sample, S. The origin, O, of the reciprocal space is at the intersection
of the transmitted X-ray beam and of this sphere. The conservation of wave-vectors
implies that scattering is observable only for reciprocal lattice points lying on the Ewald
sphere.

The intensity of the hkl reflection associated to crystallites grown in the sample
is distributed over a sphere of radius 27 /d},;; in the reciprocal space. This distribution
depends upon the crystallite orientation Only those crystallites that have the proper
orientation with respect to the incident beam will diffract: they are oriented so that the
extremity of the associated scattering vector is located on the red dotted circle that
intercepts the Ewald sphere. The scattered intensity is localized on the grey cone whose
intercept with the detector is represented by a black circle.

Specifically, the scattering vector g colored in red is associated to those
reflecting crystallites whose (hkl) planes are perpendicular to it (their orientation is
represented by the light-blue circle in the figure). They give rise to the scattered
intensity I(i,j) collected at point P(i,j) on the detector. The coordinates (i, j) are
related to the scattering angle 26 and the azimuthal angle ¢ by:

tan260 =./i* +j%?/D =R/D

tangp =i/j (4.1)
Where the angle @ is given by the Bragg relation
Sin 9 = A/Zdhkl (42)

where A is the X-ray wavelength, do not to confuse with the elongation.
It is recalled that the scattering vector g (red vector in the figure) is
perpendicular to the (h k 1) planes and its modulus is

. 4msinf® 2w

= (4.3)
A

In this way the scattering intensity 1(28, ¢) in the 2D detector can be related to
the intensity I(q) associated to the specific scattering vector ¢, that is in turn associated

to a specific orientation of the crystallites.
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4.3.2 General simulation procedure
It is assumed in what follows that some specific direction PA within a given
crystallite will preferentially align along the traction axis under stretch. This hypothesis
is supposed to hold for all polymorphic phases if present. The simulation includes four
steps:
(1) Calculate the overall scattering intensity in the framework of a crystallite. The
program can compute diffusion structure factors if the atomic positions are
known. Otherwise intensities are given preset values.

(2) The contribution of all crystallites whose framework share a similar orientation
with respect to the direction PAis computed: it is obtained by rotation around
PA.

(3) Perform averages over all allowed PA orientations. For this purpose, it is

necessary to introduce an orientation distribution function (ODF). Due to the
uniaxial (cylindrical) symmetry of the problem, it only depends upon the angle
B between the direction PA and the traction axis (also called “fiber axis”;
averaging around the traction axis must be thus performed for each g value).

(4) Use the Ewald sphere construction to relate a pixel on the image to a wave-
vector and thus to attribute an intensity to this pixel.

We now give some details about each of these steps.

(1) Calculate the scattering intensity I(q) for a given crystallite

The direct space lattice associated to a given crystallite is characterized by the
three basis vectors @, b, € and the reciprocal space lattice by the three basis vectors
@, b*, ¢ ; those vectors are related by the relations: @; -d; = 2mé;; (with a; © a,

a, < b etc...). For an infinite crystallite the intensity in the reciprocal space is localized

at the scattering vectors (if the diffuse thermal scattering is neglected)

and can be described by a 3-function:
1@ = ) @8 — T (45)
hil

where I,,;(q) are arbitrary or estimated intensity values.
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The Bragg peaks are then convoluted by a Gaussian function to account for the
experimental resolution (beam parallelism) and finite size broadening. Crystallite
dimensions can be different according to the considered direction and a Gaussian
ellipsoid around each Bragg peak is more appropriate. For the sake of simplicity, we

presently chose an isotropic broadening and the intensity can be written:

3
1 \2 _ld-aquil®
) e 202 (4.6)

1@ = z Iy (@) (

hk,|l

2ma?

The Gaussian RMS width & controls the width of the diffraction peak.
The calculation is performed on a parallelepiped network with “reasonable”
steps so as to limit the computing time. Interpolation can be performed to reduce the

mesh size without impacting the correctness of the space description.

(2) Calculate the averaged orientational scattering intensity 1(q)pa

As explained above we assume that some specific crystallographic direction
(PA) in a crystallite will preferentially align along the traction axis (SD) of the sample:
see Figure 4.4.

X S

Figure 4.4 Second step: average around a given preferential orientation direction PA.

We consider a scattering vector g associated to the hkl reflection: according to

Equation 4.6 it is located in a spherical area surrounding the node vector gp;. The
contribution of all crystallites that share the common direction (ﬁ) is obtained by

rotating around (ﬁ). The corresponding scattering vectors g become localized in the
blue-grey tore sketched in Figure 4.4.
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(3) Calculate the averaged scattering intensity distribution I(q)ga
We illustrate in Figure 4.5 the two operations that finish the description of the

crystalline texture: for each angle g (violet arrow) between the preferential orientation

axis PA and the fiber axis FA (traction axis) a rotation around FA is performed to take

into account the uniaxial (ie. cylindrical) symmetry of the problem (blue arrows).

Figure 4.5 The projection of the spots in the reciprocal space onto the planar detector from the
stretched sample.

The orientation distribution function is chosen Gaussian:

2
—ln(Z)%

p(B) xe 4.7)

From a practical point of view, a relation must be established between the
different relevant angles that are represented in Figure 4.6. At a given value of ¢’,

angles ¢ and w are changed to account for the first operation that consists in a rotation

around PA. The cylindrical symmetry imposes rotation around PA for each p value.

FA
Z 4

P 1e

Figure 4.6 lllustration of the geometric relationship between the scattering vector g and the primary
axes of the fiber FA and the preferred orientation PA.
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The following relation is implemented in the software
cos @' = cos B cos ¢ + sin B sin ¢ cos(a — P) (4.8)
It is easily established noting that cos ¢’ = 0'A-0'B and using the following relation
for the vectors 0’4 and 0'B
574’(4;, Y) =Tsin@ cosy + Jsin@ siny + k cos @
0'B(B,a) = isinB cosa + Jsin B sina + k cos B (4.9)

(4) Construct the WAXD patterns
The last step consists in the reconstruction of the WAXS pattern: it is based on
the diffraction geometry depicted in Figure 4.3, where the intensity at the extremity of

red scattering vector g gets related to the intensity measured at P(i, j) on the detector.

4.4 Results and discussion
4.4.1 WAXD patterns at increasing stretching ratios

We display in Figure 4.7 the evolution of the WAXD patterns that we observed
for a 10% silica-filled specimen from the quiescent state (A=1) to a highly stretched

state (A=7.7; this last value is deduced from transmission data and is over-estimated).

Figure 4.7 WAXD patterns measured at about -100 °C with respect to different elongation A from
dumbbell shape PDMS elastomer filled with 10 wt% silica. Cu Ka radiation was used as the X-ray
source and the stretching direction (SD) is vertical as shown by the white double-headed arrow.
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It comforts Tosaka et al observation (originally done by Ohlberg in 1957):

starting from an isotropic pattern at A=1 a first structuration is observed similar to the
one reported by Albouy. The various intensity reinforcements start to split and move at
A > 2.1. This progressive change is completed at A > 6: at this stage, patterns are
similar to Damaschun’s report.

Radial scans performed on the patterns displayed in Figure 4.7 are
superimposed in Figure 4.8-A. As quoted above some diffraction patterns have been
recorded at a shorter wavelength (0.07107nm) that results in a higher explored g-range.
The corresponding radial scans are displayed in Figure 4.8-B: we plotted the square
root of the intensity in ordinate so as to evidence weaker diffraction lines. It is clear that
in neither case does the position of the diffraction lines changes. Similarly, only
restricted changes in relative intensity are observed that can be due to the texturing
effect. These similarities have been recognized as antagonistic to crystalline phase
changes by Tosaka et al [1I: their explanation of this paradox is somewhat intricate. In
view of these results, we tested the hypothesis that the observed changes might be

simply related to texture changes, that is changes in the preferential orientation axis.

r=1 (b) — Low Stretch
25+ —— Medium Stretch
—— High Stretch

(a) 14004

Intensity [a.u.]
(Intensity)™®

T T f T T T T T T
6 9 12 15 18 21 24 27 30 33 36 39

q = 4nsing/ 2 [nm’') q[nm]

Figure 4.8 One-dimensional WAXD profile of PDMS elastomer measured at about -100 <C under
different elongation A. (a) copper radiation (0.1542nm), (b) molybdenum radiation (0.07107nm)

4.4.2 Fiber pattern simulation and comparison

A logical start for the lower stretches is the tetragonal unit cell initially proposed
by Albouy . The unit cell with parameters are a = 0.836 nm and ¢ =1.2 nm and the
space group | 41 (No. 80). The d-spacing for an (hkl) family of planes is given by the

relation.
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1 h? + k% [?
q2 = > 1t
hkl a ¢

(4.10)

An important point is that the parameter c is very close to av/2, so that
1 2h*4+2k*412
drre ) c?

In these conditions and with regard to the limited experimental resolution of the
set-up, most diffraction lines have more than one possible hkl assignment. We give in
Table 4.1 the line indexation for the four first lines that can be observed on the

diffraction patterns in Figure 4.7-A. It is shown in Chapter 6 that some of these lines

can be separated with a higher resolution set-up and actually ¢ # av/2.

Table 4.1 Indexation of the diffraction lines that can be observed in Figure 4.7.

Reflection 1% line 2" line 3 line 4" line
miller index (101) (200) (103) (004)
(hkl) (112) (211) (220)

We first examined X-ray diagrams obtained at low extension, typically 4 < 2.1
in Figure 4.7. As underlined above, it appeared that intensity reinforcements were
much better defined for the sol-gel silica filled samples although the actual elongation
the PDMS is subjected to is quite similar. The pattern displayed in Figure 4.9 has been
obtained with such a sample using the shorter wavelength apparatus presented in
Figure 4.2. (see above) The fiber axis is the tetragonal c-axis and the different reflection
layers are underlined by a dotted with line [4l.
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422 420
314 411

400
303

312

301

Azlmuthal angle [deg]

Intensity [a.u.]

Figure 4.9 Pattern analysis of crosslinked PDMS measured at 130K (A= ca. 1.4). Mo Ka radiation was
used as the X-ray source, q is the scattering vector and its modulus satisfies ¢ = |q| = 4w sin8/1 =
2m/d, ¢ is the azimuthal angle with respect to the vertical direction of stretching (SD).
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A diffraction pattern simulation with the c-axis as fiber axis is given in Figure
4.10; the parameter w for the ODF is set to 20< The reinforcement positions are

correctly accounted which supports Albouy’s original claim [,

—— measured: A=1.5
— simulated: 9=0°, =0°, HWHM=20"

Measured Intensity [a.u.]
imulated Intensity [a.u.]

:
S

Chi angle [deg)
(a) (b) (c)

Figure 4.10 The (a) measured and (c) simulated WAXD patterns under small elongation (2 = 1.5), (b)
the measured and simulated angular intensity distribution of the first reflection (101). The Chi angle
refers to the angle between the angular direction of interest and the horizontal axis (which is normal to
the vertical stretching direction, shown by the white double-headed arrow), Cu Ko radiation was used

as the X-ray source.

The next step has been to determine if the high stretch pattern can be accounted

for with this same tetragonal structure by choosing the appropriate crystallographic

direction as new fiber axis. For this purpose, the preferential orientation PA defined by
the spherical angles (9, ¢) within the referential of a given crystallite has been
systematically changed by 5<increments (see Figure 4.4). The resulting simulations
are compared to the experimental diagram till a proper agreement is found. This highly
time-consuming step (ca. two days calculation) proved successful and a good

correspondence was found for (9, @, w) = (45< 45 79: see Figure 4.11.

—— measured: A=7.7 - 0.030

. 9=45° o=45° =70
30004 simulated: 9=45°, =45°, HWHM=7

I- 0.025
2500 4

I-0.020
2000

I-0.015

t-0.010

Measured Intensity [a.u.]
8
3
Simulated Intensity [a.u.]

500 4 - 0.005
0 T T T T T 0.000
90 -60 -30 0 30 60 %0
Chi angle [deg]
(b) (c)

Figure 4.11 The (a) measured and (c) simulated WAXD pattern under high elongation (1 = 7.7), (b)
the measured and simulated angular intensity distribution of the first reflection (101). Cu Ko radiation
was used as the X-ray source and the stretching direction (SD) is vertical.
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It is very close to the real space direction @ + b + ¢ for which ¢ = 45° and
9 = 44.6°. Indeed, this result could have been guessed beforehand: it is clear in Figure
4.11-A and from the evolution of the patterns in Figure 4.7 that the reflection that stays
in azimuthal position in the high stretch diagrams originates from the second intense
diffraction ring. This ring was originally indexed as 200 and intensity reinforcements
at low stretch comfort this assignation. However, a closer examination of the patterns

reveals that the 112 reflection although very weak is present. Localizing the 112
reflection in azimuthal position means that the fiber axis direction is a* + b +2¢;
as ¢ ~ +/2a this direction is very close to 7+ ] + kvZ, which is equivalent to the
directiond + b +¢ = a- (1 +J + k2 ) with the same degree of approximation. We

give in Figure 4.12 the diffraction diagram obtained at shorter wavelength with a sol-

gel silica filled PDMS sample.

__________ B
m=1 g T T .
-’!’iq_{__‘__'-___' ___________
AN
N S i

Figure 4.12 Fiber pattern taken at high stretch (A =2.5) with a sol-gel filled (25%) sample (wavelength:
0.071nm; average on 15 patterns, exposure time: 1hr per pattern).

This pattern is similar to a rotating crystal pattern with the fiber axis as rotation
direction. The reflection layers are underlined by dotted lines labelled with the m-index
in the figure; the 112 reflection was accordingly given the 002 indexation by
Damaschun and Tosaka et al. [*3]. They interpreted the absence of 001 reflections as
the proof that the fiber axis was a 21 axis: this in turn implies a monoclinic structure.
We just see that such an interpretation is not necessary.

We now turn to the intermediate stretching states. It was found that a good
agreement with simulations was systematically associated to ¢ = 45°(see Figure 4.4

for the definition of this angle): a representative example is displayed in Figure 4.13
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with (9,9, w) = (45< 30< 79. It means that the axis of preferential orientation is

progressively tilting from the [001] direction to the [111] direction while remaining in

the plane of equation x =y (see Figure 4.4 for the definition of the tetragonal unit cell).

(b)

Figure 4.13 The (a) measured and (c) simulated WAXD pattern under medium elongation (1 = 3.9).
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Figure 4.14 (a) measured and (b) simulated angular intensity distribution of the first inner 101

reflection.
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Chapter 4 WAXD Fiber Pattern Analysis and Simulation

We have plotted in Figure 4.14-a angular plots for all experimental patterns
displayed in Figure 4.7 and in Figure 4.14-b simulations associated to an increasing
Y-angle (9 = 0° corresponds to the direction [001] as fiber axis and 9 = 45° to the
direction [111] as fiber axis); the angular width parameter w for the ODF is kept equal
7< line intensities are arbitrarily fixed. 9 = 10° can be associatedto A = 2.1, 9 = 30°
to A = 3.9 (see Figure 4.43) and 9 = 35°to A = 5.2.

To summarize, we propose the following mathematical relations for the axis of

preferred orientation (ﬁ):

-

c small elongation
PA={x(@+b)+¢,0<x<1 medium elongation
A+ b+ ¢ high elongation

An obvious consequence of the hypothesis of a single crystalline structure with
a texture evolution is that the polymer chain orientation changes during stretching: this

point is fundamental and will be discussed in Chapters 6 and 8.
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Chapter 5 Thermoelastic Behavior during Cooling and Heating

5.1 Introduction

We discussed in Chapter 4 the effect of a static extension on the evolution of
the low-temperature diffraction patterns in the semi-crystalline state. The cooling and
warming sequence necessary to reach this state is interesting by itself and offers an
occasion to revisit the very peculiar thermo-elastic behavior signaled by Warrick! .
Indeed, a continuous drop in stress with decreasing temperature is normally expected
for a non-crystallizing elastomer due to the entropic origin of the retractive force. This
effect is partially offset at lower extension by the sample thermal contraction and the
elongation at which both effects counter-balance corresponds to the so-called stress
inversion. In some elastomers like cis-polyisoprene or polychloroprene, an applied
strain favors crystallization, and this effect is called “strain-induced crystallization”
(SIC). In that case crystallization is associated to an extensive decrease of the stress
linked to a partial relaxation of the remaining amorphous phase. The explanation for
this effect was first given by Flory in 1947 [2, Crystallites are assumed to be of the
extended type, which means that a chain entering a crystallite does not fold back into
it. Such a crystallization process has a highly relaxing effect for the remaining
amorphous fraction, similar to a loose rope getting stretched straight in some parts. SIC
has been extensively studied experimentally and a nice example is given by the work
of Luch and Yeh Bl. A quite opposite effect was observed by Warrick in PDMS rubbers
as the measured stress displays a sudden and tremendous stress increase at some
temperature during cooling. He attributed this phenomenon to crystallization and more
specifically to the crystallites acting as physical cross-links. This chapter essentially

aims to clarify this point.

5.2 Experimental section
5.2.1 Materials

Unfilled and filled poly(dimethylsiloxane) elastomeric samples were
synthesized from vinyl-terminated PDMS (DMS-V33, Mw=43000) by a
hydrosilylation crosslinking reaction as described exhaustively in Chapter 2. Only
results obtained with modified silica powder as filler are presented here. The sample
sheets were cut into either dumbbell or dog-bone shape specimens (presented in
Scheme 5.1).
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(a) Lenm (b)
[ 1mm
6 mm 4 mm
" 20mm | 20 mm

Scheme 5.1 The dimension of two kinds of tested specimen: (a) dumbbell and (b)dog-bone shape

5.2.2 Tensile WAXS measurements

The in-situ tensile machine used in Chapter 3 does not allow reaching
temperatures below -10<C in normal operation mode and some adaptation had to be
made. It was first decided to cool the sample by blowing cold nitrogen evaporated from
a Dewar. It has the advantage that the gas is perfectly free of moisture which limits frost
deposition. Blowing the gas directly onto the sample would not only result in a rather
non-homogeneous cooling but also in too very rapid warming once the gas injection is
stopped. To circumvent these problems, it was decided to enclose the sample into a
copper tube equipped with a removable part for access and to blow gas on the outer
surface of the tube (see Figure 5.1-B). The tube thickness is 5 mm to favor a good

repartition of the temperature and limit gradients inside the tube. (see Figure 5.1-B).

oo [ S
— - \ I —
, 2 A

3 ,_i?"\ B~ T, Vertical translation stages
@ Load sensor ,.,_, = —

'1‘746, ;

X-ray detector
.

.

Il

Copper tube

Cryo-cell
— 3

Optical camera
© e

-B-

Figure 5.1 The low temperature tensile WAXS test machine: -A- the general view; -B- the prsentation

of load sensor (upper picture) and the two kinds of used sample holder within the copper tube (down
picture).
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The copper tube is hold in position by the upper and lower parts seen with four
holding screws (Figure 5.1-A). When the polycarbonate housing (“plastic chamber”)
IS put in place the volume containing the tube becomes isolated from the outside. Holes
are drilled into the polycarbonate enclosure for the entry of the gas pipes. The cold
nitrogen is blown directly on the copper tube external surface: in a first try, the gas was
only injected at the central part of the tube and we measured the temperature at three
points within the tube: upper part, middle and lower part.

We see in Figure 5.2 that a temperature difference of ca. 17 <C between the
tube extremities can be measured in the temperature interval -10<C and -100<C; this
essentially occurs during the more rapid cooling sequence. When injection is stopped
the tube warms up more slowly (see below) and temperature differences are diminished
by a factor ca.2. These results were dimmed not satisfying and it was decided to blow
the gas both on the upper and lower parts of the tube. Temperature differences during
the more critical cooling are reduced to ca. 4<C between -10<C and -100<C. This was
estimated sufficient keeping in mind that the ¢ is measured along the whole tube length

while the sample is essentially located into the central part of the tube.

251 f
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= o a 3’ [+ } two cooling tubes
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00 75 50 25 0 25
temperature (recorded; °C)

Figure 5.2 Temperatures measured at the tube extremities (squares and triangles) and in the central part
(circles) for the two modes of cold gas injection.

The force sensor is located outside the tube enclosure so as to limit the effect of
cooling on it. The sensor is actually compensated in temperature between -10<C and
45<C which means that the zero and the sensitivity do not significantly change in this
range. However, this only holds once the sensor is perfectly thermalized. Any
temperature gradient within the sensor results in a drift of the zero. To limit this effect,

the sensor is linked to the sample by a Torlon bar (that appears in beige in Figure 5.1-
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B). Torlon is a technical plastic that combines high mechanical strength and low
thermal conductivity, so that cold transmission is minimized. We see in Figure 5.3 that
marked drifts of the zero are observed if the sensor is not protected (the full range of
the sensor is 30daN): it comes from some cold air that manages to escape from the
plastic enclosure. It was thus decided to cap the sensor with a water thermalized box. It

is clear that drifts are diminished by a factor almost 2 which is sufficient for our

observations.

—
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Figure 5.3 Drift of the sensor in absence of any loading during a cooling cycle.

Another challenge is holding the samples without slippage. Grips adapted to
dumbbell shaped samples normally prevent slippage. However due to viscosity issues
not all the samples could be manufactured into this shape; furthermore, this type of
samples often presented defects (inhomogeneity, bubbles) that rendered their use
problematic. For this reason, we also used dog bone or rectangular samples that were
hold by self-tightening grips (Figure 5.1-B, right). In that case some slippage was
possible (see below).

Nitrogen is evaporated from the Dewar by means of a heating resistor and the
evaporation rate is selected by changing the power dissipated into the resistor. A low
evaporation rate leads to large cooling times with the risk of extensive frost formation.
On the other hand, a very rapid cooling may result in an incomplete crystallization and
excessive temperature gradients. We see in Figure 5.4 that the chosen cooling rate is
ca. 5 T/min, close to the one used in our DSC measurements (see Chapter 6). When

the tube is let to warm-up after evaporation is stopped, the warming rate is ca. half this
value.
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Figure 5.4 The cooling/heating rate inside the copper tube with regard to different WAXS
measurements under deformation.

The diffraction patterns are sequentially recorded with a Pilatus 200K detector:
the exposure time is 10s and the transfer time for the data is about 0.3s. The transmitted
beam intensity and the force are also simultaneously measured. The main problem for
the evaluation of the crystallinity came from frost deposition and condensation of water
droplets: see examples in Figure 5.5. Scattering by tiny ice crystals deposited onto the
inner tube window (kapton) is localized in predictable angular areas than can be avoided.
Water condensation onto the outer kapton window is much more problematic as it
happens at random and quite suddenly. It results in the partial shadowing of zones of
interest and generally develops during the warming sequence after the whole
polycarbonate enclosure had time to cool-down.

condensation

v

Figure 5.5 illustration of the effect of frost deposition (left) and water condensation (right) on the
WAXD patterns.
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We have to differentiate between the notion of crystallinity and crystallinity
index. The crystallinity is the fraction of crystalline phase in the material. Its evaluation
IS not easy as it normally requires covering a very large angular scattering range.
Furthermore, sophisticated corrections are needed. A crystallinity index is indicative
for the relative variation of the crystalline content: it may reduce to the measure of the
variation in intensity of a single diffraction ring or part of it. A crystallinity index that
allows follow the general crystallization behavior is sufficient in the present case:
according to the circumstances (where condensation appears) we used either radial
scans on unaffected lines or linear scans to avoid the shadow of water droplets.
Averages were systematically performed between the different types of scans

performed on the same set of data.

5.3 Results and discussion
5.3.1 Structural evolution during the cooling-heating process

We first give in Figure 5.6 results obtained with an unfilled and a slightly filled
sample in the quiescent state. The evolution of the tensile force appears in red and the
crystallinity index is in blue. In both cases crystallization starts at ca. -70<C but the
engineering stress only increases below -80<C when the crystallization process is
almost completed. As shown above temperature gradients inside the tube are not
sufficient to explain this difference; this is inasmuch true that samples in the quiescent
state are located in the central part of the tube and large temperature gradients are not

expected.

: : : 7 0.4
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Figure 5.6 Variation of the crystallinity index and engineering stress during a temperature scan for
samples in the quiescent state.
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The tensile force starts to decrease as soon as the temperature change is reversed,;
it reaches a close-to-zero level at temperatures where the crystallinity index is still close
to its maximum. It is to notice that complete melting is accompanied by a very slight
stress increase that returns to its original value. We now turn to the case of samples

submitted to a static extension. Representative examples are given in Figure 5.7.
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Figure 5.7 Variation of the crystallinity index and engineering stress during a temperature scan for a
sample subjected to various static draw ratios. Filler content: 40phr

Whereas crystallization onset during cool-down is observed at ca.-70<C in the
quiescent state, we see it occurs systematically at higher temperature in presence on an
applied strain. Another example is given in Figure 5.8 for a sample containing a
different amount of filler: it compares with what is observed in Figure 5.7 for a quite
similar draw ratio (3.05) in terms of stress levels. However, crystallinity indices are
rather different which is not surprising as they are based on different evaluation
methods due to the condensation issue: this precludes any thorough comparison of data
and could be only compensated by the development of a specific apparatus including
some vacuum isolation. The crystallization temperature has a net tendency to increase

with increasing draw ratio, but it is recalled that this parameter is highly dependent upon
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the cooling speed. Its variability can explain the fact that crystallization occurs at a
higher temperature for A=3.5 compared to A=4.3. In all cases, the stress upturn is
observed between -80<C and -70<C, and occurs when the crystallization process is
almost completed.
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Figure 5.8 Variation of the crystallinity index and engineering stress during a temperature scan for a
sample subjected to a static strain. Filler content: 25phr

Stress starts to decrease as soon as cooling is stopped and goes down below the
initial stress value before extensive melting is started as observed in the quiescent state.
The stress minimum is observed at a temperature close to -50<C independent of the
applied strain. Stress levels close to zero are reached which indicates that crystallization
has induced some stress relaxation and this is an indication for some strain-induced
crystallization (SIC) in PDMS elastomers; upon further warming, stress goes back to
initial levels as soon as total melting is observed. The melting temperature steadily
increases with applied extension as shown in Figure 5.9.
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Figure 5.9 The influence of the preset draw ratio A on the onset crystallization temperature (T2"Set)
and the offset melting temperature (T3ffset).
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We observe an increase of 7 <C per extension increment to compare with 22<C
observed in natural rubber that is considered as a model compound for SIC. Another
salient feature is the existence of kinks or plateaus in the stress curves both during
cooling and warming, without correspondence in the crystallinity index: see Figures
5.7 and 5.8. A good example is also provided by the series displayed in Figure 5.10
for different filler contents and filling procedures. A possible explanation could be some
slippage of the sample from the grips. However, one sees no reason why slippage should
occur at a much lower stress level during warming compared to cooling. We have no

satisfying explanation for this effect.
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Figure 5.10 The thermoelastic properties of unstretched dog bone shape during cooling and heating: -
A- different powder silica content; -B- different mixing method of silica.

5.3.2 Evaluation of the elastic modulus in the crystalline phase

The origin of the stress increase is now discussed. We notice that the stress
upturn only occurs after crystallization is almost completed: it is clearly not related to
the apparition of the crystallization itself. We believe it is simply due to the combination
of the thermal contraction due to cooling and to the modulus increase due to the
extensive presence of crystalline phase. We reported in Chapter 1 the work by Bosq et
al that measured the thermal variation of the PDMS modulus by DMA [¢: see Figure
5.11. This increase linked to the increase in crystalline phase content may be attributed
to two effects: (i) the inclusion of a hard phase (the crystallites) (ii) the formation of a
harder amorphous phase located between the crystalline lamellae (the so-called
“constrained amorphous phase”). Indeed, it is our personal experience that diffraction
by the remaining amorphous fraction appears modified by the presence of crystalline
phase: this could be an indication for some structural modification of the amorphous

phase.

SHI Xiang 101



Part II Experimental Section

The thermal contraction (dilatation) AL that occurs in the temperature span AT
where the stress increases (decreases) is computed in Equation 5.1; we assume that the
linear thermal expansion coefficient «; is constant which is justified by the fact that the
crystalline content is nearly constant:

er = AL/L = a; AT (5.1)

We take a; = 2.56 X 107* °C~1 base on a volumetric thermal expansion coefficient

(ay) of 7.6810"* T at room temperature. The stress increase in this temperature range
is Ao and the Young modulus is:

E=Ac/er (5.2)

The evaluation was conducted on samples with different filler contents and in the

quiescent state; it shows a rather important dispersion in the data and we obtain 814 +

150 MPa during cooling and 577 + 130 MPa. The difference can be due to the fact

that initial thermal contraction has some softening effect similar to the Mullins effect.

We see that those values are not far from those reported in Figure 5.11 at similar

temperatures.
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Figure 5.11 Elastic modulus (E’) and tan & (inset) versus temperature measured on heating an unfilled
PDMS elastomer at 1K mn-1. Open triangle: heating after slow cooling from the melt. Solid squares:
heating after fast cooling from the melt 221,

5.3.3 “Mesomorphous phase” and crystalline phase

We mentioned in Chapter 3 the apparition of what Tosaka called a mesomorphous
phase when a sample is highly stretched at room temperature . It manifests as strong
equatorial intensity reinforcement slightly shifted to higher angles compared to the

amorphous halo. The most intense reflection of the high-stretch texture is located at the
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same place. This point has been verified during the present study and it is illustrated in
Figure 5.12: only the mesomorphous phase is visible at -36.7<C and the crystalline

phase appears at -37.8<C. It clearly demonstrates that both phases are different in nature
but that they are related.

-36.7°C -37.8°C -39.0°C

Figure 5.12 The in-situ WAXD patterns of pre-stretched silica-filled PDMS elastomer during cooling.
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Chapter 6 Crystal Structure Determination of PDMS

6.1 Introduction

We stressed in Chapter 1 there is some paradox that the atomic structure of
polymer that shows greatest commercial importance in a variety of fields [, ranging
from daily necessities to the industrial and medical applications, is still unknown.
Although Damaschunf? or Albouyl®! respectively proposed a monoclinic crystal
structure with two-fold helical conformation and a tetragonal crystal structure with
four-fold helical conformation, neither of them gave atomic positions. Similarly, four
or crystal polymorphs are sketched in the publications BI of Tosaka et al. without
further detail.

In what follows, we try to fill this gap and obtain a full crystal structure based
on the analysis of X-ray powder patterns. With the help of annealing simulation, DFT
optimization as well as Rietveld refinement, we will propose a crystal structure with
detailed atomic information: it will be shown that a basic problem is still to account for
the intensity of some diffraction lines. In order to see if the underlying problem was not
a misunderstanding of the local crystalline structure (micro-twinning for instance), we
also performed some selected area electron diffraction (SAED) at low temperature. This
could be only possible due to the help of Alexandre GLOTER from the Electron

microscopy team at the LPS.

6.2 Experimental section
6.2.1 Materials

We used silanol-terminated PDMS oils (DMS-S42 and DMS-S21, Gelest Inc.;
Mw = 18000 and 4200) for the observation of electron diffraction or powder X-ray
diffraction; they were previously vacuum-dried at 120 <C for 4 hours.

6.2.2 Differential scanning calorimetry (DSC)

Some DSC measurements were performed to precisely ascertain the two
temperatures that are important for this study: the glass transition temperature (7,) and
the melting temperature (T;,): cooling the sample below T, will not result in an increase
in crystallinity; furthermore the rigidity of the amorphous phase may constraint the
crystallites and induces some peak broadening. Furthermore, we wanted to improve the
crystalline and the crystallite perfection performing some annealing below T,,. The

crystallization temperature (T,) is dependent upon the cooling rate and it is thus only
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an indicative parameter. Oils with three different molecular weights were tested with a
Q1000 TMDSC from TA Instruments. The cooling rate is fixed at 10 <T/min and the
heating rate at 2 <C/min. Temperature ranges from room temperature to -160 <C. We
thank Sandrine PENSEC from the Polymer Chemistry Team at the IPCM for all her

assistance.

6.2.3 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) experiments were performed using a
JEOL 2010 equipped with a high-brightness LaBs electron source for HRTEM imaging
and electron diffraction; the working voltage is 200 kV. The samples for the TEM
observation were prepared as follows: the hydroxyl- or vinyl-terminated PDMS oil was
dissolved into hexane to prepare a 0.007 vol% solution. Approximately 8 pL of this
dilute PDMS solution was dropped onto the gold-coated carbon film of a TEM grid.
After complete evaporation of hexane, the TEM grid was first examined by optical
microscopy to ascertain the presence of PDMS oil at the surface. Subsequently, the
specimen was put in the electron microscope and cooled at ca. 100K. Lanthanum
aluminate (LaAlO3) was used as reference to calibrate the magnification factor. These
measurements were done under the supervision of Alexandre GLOTER from the

Electron Microscopy team at the LPS.

6.2.4 Powder X-ray diffraction

Most of the powder X-ray diffraction characterization of linear PDMS oil was
performed on a commercial Bruker D8 Advance diffractometer (shown in Figure 6.1).
The setup is working at 40 kV and 40 mA in Bragg-Brentano geometry, with Cu Ka
radiation (A =0.15418 nm). The Anton Paar TTK 600 low-temperature chamber affixed
to the goniometer allows cooling close to the liquid nitrogen temperature. It is normally
equipped with a membrane pump to maintain a primary vacuum. It proved non-
sufficient to prevent frost deposition on the substrate on the long term. Diffraction peaks
associated to ice formation had thus to be removed from the diffractograms; this was
afterwards corrected using a more efficient pump. The specimen is placed in a groove-
shaped sample-holder with dimension of 14 mm <10 mm > 0.8 mm that is directly
cooled by liquid nitrogen. The nitrogen consumption is not negligible and the maximum
acquisition time was ca. 12 hours, fixed by the nitrogen bottle capacity. A Pt100
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temperature sensor is positioned close to the sample for precise temperature
measurement. The 2theta scan range was fixed between 6 and 100 “with a step size of
0.02<in continuous mode: the diffracted intensity is continuously recorded by a
LynxEye linear detector, which allows a huge gain in intensity compared to a step by
step acquisition. Prior launching a data acquisition, the correct position of the sample
into the beam is checked with a Z-scan (the sample is moved vertically into the beam
at zero angle). This procedure avoids errors in the diffraction line positions due to a

sample ill-positioning.

d Anton Paar TTK 600 low-
temperature chamber

Liquid nitrogen cooling pipeline
=

Figure 6.1 General view of the experimental low temperature powder X-ray diffraction instrument.

All measurements were originally to be performed on a high-resolution powder
diffractometer working at the wavelength of copper (0.1542 nm) and designed in the
Laboratory. The apparatus was only recently ready for operation and only a few
measurements could be performed. It operates step by step so that the collected intensity
is much lower than with the Bruker. However, it works in parallel beam geometry
(parabolic multilayer optic) and it is equipped with a back monochromator that allows
removal of Compton scattering and that significantly improves the resolution (parabolic
multilayer optics): see Figure 6.1. The experimental resolution (ca. 0.03 nm™) is high
enough to permit the separation of some double diffraction lines and the set-up has been
essentially used to ascertain the tetragonal unit cell in what follows: no intensity
adjustment was performed based on these data.
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6.3 Results and discussion
6.3.1 DSC analysis

The first and second cooling/heating scans are displayed in Figure 6.2 for three
different PDMS oils. The data extracted from the second scan are presented in Table
6.1. The first and second thermograms are almost identical, especially for vinyl-
terminated PDMS, indicating reproducibility and absence of memory effects and
hysteresis. Thermal data reported in Table 6.1 are in good agreement with early
published works 171181

(a|! 1steycle| (b) |4 2nd cycle

[=] o

i ot
i cooling | =i L ‘ooolmg
;:‘ heating E heatin, T T
z MW=4200 | % % P mt T, MW=4200
] & “ MW=18000
=g &0
£ Mw=18000 | £ MW=17200
3 3
= -

MW=17200
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Figure 6.2 DSC traces of (a) first and (b) second cooling/heating scan of silanol-terminated
(MW=4200, 18000) and vinyl-terminated PDMS (Mw=17200) oil.

Table 6.1 Thermal data for linear PDMS: crystallization temperature T, glass transition temperature Tg,
cold crystallization temperature Tc. and melting temperature Tni and Tma.

2nd scan
T.[T] Tg[T] Tee[T] Tm[T] Twe[T]

-98.70 -127.33 -97.80 -49.60 -37.52

Linear PDMS oil

Silanol-terminated

(Mw=4200)
Silanol-terminated . .

(Mw=18000) -95.50 -47.03 -35.58
Vinyl-terminated . .

(Mw=17200) -83.56 4729  -36.61

* refers to no result showed during the cooling/heating scan.

A major feature is the occurrence of two melting peaks and it is actually
commonly observed in PDMS 19 as well as in other polymers 111211131 Helmer and Po
Imanteer proposed that the two melting peaks correspond to two different types of
crystals [*4 but further studies did not favor this conclusion and the double melting
peaks are now attributed to a melting/recrystallization of smaller or less stable

crystallites.
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One observes cold crystallization in the Mw=4200 PDMS sample that occurs
during warming-up when polymer chains have recovered sufficient mobility to further
crystallize. It is not observed in the other samples and the double peaks do not appear
specifically linked to this effect. When cooling at an appropriate low rate, the lower
melting peak will decrease, even overlap into one peak with the high melting peak,
which has been evidenced in previous publications [ I [1%1 = Moreover, the filler
addition and crosslinking in the bulk PDMS can suppress the formation of the higher
melting species, thus giving a single melting peak. Annealing at a temperature
intermediate between T,,, and T,,, after first cooling, followed by second cooling is
also a way to suppress the lower temperature melting peak. It was systematically
performed for the Bruker measurements as it is expected to increase the crystallinity

and the crystallite quality.

6.3.2 Selected area electron diffraction (SAED) analysis
In order to exclude doubts about the reliability of the tetragonal crystal structure
model, both silanol-terminated PDMS (Mw=4200) and vinyl-terminated PDMS
(MW=17200) oils were measured by selected area electron diffraction (SAED). The
specimen was first cooled to —110°C and held for 60 min, followed by TEM observation.
A main problem was to find single-crystals on the grid. If we focus on large

irregular aggregates with micrometric dimension as displayed in Figure 6.3a (the insert

TEM image), electron diffraction demonstrates it consists in many small crystallites.

Figure 6.3 (a) the electron diffraction pattern recorded from the selected area (the white cycle) in the
inset TEM image and (b) the X-ray diffraction pattern of short-chain (Mw=4200) PDMS oil in
crystalline state.
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The diffraction pattern is indeed very similar to the one obtained by X-ray
diffraction (Figure 6.3b: Mar345 set-up; wavelength 0.071nm). It confirms we have
crystallized PDMS on the TEM grid. Only one aggregate giving rise to well-defined
Bragg reflections could be found: it has a rather irregular morphology (see insert in
Figure 6.4) but it gives rise to well-defined Bragg reflections. The pattern displayed in

Figure 6.4 originates from the thinner zone indicated by a red circle.

Figure 6.4 the electron diffraction patterns collected from the selected area: (a) red and (b) white cycle
in the inset TEM image of the short-chain (MW=4200) PDMS oil in crystalline state.

The indexation given in the figure is based on the tetragonal cell defined by Albouy.
Indeed, all four SAED diffraction pictures presented by Tosaka et al. [¥¥ and that they
associate to four different crystalline forms can be indexed with the only tetragonal cell.

6.3.3 Powder X-ray diffraction analysis
We represent in Figure 6.5 typical diffractograms obtained in the molten state
(room temperature) and in the semi-crystalline state (-100<C) with the Bruker D8
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Advance diffractometer (PDMS oil Mw=18000). It is similar to all our previous

observations made on PDMS rubber samples.
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Figure 6.5 X-ray diffraction profile of pristine PDMS oil (My=18000) at 20 and -100 C

Marked differences in intensity are observed when using a short chain oil
(Mw=4200): see Figure 6.6.

(a) (b)
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Figure 6.6 The comparison of X-ray diffraction in reflection geometry of pristine PDMS oil at -100 C
with regard to different chain length (Mw=18000 and 4200). The background is substrate.

Diffraction patterns obtained with similarly light oil poured into a capillary glass

did not exhibit such differences (Albouy, private communication). This effect is thus

due to the sample geometry that induces some preferential orientation. The intensity of

lines with [ = 0 is increased while the (004) and (008) lines are decreased by a factor

ca. 2. This indicates that the c-axis is preferentially oriented parallel to the oil-air
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interface. It is in agreement with the chain axis parallel to the c-axis: in the liquid state
chains located close to interface will have a tendency to be parallel to it, which will

induce preferential orientation at the crystallization step.

6.4 Theory of crystal structure determination

X-ray crystallography is unique to determine atomic positions within the crystal
(although NMR can also bring some information). We briefly recall that the diffracted
amplitude (i.e. amplitude of the electric field) scattered by any sample is the Fourier
transform of its electronic density. In case of a single-crystal the electronic density
presents a 3D repetition in the direct space and amplitude is scattered only in discrete

directions. These directions are characterized by scattering vectors g, that present 3D

periodicity in the so-called reciprocal space: dnx; = hd* + kb* + 1&*. When the sample
is polycrystalline, these directions coalesce into diffraction cones. Each amplitude Fyy,;
is one component of the Fourier transform of the electron density. If amplitudes,
including their phase could be measured, the crystal structure would be simply obtained
by inverse Fourier transform. However, detectors are only sensitive to the flux of energy
carried by an electromagnetic wave that is proportional to the square of the electric field.
It means that |Fy,|? and hence |Fyy,;| are measured, and not Fp;: this is the well-
known “phase problem”. Crystal structure determination is so fundamental in fields like
crystal chemistry, solid state physics, and the biological sciences that many methods

have been devised to solve it.

6.4.1 Line profile analysis

In a crystal powder samples, the diffracted intensity merges into cones of
diffraction characterized by their angular apertures 26 that are related to the unit cell
parameters (a, b, ¢, a, §,y) in the direct space by the Bragg’s law. Various instrumental
and specimen features may affect the observed positions of Bragg peaks. These factors
are often known as systematic aberrations (distortions). In terms of the shapes of
diffraction peaks, the so-called peak-shape function (PSF) is a convolution (®) of three
different functions: instrumental broadening (), wavelength dispersion (A), and
specimen function (%), which is expressed as:

PSF(0) = Q(0) ® A(6) Q W(0) + b(6) (6.1)

where b is the background function.

UniversitéParis-Saclay 114



Chapter 6 Crystal Structure Determination of PDMS

On the other hand, the arrangement of the atoms within the unit cell determines
the relative intensities of the reflections: these are the structure factors |F;|? . More
specifically, other factors like specimen factors (owing to its shape and size, preferred
orientation, grain size and distribution, microstructure and other parameters of the
sample) and instrumental factors (such as properties of radiation, type of focusing
geometry, properties of the detector, slit and/or monochromator geometry) play roles

in determining peak intensities.

6.4.2 Unit cell determination

The first step in solving a crystal structure based on powder diffraction is to find
the unit cell that allows an hkl indexation of all observed diffraction lines. The angular
line positions relate to the d-spacings by the Bragg’s law and the relation of dj; to the
indices hkl and the unit cell parameters is known:

dpi = f(h Kk, La,b,c,a, B,y) (6.2)

Through peak searching, all possible reflections could be located at d°bs
(20°P%). For any given assumed unit cell dimensions, the combination of symmetrically
independent triplet (hkl) is assigned to the observed Bragg peak by matching d§¢
(2054) and d°Ps (20°b%) based on the minimum difference between the pairs of
values. To evaluate the reliability of indexing, figures of merit (M,,[**! or Fy ['®1) are
introduced. Generally, the more reliable indexing yields the higher Fy or M,,, and both
are useful when comparing different indexing solutions for the same pattern.

As for indexing powder XRD data, there are different strategies available which
are incorporated into the widely used programs ITOMl | TREOR[®! | DICVOLM
CRYSFIRERP | and McMaillel?t1 122112311241 They consider the measured positions of
peak maxima for about 20 selected peaks at low diffraction angles. The existence of
significant peak overlap can be particularly problematic in the indexing stage, as certain
peaks that may be vital for correct indexing may be obscured or completely unresolved
due to peak overlap. In this regard, successful indexing of powder XRD data of a
substance can sometimes be particularly challenging. Therefore, experimental
operating condition should be noticed when aiming to collecting quality powder

diffraction data.
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6.4.3 Profile fitting

After the unit cell has been determined, the next stage is to prepare the intensity
data for space group determination and structure solution using an appropriate profile
fitting technique such as the such as the Pawley method[?®! or the Le Bail method!?5! .
The aim of this stage is not to determine the crystal structure, but rather to obtain
reliable values of the variables that describe different features of the powder XRD
profile by completely fitting, which are useful in the Rietveld refinement stage for the
structure determination process. The variables include: (i) The peak positions (the
variables that determine the peak positions include the unit cell parameters and the zero-
point shift parameter); (ii) The background intensity distribution; (iii) The peak widths;
(iv) The peak shapes; (v) The peak intensities.

It is important to emphasize that no structural model is used in the profile fitting
procedure (except in so far as the unit cell parameters are used to determine the peak
positions), and the intensities in (v) represent a set of intensity variables that are refined
to give an optimal fit to the experimental powder XRD pattern without reference to any

structural model.

6.4.4 Structure solution

Techniques for structure solution from powder XRD data can be subdivided
mainly into two categories: the traditional and direct-space approaches. The traditional
approaches can be divided into two broad categories: those based on reciprocal-space
methods and those based on real-space methods. Typically, the former (direct
methods!?") involve direct use of the measured reciprocal space data, i.e. the |F|? values,
while the latter (Patterson methods!?®! ) are concerned with the position and
conformation of the molecules (or individual atoms/ions) within the unit cell. Both
methods follow a close analogy to the analysis of single-crystal XRD data, in that the
intensities I(q) of individual reflections are extracted directly from the powder XRD
pattern and are then used in the types of structure solution calculation. However, peak
overlap in the powder XRD pattern can limit the reliability of the extracted intensities,
and uncertainties in the intensities can lead to difficulties in subsequent attempts to
solve the structure.

In contrast to the traditional approach, the direct-space approach!®? follows a

close analogy to global optimization procedures. In the direct-space strategy, trial
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crystal structures are generated in real space, independently of the experimental powder
XRD data, and the suitability of each trial structure is assessed by direct comparison
between the calculated powder XRD pattern and the experimental powder XRD pattern.
In this case, the corresponding comparison result is quantified using an appropriate

figure-of-merit, the weighted profile R-factor R,,,,,, defined as:

Rup = 100\/Ziwi(yi — Yei)? (6.3)

Tiwiyf
where yi is the intensity of the i-th point in the digitized experimental powder XRD
pattern, yqi is the intensity of the i-th point in the calculated powder XRD pattern and
wi is a weighting factor for the i-th point.

Without further manipulation of individual peak intensities measured, the R-
factor also considers the peak overlap implicitly because the direct-space approach
compares the calculated and measured intensity point-by-point, rather than focusing on
some individual diffraction maxima. The aim of the direct-space strategy is to find the
trial crystal structure that corresponds to lowest R-factor, and is equivalent to exploring
a hypersurface R(I") to find the global minimum, where T represents the set of
variables that define the structure. Techniques for global optimization, including Monte
Carlo/simulated annealing!®® B and genetic algorithm(32 [331 [341 351 ' have proved

effective in finding the lowest point on this R(I") hypersurface.

6.4.5 Structure rietveld refinement (Final crystal structure model)

In so-called Rietveld refinement(®¢1 [371[38] the variables that define the powder
XRD profile (i.e. the variables (i)-(iv) obtained by profile fitting stage) and the variables
defining the structural model (which are used to determine the relative peak intensities
in the calculated powder XRD pattern) are adjusted by least squares methods in order
to obtain an optimal fit between the experimental and calculated powder XRD patterns.

In general, the weighted profile R-factor (Rwp) is used to assess the quality of fit.

6.4.6 Overview of the structure determination process
We illustrate in Figure 6.8 the main stages of the structure determination from
diffraction data: Structure solution aims to derive an approximately correct description

of the structure, using the unit cell and space group determined in the first stage, but
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starting from no knowledge of the actual arrangement of atoms or molecules in the unit
cell. If the structure solution represents a sufficiently good approximation to the true

structure, a good quality description of the structure can then be obtained by structure

refinement.
( Structure determination \
% Experimental X-ray diffraction data
—
i ( 28 vs Intensity)
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Figure 6.8 Schematic diagram showing the sequence of stages involved in crystal structure
determination from powder XRD data.

Using the program of FullProf suite [°! | we first indexed 14 intense peaks of a
diffractogram measured at -100 <C (170K) by the TREOR-09 method (the whole
pattern is then fitted introducing shape and width parameters): see Figure 6.9.
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Figure 6.9 Profile fitting.
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We found a tetragonal unit cell with parameters of a =b = 8. 3972 Aand ¢ =

11.9773 A (170K) which agree very well with the previous result of X-ray and electron
diffraction pattern analysis. The ratio c¢/a is 1.431, close to v/2. If this ratio was v2,

lines of indices 103 and 121 that constitute the third most intense diffraction line
should be perfectly superimposed. This cannot be judged from Figure 6.9 as the
resolution of the Bruker diffractometer is not sufficient. Some additional measurements
have been performed with the home-made high-resolution diffractometer recently
constructed in the group MATRIX (wavelength 0.1542 nm). We see in Figure 6.10 that
the two lines are actually separated. Parameters determined with this apparatus are a =
b=8.405Aandc=12.041 Aat230K anda=b=8.272 Aand ¢ = 11.850 A at 110K.

The ratio c/a is 1.433, very similar to the precedent estimation.
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Figure 6.10 High-resolution profile for the third more intense diffraction line.

Subsequently, the symmetry groups were obtained by running the incorporated

CheckGroup program, that suggested 49 possible space groups, listed in Table 6.2.
Table 6.2 the top 10 of 49 possible space group list

Number(IT)  Hermann-Mauguin Symbol Merit*
141 l4;/amd:1 2.60
109 14, md 2.44
122 142d 2.44
88 14,/a:1 2.29
98 14,22 2.05
80 14, 2.05
87 14/m 1.95
107 I4mm 1.95
82 14 1.95
119 [4m?2 1.95
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* The merit (Fy) has been introduced by Smith and Snyder[€l, it is defined as:
N 1 N2
Fy = Xl N obs calc
NPOSS |A29| Nposs Zizllzei - 291’ |
where N is the number of the observed Bragg peaks, Nposs is the number of independent Bragg reflections
possible up to the N-th observed diffraction peak; |A—29| is the average absolute difference between the
observed and calculated 26.

(6.4)

When considering the 4i-screw symmetry and the body-centered cell feature,
five space groups with highest figure of merit (above 2), including | 41 (No. 80), | 41
/a:1 (No. 88), 1412 2 (No. 98), 1 41 md (No. 109), | 41 /amd (No. 141), might be more
reasonable.

The unit cell content information, more exactly, the number of monomers per
unit cell (Z), is vital for the crystal structure determination. Taking into account the
structure formula and the cell volume (Vcen) which is obtained by the indexation, Z can
be estimated as the ratio between Vcen and the molecular volume (Vmol):

Vcell

Z = (6.5)

Vmol
Where an evaluation of Vmol can be provided by one of the two following ways:

(1) Using the 18 A3 rule: counting all the non-hydrogen atoms in the chemical
formula and multiplying this number by 18 A?;

(2) Using the approximate atomic volumes given by reference [“1: 13.87 A2 for
C, 11.39 A3 for O, 37.30 A3 for Si, 5.08 A3 for H.

In the case (—SiC2HsO-) as original asymmetrical unit and a unit cell volume
of 843.76 A%, we find a Z value of ca. 12 with the first criterion and ca. 8 with the
second approach. It corresponds to crystalline phase densities of 1.751 and 1.167 g/cm?
respectively; the last estimation is very close to the value 1.16 g/cm?at 183K proposed
by Albouy and based on X-ray absorption data. It can be concluded that there are most
probably 8 monomers per unit in the crystalline lattice.

In the case of space group I 41/a (No. 88), I 41 2 2 (No. 98), I 41 m d (No. 109)
or I 41/a md (No. 141), there should be a total of 16 monomers per unit cell according
to the corresponding symmetry operators, with a density of 2.335 g/cm? in the normal

condition (all atoms having a site occupancy of 1). This is seriously inconsistent with

the experimental estimation 1.16 g/cm?®. The space group that conforms to Z=8 and an
occupancy of 1 is I 41 (No. 80). However, it should be noted that and 1 41/a (No. 88)

also could be possible if the site occupancy of all atoms was set 0.5 (the other three
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were still impossible because of the failure in generating polymer chain conformation
inside the cell under this condition).

We first start with the space group | 41 (No. 80) and 8 monomers per cell. The
cell parameter can be slightly regulated to make the connection between monomers
possible and allow for a reasonable chain conformation. We also used use restraints on
bond distances and angles or bond valences and this approach increases the probability
to obtain only chemically plausible models. They are similarly relationships between
atoms to prevent atomic group overlapping with other parts of structure. Space group |
41/a (No. 88) with atom site occupancy of 0.5 has be also selected for further

comparison.

6.4.6.1 Annealing simulation

In essence, molecular structure calculation and refinement is a search for the
global minimum of a target function of the parameters of an atomic model in particular
atomic coordinates.

E = Echem + WaataEaata (6.6)
where E_ ., comprises empirical information about chemical interactions; it is a
function of all atomic positions, describing covalent (bond lengths, bond angles, torsion
angles, chiral centers, and planarity of aromatic rings) and nonbonded (intramolecular
as well as intermolecular and symmetry-related) interactions. E;,;, describes the
difference between observed and calculated data, and w,,;, IS a weight appropriately
chosen to balance the gradients (with respect to atomic parameters) arising from the
two terms.

The general least-squares refinement procedure follows a continuously
“downbhill” path to minimize the objective function. If the starting model is too far away
from the correct solution, the refinement may end up in a local minimum rather than
global minimum that corresponds to an incorrect structure. As introduced in Section
6.4.4, the direct-space approach can make maximal use of information on molecular
geometry that is already known reliably, independently of the powder XRD data, prior
to commencing the structure solution calculation. The traditional approach for structure
solution, on the other hand, does not (in general) utilize prior knowledge of features of

molecular geometry.
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A most popular direct-space method, called simulated annealing, can often
enable the refinement to escape from local minima and find the global minimum.
Simulated annealing, which is a modified form of a molecular dynamic simulation,
uses Newton’s laws of motion to predict possible movements of the atoms in a trial
model of the crystal structure. The molecule is allowed to move as if it were at high
temperature, in order to enable it to escape from any local energy minima; initial atomic
velocities are assigned randomly from a Maxwell distribution at the appropriate
temperature. Then, the molecule is cooled slowly to find its preferred structure at the
temperature of the X-ray diffraction experiment. During this process, the assigned
energy of the molecule partly depends on agreement with the diffraction data.

In the case of solving PDMS crystal structure, our final aim is to search for the
chain conformations of the polymer molecule that best fit the experimental data and
that simultaneously maintain reasonable covalent and noncovalent interactions. From
our above analysis, one monomer (—OSiC2Hes—) was treated as the starting asymmetric
seed to construct the crystal structure, hoping that the best resulting model will most
closely resemble the global minimum. More specifically, through the symmetry
operation, the unit cell could be filled, these fragments are expected to interact with
each other in a reasonable way when considering bond length and bond angle. Finally,
the energy is minimized with respect to all the rotational angles and the intra-chain
symmetry.

The crystal structure determination was performed by simulated annealing
using the program Expo2014 [, During the simulated annealing calculations, the cost
function was chosen as R intensities. As explained above anti-bumping restraints were
set to let all monomers connect to each other into polymer chains. Finally, it yields two
kinds of chain conformation within the PDMS crystal, depending on the selected space
group, illustrated in Figure 6.11. The torsion angle (—O—Si—O—Si—) of space group |
41 (No. 80) is about 160< much larger than that of | 41/a (No. 88), which is 100<
suggesting a more spiral chain configuration in space group of | 41/a (No. 88). We call
these two crystal structure models of “extended model” and “helical model”
respectively. We put an occupancy of 0.5 for each atom for space group | 41/a. We will
see that we interpret it as chains running along the c-axis and that can occupy different
locations with a probability of 1/2.
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Figure 6.11 The chain conformation in PDMS crystal: (a) | 41 (No. 80), (b) | 41/a:1 (No. 88) with all
atom site occupancy of 0.5.

Figure 6.12 displays the “extended model” of | 41 (No. 80): two polymer
chains related by the centering condition and running along the c-axis (parallel to the
4, symmetry axis). The tetragonal unit cell has parameters a = b = 8.428 A and ¢ =
12.053 A and the cell volume is 856.26 A3 (the parameters are slightly relaxed to allow
for the chain formation). In this initial crystal structure, silicon and oxygen atoms are

located very close to the chain axis and all methyl groups pointing outwards

Figure 6.12 The model of PDMS crystal structure [I 41 (No. 80)]: (a) top view (b) side view

Figure 6.13 shows the “helical model” of | 41/a:1 (No. 88) with all atom site
occupancy of 0.5, four chains adopt similar conformation within a tetragonal unit cell
with parameters of a = b = 8.432 A and ¢ = 12.061 A. The probability of finding a
chain at a given location is fixed to 1/2.

SHI Xiang 123



Part II Experimental Section

Figure 6.13 The helical model of PDMS crystal structure [l 41/a:1 (No. 88)] with all atom site
occupancy of 0.5: (a) top view (b) side view.

We used the software Mercury to get the simulated powder diffraction pattern
of the two models: see Figure 6.14. If we let the 110 reflection apart, which is
experimentally absent and computed rather intense for space group | 41, the agreement

with the experimental data seems better for the extended model [I 41 (No. 80)]
compared to the helical model [I 41/a:1 (No. 88)].

(a)

3
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2

2 (110) 38 42 48 54 60 6
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T

Figure 6.14 (a) the comparison between experimental and calculated XRD profiles of the two crystal
structure models, (b) the appearance of reflection (110) in the WAXD pattern measured at high preset
strains, with Mo Ko radiation used as the X-ray source and the direction of stretching (SD) is vertical.

The fundamental question of the 110 reflection is now discussed. It is actually
not visible on crystallized oil and can be only detected in strained specimens (see
Figure 6.14-b): in this last case, care must be taken that strain can slightly deform the

unit cell. The 110 reflection corresponds to the incident beam reflection on the (110)
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lattice planes. These are depicted in blue in Figure 6.15 and the planes in-between are

depicted in red.

Figure 6.15 The top view of inter-chain conformation in the two possible crystal structures: (a) “helical
model” [l 41/a:1 (No. 88)] and (b) “extended model” [I 41 (No. 80)] in two different packing modes.

In the case of space group | 41, blue planes are high electron density planes
(Silicon and oxygen atoms grouped on them) while red planes appears as low electron
density planes, (the contrary can be chosen, see Figure in the center). This contrast
explains the high computed intensity for the 110 reflection. On the other side, blue and
red planes have similar electron densities for the | 41 group and the 110 reflection is no
more present. In this last case, this equilibrium can be destroyed when PDMS

crystalized under high preset elongation and the 110 reflection may appear.

6.4.6.2 Geometry optimization

Quantum Espresso (QE)*? is an open source set of computer codes designated
to perform electronic structure calculations based on density functional theory (DFT),
plane waves, and pseudopotentials that is capable of calculating the energy of and
performing local optimizations on periodic crystal systems. It was only run for the | 41
space group.

The initial crystal structure of the extended model [I 41 (No. 80)] was
geometrical optimized: the optimization of intermolecular interactions is completed in
a fixed cell calculation by means of the PBE approximation (using the RRKJUS-PBE
for C and H, along with the NL-RRKJUS_PSL-PBE for the Si and O). Meanwhile, van
der Waals corrections were applied according to Grimme’s DFT-D3 approach[*®l . For
the auxiliary basis set of plane waves and charge, the cutoff 45 Ry and 450 Ry were

used. Finally, the optimized crystal structure is presented in Figure 6.16: it was found
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that the DFT optimization yields a more extended four-fold helical configuration within

the tetragonal unit cell with parametersofa = b = 8.428 Aand ¢ = 12.053 A.

Figure 6.16 The optimized PDMS crystal structure [I 41 (No. 80)]: (a) top view (b) side view

On the other hand, similar method of DFT optimization was applied for the case
of the helical model [1 41/a:1 (No. 88)] with half site occupancy, the chain conformation
become more stretched in the lattice, showed in Figure 6.17, and the lattice parameters
area = b = 8.432Aandc = 12.061A.

Figure 6.17 The optimized PDMS crystal structure [1 41 /a:1 (No. 88)] with all atom site occupancy of
0.5: (c) top view (d) side view

6.4.6.3 Rietveld refinement and fitting

For successful Rietveld refinement, the initial structural model (taken from the
structure solution) must be a sufficiently close representation of the correct structure.
As Rietveld refinements often suffer from problems of instability, the use of geometric
restraints (soft constraints) based on standard molecular geometries generally need to
be applied in order to ensure stable convergence of the refinement. Furthermore, it is

common to use only isotropic displacement parameters in Rietveld refinement, rather
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than the anisotropic displacement parameters that are generally refined (except in the
case of hydrogen atoms) for XRD data.

On basis of the experimental parameters that obtained from the step of profile
fitting, the simulated x-ray diffraction information was obtained by Rietveld refinement,
which was compared with the experimental XRD data, showed in Figure 6.18. Clearly,
the relative intensity of the three most intense reflections is well-accounted except for
the 110 reflection but the adjustment quality is rather average at higher angles. The
associated crystallographic information is given in Table 6.3, together with the atomic
coordinates of the asymmetric unit (Table 6.4), bond lengths, bond angles and torsion

angles deduced from the Rietveld refinement (Table 6.5).
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Figure 6.18 The refinement of the optimized crystal structure of extended model [l 41 (No. 80)].

Table 6.3 Crystallographic information for the final PDMS crystal structure

Cell Lengths (A) a 8.428 b 8.428 c 12.053
Cell Angles (deg) alpha 90 beta 90 gamma 90
Space Group 141 (No. 80)

Symmetry operations DXy, z

2) -y, x+1/2, z+1/4
3) -x+1/2, -y+1/2, z+1/2
4) y+1/2, -x, z+3/4
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Cell Volume (A%
Cell Content
Density (g/cm?®)

5) x+1/2, y+1/2, z+1/2
6) -y+1/2, x, z+3/4

7)-X, -y, Z
8)y, -x+1/2, z+1/4

856.262
SigOgCaeHas
1.150

Table 6.4 Fractional Atomic Coordinates of the asymmetric unit for the final PDMS crystal structure

Number  Label X y z Occ.
1 Sil 0.16004 0.74223 0.03544 1.0
2 02 0.26937 0.79277 -0.0779 1.0
3 C3 -0.057 0.80476 0.02779 1.0
4 H4 -0.1168 0.77835 0.10721 1.0
5 H5 -0.1198 0.7411 -0.0385 1.0
6 H6 -0.0835 0.92965 0.012 1.0
7 Cc7 0.18558 0.52497 0.01512 1.0
8 H8 0.14409 0.49158 -0.0686 1.0
9 H9 0.11583 0.46254 0.07782 1.0

10 H10 0.3102 0.48614 0.02262 1.0

& Symmetry transformation was used to generate other equivalent atoms

Table 6.5 bond lengths, bond angles and torsion angles of the asymmetric unit for the final crystal

structure

Number Atoms Length(A) or Angle(9
1 Sil 02 1.6949
2 Sil C3 1.8992
3 Sil C7 1.8532
4 Sil 01 1.703
5 02 Sil 1.703
6 C3 H4 1.0998
7 C3 H5 1.0943
8 C3 H6 1.0887
9 Cc7 H8 1.0997
10 Cc7 H9 1.0882
11 Cc7 H10 1.0999
1 02 Sil C3 114.33
2 02 Sil Cc7 94.49

UniversitéParis-Saclay

128



Chapter 6 Crystal Structure Determination of PDMS

© 00 N oo o1 b~ W

10

12
13
14
15
16
17
18

O© o0 ~NOoO Ol WN P

NP R R R R R R PR R
R OWOWOOW~NOOU A WNRO

02
c3
c3
c7
Sit
Sit
Sit
Sit
H4
H4
H5
Sit
Sit
Sit
H8
H8
H9

C3
C7
02
02
02
02
C7
Cc7
Cc7
02
02
02
02
02
02
C3
C3
C3
02
02
02

Sil
Sil
Sil
Sil
02
C3
C3
C3
C3
C3
C3
C7
C7
C7
C7
C7
C7

Sil
Sil
Sil
Sil
Sil
Sil
Sil
Sil
Sil
Sil
Sil
Sil
Sil
Sil
Sil
Sil
Sil
Sil
Sil
Sil
Sil

02
c7
02
02
Sit
H4
H5
H6
H5
H6
H6
H8
H9
H10
H9
H10
H10

02
02
02
C3
C3
C3
C3
C3
C3
C3
C3
C3
c7
Cc7
Cc7
c7
Cc7
c7
Cc7
Cc7
C7

Sil
Sil
Sil
H4
H5
H6
H4
H5
H6
H4
H5
H6
H8
H9
H10
H8
H9
H10
H8
H9
H10

127.83
112.14
103.47
103.39
139.35
109.9
111.26
118.07
108.18
104.6
104.22
109.55
108.72
113.03
109.78
107.5
108.22

-21.61
95.16
-154.04
-174.52
65.69
-54.73
79.42
-40.37
-160.79
-31.35
-151.14
88.44
-56.12
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In the helical model [I 41 /a:1 (No. 88)], the refinement (see Figure 6.19)
exhibits rather large discrepancies for two of the more intense line, although the absence
of 110 reflections is of course accounted for. The adjustment is quite average for the
weaker lines located at larger scattering angles. The corresponding crystallographic
information is given in Table 6.6, together with the atomic coordinates of the
asymmetric unit (Table 6.7), bond lengths, bond angles and torsion angles deduced
from the Rietveld refinement (Table 6.8).
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Figure 6.19 The refinement of the optimized PDMS crystal structure of helical model [I 4,/a:1 (No.
88)] with all atom site occupancy of 0.5.

Table 6.6 Crystallographic information for the PDMS crystal structure

Cell Lengths (A) a 8.432 b 8.432 c 12.061
Cell Angles (deg) alpha 90 beta 90 gamma 90
Space Group 141/a:1 (No.80-1)

Xy, z

2) -y, x+1/2, z+1/4

3) -x+1/2, -y+1/2, z+1/2

4) y+1/2, -x, z+3/4

5) -x, -y+1/2, -z+1/4

6)y, -, -z

7)) x+1/2,y, -z+3/4

8) -y+1/2, x+1/2, -z+1/2

9) x+1/2, y+1/2, z+1/2
Symmetry operations 10) -y+1/2, x, z+3/4
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Cell Volume (&%)

Cell Content

Density (g/cm?®)

11) -x, -y, z

12)y, -x+1/2, z+1/4

13) -x+1/2, -y, -z+3/4
14) y+1/2, -x+1/2, -z+1/2
15) x, y+1/2, -z+1/4

16) -y, x,-z 1) XY,z
856.61

SigOsC16Has

1.150

Table 6.7 Fractional Atomic Coordinates of the asymmetric unit for PDMS crystal structure

Number  Label X y z Occ.
1 Sil 0.19558  0.28173 1.00046 0.5
2 01 0.25353  0.27096 0.87252 0.5
3 Cl 0.18749  0.49103 1.00221 0.5
4 H1 0.11796  0.53214 0.078 0.5
5 H17 0.12627 0.53511 0.92378 0.5
6 H33 0.31303  0.54091 1.00599 0.5
7 C17 -0.00445 0.21878 1.01409 0.5
8 H49 -0.00737  0.08904 0.0406 0.5
9 H65 0.93221  0.23248 0.93114 0.5
10 H81 0.93339  0.29439 0.07929 0.5

& Symmetry transformation was used to generate other equivalent atoms

Table 6.8 bond lengths, bond angles and torsion angles of the asymmetric unit for the final crystal

structure

Number Atoms Length(A) or Angle(9
1 Sil 01 1.621
2 Sil C1 1.766
3 Sil C17 1.776
4 Sil 01 1.631
5 01 Sil 1.631
6 C1 H1 1.140
7 C1 H17 1.140
8 C1 H33 1.140
9 C17 H49 1.140
10 C17 H65 1.140
11 C17 H81 1.140
1 01 Sil C1 94.53
2 01 Sil C17 110.96
3 01 Sil 01 137.02
4 C1 Sil C17 105.12
5 C1 Sil 01 100.74
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6 C17 Sil 01 103.42
7 Sil 01 Sil 145.7

8 Sil C1 H1 109.47
9 Sil C1 H17 109.47
10 Sil C1 H33 109.47
11 H1 C1 H17 109.47
12 H1 C1 H33 109.47
13 H17 C1 H33 109.47
14 Sil C17 H49 109.47
15 Sil C17 H65 109.48
16 Sil C17 H81 109.47
17 H49 C17 H65 109.47
18 H49 C17 H81 109.47
19 H65 C17 H81 109.47
1 C1 Sil 01 Sil -125.71
2 C17 Sil 01 Sil -17.62
3 01 Sil 01 Sil 123.23
4 01 Sil C1 H1 165.27
5 01 Sil C1 H17 45.27

6 01 Sil C1 H33 -74.73
7 C17 Sil C1 H1 52.13

8 C17 Sil C1 H17 -67.87
9 C17 Sil C1 H33 172.12
10 01 Sil C1 H1 -55.09
11 01 Sil C1 H17 -175.09
12 01 Sil C1 H33 64.9

13 01 Sil C17 H49 96.55

14 01 Sil C17 H65 -23.44
15 01 Sil C17 H81 -143.45
16 C1 Sil C17 H49 -162.43
17 C1 Sil C17 H65 77.57

18 C1 Sil C17 H81 -42.43
19 01 Sil C17 H49 -57.18
20 01 Sil C17 H65 -177.18
21 01 Sil C17 H81 62.82

6.5 Conclusion

We are still confronted to the puzzling situation where no satisfying solution
can be proposed for the PDMS crystalline structure. The tetragonal unit cell we propose
accounts for the position of all observed diffraction lines with high precision and only
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two cell parameters: it can hardly be discarded. Furthermore, the crystalline density
points to 8 monomers per unit cell and this cannot be also discarded. If we now consider
the extended model [I 41 (No. 80)], the question of the absence of the 110 reflection is
not solved (it is visible on patterns of stretched samples but remains weak and could be
due to some distortion). A predicted intense 110 reflections are intrinsic to the proposed
structure (strong density modulation along the [110] direction). Moreover, each
crystallite only contains chains with either 41 or 43 helical conformation and such a
selection is unusual. On the other hand, the helical model of [l 41/a:1 (No. 88-1)] with
atom site occupancy of 0.5 fails to account correctly for the relative intensity of the
three most intense diffraction lines. It remains that we give an occupancy 0.5 to every
monomer while it should be given to an entire chain, in the 41 or 43 conformation. We
had no time to go deeper in this question.

Indeed, a very intriguing fact is the fact underlined above that the parameter c

is very close to av2 . Indeed, this may be a mere coincidence. However, a
conformation analysis could be performed to see if a polymer chain propagating along
the c-axis cannot turn at right angle and extend along the [110] direction before turning
again along the c-axis. This would be a manner to explain an occupancy of 1/2 in a
model based on space group | 41/a: a chain can go from one location to another. This
could be an explanation for the texture evolution: the [111] orientation observed at
higher strains as fiber axis could be a compromise for chains running along the [001]
and [111] directions.

A last point to notice is that the textured patterns obtained for instance with the
shorter wavelength set-up could be deeper analyzed. The relative intensity of hardly
resolved line doublets in the crystallized oil could be easily deduced from these patterns
as the lines get well-separated.
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Chapter 7 Structural Study of Cholesterol-based Organogelators

7.1 Introduction

Physical gelation of functional fluids such as liquid crystals is an interesting
approach for the development of functional molecular materials. As one of the liquid
crystal building blocks (mesogens), the cholesteryl unit has been incorporated
extensively as mesogen and/or gelator in material sciencel 21 | due to (i) the
commercial availability of the cholesterol as an inexpensive natural product, (ii) its rigid
structure with eight chiral centers (an attractive feature for realizing chirality in
mesophases), and (iii) the ease to get derivatives by chemical reaction.

Recently, a number of photo-sensitive segments like azobenzenel! |
tetrathiafulvalene®! | dithienylethenel® and perylene® have been introduced into the
cholesterol based gelators, which endow these materials with light-responsive functions.
Meanwhile, as an emblematic luminophore with aggregation-induced emission (AIE)
properties, tetraphenylethylene (TPE) has also been combined with cholesterol moisty
to develop advanced optical materials, owing to their interesting features of gelation
enhanced emission[” . For example, Wang and Mal®! have prepared AIE organogels by
connecting tetraphenylethylene and cholesterol moieties to a central salicylideneaniline.
Their systems allow one to make use of the Excited-State Intramolecular Proton
Transfer (ESIPT) process with large Stokes shift in gel state.

During my PhD research, in cooperation with M. Hui CHEN in Chimie
ParisTech (Université PSL Paris), we have developed new stimuli-responsive AIE
fluorescent gelators from two series of cholesterol-based compounds, TPE-Cy-Chol
(withn =1, 4,5, 6) and TPE-Azobenzene-Cy-Chol (withn =0, 1, 3, 5) (see Scheme
7.1). My contribution in these works is the participation to the structural study of these
organogels by X-ray diffraction, differential scanning calorimetry (DSC) and thermal
polarizing optical microscopy (POM).

TPE-Azobenzene-C,-Chol(n=0, 1, 3, 5)

J

Scheme 7.1 Molecular structure of the two series of cholesterol-based compounds.

SHI Xiang 141



Part II Experimental Section

7.2 Background
In this section, thermotropic liquid crystals and X-ray scattering of liquid
crystals will be briefly presented.

7.2.1 Thermotropic liquid crystals

In the liquid crystal phase (mesophase), the liquid crystal (LC) molecules
possess, at the same time, certain orders of crystals, like the orientational order, and
certain disorders of liquid, like the absence of long-range positional order giving rise to
the fluidity. There are thermotropic and lyotropic LC phases. In this thesis we discuss
only thermotropic LC phases where a phase transition into the LC phase is obtained as
the temperature is changed.

The thermotropic LC molecules are normally composed of a central core (often
aromatic or other rigid core) and one or several flexible peripheral moieties (generally
aliphatic chains). Based on the shape of mesogens, thermotropic LCs are classified into
three main groups: (a) calamitic (rod-like), (b) bent-core (banana-like), and (c) discotic
(disk-like) LCs, as illustrated in Figure 7.1.

Flexible chain Rigid rod-like core

)
-
! <§>
<>
(S

(a) calamitic (b) bent-core (c) discotic

Figure 7.1 Schematic representation of the main types of thermotropic LCs (for a calamitic LC
molecule, the molecular length | is significantly greater than the molecular breadth b).

In thermotropic LC, the transition temperature from the crystal to the mesophase
is called the melting point, while the transition temperature from the mesophase to the
isotropic liquid is called the clearing point. When a thermodynamically stable

mesophase is obtained both on heating and cooling, the phase is called enantiotropic.
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When the mesophase is obtained only upon cooling from the isotropic liquid, it is called
the monotropic phase.

Between the melting point and the clearing point, different mesophases can be
observed depending on the orientational and positional orders of mesogens, as shown
in Figure 7.2. Nematic phase (N) and smectic phases (Sm) are the most common
mesophases. In the nematic phase, the mesogens present only a long-range orientational
order. In the smectic phases, a positional order with layer structure exists, while each
layer can be considered as a 2D nematic where only the average orientation of the
mesogens are defined without positional order. Depending on whether the director is
parallel or tilted with respect to the layer normal, smectic mesophases can be classified
as SmA and SmC phases. Other LC phases are formed when the chirality is introduced
in the molecules, like chiral nematic phase N*, ferroelectric phase SmC*, twist grain
boundary phases, etc. The chiral nematic phase is also called the cholesteric phase. In
the chiral phases, successive molecules positioned along the long axis are rotated
around this axis, giving rise to a periodicity that repeats itself at distances corresponding

to a complete rotation.

isotropic
Crystal Liquid crystal Liquid

—

Temperature

a——

Order

highly ordered

Figure 7.2 Schematic representation of the crystal, liquid crystal and liquid state with different
arrangement of LC molecules. n refers to the direction of molecules and 6 is the tilted angle between
the molecular axis and layer normal direction.

7.2.2 X-ray scattering study of liquid crystals
The unaligned (polydomain) samples with different LC phases can yield

scattering patterns with isotropic diffraction rings, as discussed in the work of Seddon®! .
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Thus, the most useful information is the peak positions in scattering vector g , which
are reciprocally related to the separations between molecules (or groups of molecules)
within the liquid crystalline phase. The sharpness of the peaks is related to the extent to
which the separations extend periodically over large distances. For phases with Bragg
peaks, the ratio of the peak positions reveals the long-range organization of the phase,

as shown in Figure 7.3, which can be used to assesses the structure information of the

mesophase.
I(@) ] 1-D layer (smectic) (@) 2-D hexagonal 1(q) 3-D cubic
1 1
2 V3
3 2 e ¥
4 5 V7 3 2 ®
N LT3 Ml X
q q 1 2 V6 3 q

Figure 7.3 SAXS profile of characteristic 1-D layer (smectic) phases, 2-D hexagonal phases, and 3-D
cubic phases.

On the other hand, the X ray diffraction of the aligned (monodomain) sample is
essential for the detailed structural studies of liquid crystals. The alignment may be
achieved under magnetic fields or by surface treatments. The molecular arrangement in
different LC phases, together with their corresponding X-ray scattering patterns and
diffraction intensity profiles obtained with aligned samples are schematically illustrated
in Figure 7.4. For the aligned nematic phase, the diffraction pattern shows typically a
set of diffuse arcs at wide angles along the equator. In some cases (e.g., the aligned
nematic phase in a main-chain liquid crystal polymer), a set of signals at small angles
along the meridian (the direction of alignment) can be observed. They give information
about the average lateral distance between two adjacent mesogens (b°), the LC order
parameter, and the length of mesogen (1), as shown in Figure 7.4-a. In the case of the
oriented smectic A phase (SmA), there are one or several pairs of narrow spots at small
angles along the meridian due to the smectic layer spacing (d), and a pair of broad arcs
at wide angle along the equatorial like in nematic phase. For aligned SmC phase, the
small angle signals appear at a tilted angle @ with respect to the meridian. As illustrated
in Figure 7.4, the X ray diffraction patterns and intensity profiles of the aligned samples
are essential to distinguish the different liquid crystal phases and to determine their

structural parameters.
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Figure 7.4 Schematic representation of molecular arrangements and their corresponding X-ray
scattering patterns, diffraction profiles from aligned samples of different LC phases: (a) Nematic, (b)
Smectic A, and (c, d) Smectic C phase in different alignment. n refers to the director of molecules and
@ is the tilted angle between the director and the layer normal, 5’ is the average lateral distance between
two neighbor liquid crystal molecules.

7.3 Experimental Section
7.3.1 Materials

The two series of organic compounds of TPE-C,-Chol (withn=1, 4,5, 6) and
TPE-Azobenzene-Cy-Chol (withn =0, 1, 3, 5) (Scheme 7.1) were synthesized by my
colleagues Hui CHEN and Xia YU. The synthetical protocols were presented in detail
in our published articles[® .

These compounds mainly consist of two or three representative units: (1)
Cholesterol (Chol) moiety: a mesogen can act as gelator; (2) Azobenzene moiety: a
mesogen with photosensitive properties; (3) Tetraphenylethylene (TPE) moiety: a
popular luminogen with aggregation-induced emission (AIE) characteristics.
Meanwhile, alkyl chains (-O(CH2)nCOO-) with different lengths were introduced into
cholesterol-based system to adjust the distance between cholesterol and TPE moieties

or TPE-azobenzene moieties.
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7.3.2 X-ray scattering measurements

The X-ray diffraction and scattering experimental setups were showed in
Figures 7.5, 7.6, and 7.7.

The powder X-ray diffraction characterization at room temperature was
performed on a commercial Bruker D8 Advance diffractometer. The diffractometer is
working at 40 kV and 40 mA in Bragg-Brentano geometry [theta/2theta scan mode] by
using Cu Ka radiation (A =1.5418 A). The powder specimens are dispersed
homogeneously in a sample-holder of round plastic plate to keep the reflection surface
flat, with the diffraction data recorded by a LynxEye detector.

: b sample holder 2
=

Figure 7.5 General view of the Bruker X-ray diffraction setup used for the room temperature (RT)
measurement of powder sample.

The SAXS experiments of LC samples were carried out by using a homemade
SAXS setup in transmission mode with monochromatized X-ray beam (A=1.5418 A),
showed in Figure 7.6. The sample-to-detector distance was set 568 mm, and the
scattering information was collected by square-shape photosensitive image plate with
an X-ray exposure time of more than 10 minutes. For the thermal-SAXS, a heater was

mounted for the characterization at different temperature in the solid state.

“‘ Video camera for sample alignment

\
| X-Ray optics \\ l
{ k-

N Area detector

Figure 7.6 General view of the experimental home-made SAXS setup used for liquid crystal measured
at RT and high temperature.
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The WAXS experiments of LC samples were performed using a setup with
Marr345 detector as shown in Figure 7.7, where the sample-to-detector distance can

be adjusted automatically for the recording of good scattering patterns.

Figure 7.7 General view of the experimental WAXS set-up.

The d-spacing d and coherence length (averaged crystallite grain size) {used in

this chapter can be computed based on the Bragg’s law and Scherrer's equation:
na

~ 2sing 71
KA
¢= B cos 8 (7.2)

where n is a positive integer and A is the wavelength of the incident X-ray, K is a
dimensionless shape factor (about 0.9), S is the line broadening at half the maximum
intensity (FWHM), @ is the Bragg angle.

7.3.3 Other techniques for liquid crystal characterization

The mesomorphic properties in the bulk state of the two series of cholesterol-
based compounds, TPE-Azobenzene-Cy-Chol (withn =0, 1, 3, 5) and TPE-C,-Chol
(withn=1, 4,5, 6), were also studied by Differential scanning calorimetry (DSC) and
Thermal polarizing optical microscopy (POM).

DSC was performed using a Perkin-Elmer DSC7. Samples were scanned twice
from RT to 210 <C with heating and cooling rates of 2<C/min. The phase transition
temperatures were taken at the peak temperatures in DSC thermograms.

The mesomorphic phases of the sample were observed by thermal POM using

a Leitz Ortholux microscope equipped with a Mettler FP82 hot stage.
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7.4 Results and Discussion
741 AIE fluorescent gelators (TPE-Cn-Chol) with stimuli-responsive
chromatic properties— Series TPE-Cn-Chol (n =1, 4, 5, 6)

TPE-C,-Chol (n=1, 4,5, 6)

7.4.1.1 DSC analysis and POM measurement

DSC and POM were firstly used to identify the phase transitions and phase types.
The DSC curves of TPE-Cn-Chol series (Figure 7.8) show clearly that all these pristine
powders (obtained by precipitation using dichloromethane/methanol as
solvent/precipitant pair) present a remarkable melting point (higher than 100 <C) in the
first heating process. Upon subsequent cooling to RT, no recrystallization was detected.
In the second heating/cooling scan, a glass transition with Ty between 40-50 <TC is
observed for all samples.
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Figure 7.8 DSC thermograms of TPE-Cn-Chol upon the first, second and third heating-cooling cycle
at a rate of 2 T min: (A) n=1, (B) n=4, (C) n=5 and (D)n=6.
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POM was also used to characterize the compounds. Taking TPE-Cs-Chol as an
example, its POM images were recorded in crystalline and isotropic phases (Figure 7.9
A and B). At room temperature, needle-like crystals with birefringence were observed.
Heating to 150 <C, POM image under crossed polarizer and analyzer showed an
isotropic state without birefringence. This isotropic state was kept until room
temperature to give a isotropic glass state. Very interestingly, both pristine crystalline
state and isotropic states of TPE-Cs-Chol at room temperature show fluorescence
under UV illumination (365 nm) (Figure 7.9 C and D). Moreover, the fluorescence
colors are different at two states. Therefore, we are interested in studying the
relationship between the structures of the condensed phases and their fluorescence, as

well as their stimuli-responsive chromatic properties.

20 pm 20 pm
I I

Figure 7.9 (A) POM image of pristine powder sample of TPE-Cs-Chol after synthesis and purification.
(B) POM image of TPE-Cs-Chol in isotropic phase at 150<C and in glass state at 25<C (ho modification
was observed upon cooling from 150 <C to room temperature). (C) Fluorescence optical microscope
image of pristine powder sample of TPE-Cs-Chol. (D) Fluorescence optical microscope image of TPE-
Cs-Chol glass at 25<C after cooling from the isotropic liquid phase. (excitation wavelength = 365 nm).

7.4.1.2 Stimuli-responsive chromatic property analysis

It was found that all TPE-Cn-Chol molecules possess thermo-, mechano-, and
vapo-chromic properties. that is, they can change their fluorescence color from blue to
cyan in the condensed state under external stimuli, such as melting, grinding, and
solvent fuming.

In order to understand the mechanism behind these stimuli-sensitive chromic
properties, powder X-ray diffraction characterization were carried out on different

powder samples. Taking TPE-Cs-Chol as an example, its fluorescence spectra and the
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corresponding XRD profiles in different treatments were presented and compared in
Figure 7.10.
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Figure 7.10 (A, B) Fluorescence spectra and the corresponding powder XRD profile of TPE-C5-Chol in
different condensed states: pristine sample, ground sample, and in the glass state at RT after being
heated to the isotropic phase (120 °C); (C, D) Fluorescence spectra and the corresponding XRD profile
of TPE-C5-Chol before and after the different vapor treatments: pristine, fumed with DCM and
hexane. Insets: Photographs of samples in different states under UV light.

In the pristine state, the sample displayed many sharp and intense reflections,
which indicated that the pristine sample was mainly composed of crystals, in agreement
with the POM observation (Figure 7.9). After grinding, the size of the powder-like
crystals is reduced and eventually the long-range crystalline ordering may be disrupted,
as revealed by the XRD signals, which show no sharp, but a broad amorphous peak
centered at 20=18° (the d-spacing is 0.49 nm, which corresponds to the average lateral
distance between two neighboring molecules of TPE-Cs-Chol). The X-ray diffraction
of the TPE-Cs-Chol powder sample in the glass state was nearly similar as that in
grinding state. Therefore, it can be concluded that the thermo- and mechano-chromic
properties are both caused by the change of the condensed state (crystallization or
amorphization), which induce a change in molecular packing in the sample. When

comparing the effect of dichloromethane (DCM) and hexane fuming treatment, DCM-
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fuming leads to the formation of an amorphous solid, while fuming with hexane
improves the crystalline organization in the pristine state, which results in sharper XRD
signals.

In conclusion, the different molecular packing in the crystalline and amorphous
phases is the cause of the stimuli-responsive chromatic properties above-discussed of
these AIE molecules TPE-Cy-Chol.

7.4.2 Liquid crystal gelators with photo-responsive and AIE properties — Series
TPE-Azobenzene-Cn-Chol (n=0, 1, 3,5)

OO O L

TPE-Azobenzene-C, -Chol(n=0, 1, 3, 5)

The main difference between TPE-Azobenzene-Cy-Chol and TPE-Ch-Chol is
the introduction of an aliphatic spacer —O—(CHz2)s—O— and an azobenzene moiety

between TPE and C,-Chol, as shown above.

7.4.2.1 DSC analysis and POM measurement

Similarly, DSC and POM were firstly used to identify the phases and phase
transitions. Figure 7.11 shows the DSC curves of TPE-Azobenzene-Cn-Chol series.
With the addition of azobenzene (also a popular mesogen), the series of TPE-
Azobenzene-Cy-Chol become liquid crystalline. More specifically, the molecules of
TPE-Azobenzene-Cn-Chol with n=0 and n=3 exhibit, in pure state, enantiotropic LC
feature, while those with n=1 and n=5 show monotropic LC phase. Moreover,
molecules with n=0, n=1 and n=3 keep their LC phases at room temperature upon
cooling after at least one heating history to isotropic (Iso) phase, while the molecule
with n=5 recrystallizes when T lower than 140 <C. Another interesting observation is
that the molecules n=0, 1 and 3 present hot-crystallization upon further heating,
probably because of the improvement of the molecular mobility upon heating that
promote the recrystallization.
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Figure 7.11 DSC curves of TPE-Azobenzene-Cy-Chol series upon (a) first and (b) second heating (4

upper)-cooling (4 lower) cycle at 2 <T/min: n=0 (green), n=1 (black), n=3 (red) and n=5 (blue).

The POM characterization of these TPE-Azobenzene-Cn-Chol molecules, is

presented in Figure 7.12. Typical smooth fan-shaped (focal conic) textures were

observed for all four molecules upon cooling from isotropic phase, indicating the nature

of a smectic A phase. For the molecules with n=0 and n=3, enantiotropic smectic phase

was observed, but only in a very narrow temperature range on slowly heating as shown

in Figure 7.11 (a) green curve and Figure 7.13 for n=0.

Figure 7.12 Textures of TPE-Azobenzene-Cn-Chol series observed by POM upon cooling from
isotropic phase. (A) n=0, (B) n=1 and (C) n=3 at 25 <C; (D) n=5 at 145 <C (the phase LC2 started to
grow from left)
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Figure 7.13 Textures of TPE-Azobenzene-Co-Chol observed by POM. (A) 179 <C upon first heating,
(B) 173 <C upon first cooling, (C) 175 <C upon second heating.

7.4.2.2 Wide- and small-angle X-ray scattering characterizations

WAXS and SAXS were applied to characterize the LC behavior of TPE-
Azobenzene-Cy-Chol in a quantitative way. When measured by WAXS at RT, all
compounds of TPE-Azobenzene-Cn-Chol series display an isotropic and broad
diffraction reflection at higher 2theta area (Figure 7.14). According to the Bragg law,
this diffuse ring has a d-spacing of about 0.47 nm, which refers to the average lateral

distance between neighboring molecules.

(@)

Figure 7.14 TPE-Azobenzene-Cy-Chol series observed by WAXS at RT. (a) n=0; (b) n=1; (c) n=3;
(d) n=5.

The powder samples of TPE-Azobenzene-Cn-Chol with n=0, n=1 and n=3
were then heated to their isotropic state, and slowly cooled to RT. These thermally
treated samples were measured by SAXS at RT. Figure 7.15 shows its diffraction
patterns and intensity profiles, which reveals that molecules with n=0, n=1 and n=3
have similar LC phase behavior with two orders of diffraction reflection (q = 2z/d, q1 /
g2 =1:2). These LC phases are smectic phase with layer spacings, d = 5.63, 5.85, and
6.01 nm, respectively.
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Figure 7.15 TPE-Azobenzene-Cn-Chol series measured at RT: SAXS patterns of (a) n=0; (b) n=1; (c)
n=3; and (d) their corresponding intensity profile.

As for the TPE-Azobenzene-Cs-Chol, because it exhibits the LC phase at high
temperatures around 145 <C (Figures 7.11 and 7.13), thermal-SAXS measurements at
different temperatures were performed. Because of its monotropic LC feature, the
cooling scan was focused, and the result is showed in Figure 7.16. Notably, the smectic
order fluctuation still exists even in isotropic phase (180 <C) where a large peak
corresponded to the 4th order diffraction reflection of the smectic A (with coherent
length of { = 9.8 nm). At 145 °C, SAXS pattern showed two orders of diffraction
reflections (q = 2z/d, q1/ g4 = 1 : 4) with a smectic spacing of 6.35 nm ({ =50 nm from
g1 peak). Four orders of diffraction reflections (q = 2z/d, 1: 2: 3: 4) was observed with
a smectic spacing of d = 6.17 nm for LC2 phase at 100 <C. The spacing continued to
decrease to 6.08 nm at room temperature (RT) without any phase transition. From the
available data, the nature of LC2 cannot be defined precisely. It should be a smectic

phase with higher orders.
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Figure 7.16 The thermal-SAXS of TPE-Azobenzene-Cs-Chol molecules measured at different
temperature.

Finally, WAXS and SAXS were performed on the aligned sample of TPE-
Azobenzene-Cs-Chol, which was prepared as follows. The sample was first heated to
isotropic phase (180 <C) and then cooled to 150 <C, at which the melt sample was
introduced into a flat capillary. Thus, the molecules were aligned by capillarity. The
flat capillary sample was then quenched to room temperature on a metallic surface, and
then studied by WAXS and SAXS. The results together with those of previous un-
aligned sample, are displayed in Figure 7.17. Similar to the thermal-SAXS result
(Figure 7.16), Figure 7.17b shows 4 orders of Bragg reflections corresponding to a
layer spacing of 6.09 nm. However, in the WAXS pattern of aligned sample, three
characteristic features were found: (i) same smectic diffraction orders as observed in
small angles (in the dashed red rectangle); (ii) crystalline diffraction orders in the yellow
symmetrical arc area, which is normal to the LC director; (iii) a broad diffuse reflection
at wider angle. Therefore, LC2 phase at RT presents higher orders (than smectic A

phase at higher temperature) with some crystalline features.
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(a)

crystalline order

Figure 7.17 WAXS (a) and SAXS (b) measured at RT of the aligned TPE-Azobenzene-Cs-Chol
sample, compared with WAXS of unaligned sample in crystalline state (c) and pristine state after
synthesis (d). 7 refers to the direction of molecules.

Finally, the period d of SmA phase of each TPE-Azobenzene-Cy-Chol
derivatives (d = 5.63, 5.85, 6.01 and 6.35 nm) corresponds to a value between | and 21,
| being the stretched length of each molecule (I = 4.74, 4.95, 5.26 and 5.52 nm) as
calculated by its molecular model with ChemDraw. Hence, all molecules of TPE-
Azobenzene-Cy-Chol exhibit an interdigitated antiparallel bilayer smectic A phase
(SmAq phase) as shown in Figure 7.18. This is also comprehensible from the major
difference of molecular areas between the TPE subunit (clover-like) and
azobenzene/cholesterol parts (rod-like), which prevents the single layer organization.
The non-flexible and non-rod-like tetraphenylethylene (TPE) fitted finally into the
wholly rod-like molecules and didn’t destroy their LC properties.
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Figure 7.18 A possible model of molecular organization of SmA.

7.5 Conclusion

1)

(2)

In the series of TPE-Cnr-Chol, the clover-shaped TPE unit introduced into the
rod-like cholesterol mesogen inhibits not only the formation of a liquid-crystal
phase but also the recrystallization upon cooling from the isotropic liquid phase.
Very interestingly, TPE-Cn-Chol molecules in the condensed state change their
fluorescence color under external stimuli, such as melting, grinding, and solvent
fuming. The phase transition, i.e., crystallization or amorphization, that can
induce a change in molecular packing in the condensed state, is the origin of
these thermo-, mechano-, and vapo-chromic properties.

In the series of TPE-Azobenzene-Cy-Chol, the smectic-A LC behavior can be
facilitated and achieved by integrating cholesterol and azobenzene moieties
with TPE, and the spacer length of alkyl chain can influence the
thermodynamical stability of mesophases during heating and cooling process.
From the careful analyses of WAXS and SAXS data, a model of interdigitated
antiparallel bilayer smectic A phase, SmA, is proposed for TPE-Azobenzene-
Cnh-Chol LC phase.
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Part III General Conclusion

8.1 Conclusions

This thesis started with the apparently simple question of the crystalline
structure of PDMS and actually ends with many more questions! It helped push forward
many intriguing features that somehow remained unaddressed probably due to the
difficulty of working at low temperature.

An important point that was demonstrated in Chapter 3 relates to the strain
amplification factor: it represents the ratio between the actual strain experienced by the
soft PDMS phase to the macroscopic applied strain. If ¢ represents the volume fraction
of hard phase (silica particles) the expected factor is 1/(1 — ¢) simply based on
geometrical considerations. We could show that the experimental value was much
higher in case of in-situ silica loading by a sol-gel process: for instance, a factor 2.31 is
measured at 35phr while 1.15 is expected. For comparison we obtained 1.19 for a
sample filled with powder silica in a similar proportion. To the best of our knowledge
this factor has never been experimentally evaluated for this type of systems and more
systematic studies would be of interest.

The fact that polymorphism is not necessary to account for the diffraction
patterns changes with applied draw ratio is clearly demonstrated in Chapter 4. All
patterns can be quantitatively accounted for with a similar tetragonal unit cell and all
the observed modifications simply reflect texture changes. The tetragonal axis [001] is
preferentially aligned along the draw axis at low stretch; the preferential axis
progressively kips to the [111] diagonal direction at high stretch while remaining in the
(110) plane.

Experiments presented in Chapter 4 require low temperatures that are reached
by a cooling-warming sequence. The behavior of the tensile force in relation to the
crystallization process during this thermal sequence is addressed in Chapter 5. It is
shown that the sudden and tremendous stress rise that is observed during cooling
appears only after most of the crystallization process is completed. It is assumed that
the modulus of the semi-crystalline elastomer is magnified by the presence of confined
amorphous phase. In these conditions the stress increase is simply related to thermal
contraction of the sample. Moduli evaluated with this assumption are typically in the
order of magnitude of DMA results published by another group. In agreement with
Tosaka’s results we could also show that the so-called “mesomorphous phase” that

develops at high stretch and room temperature is related by some epitaxy relation to the
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crystalline phase observed after cooling. A far-fetching implication is that polymer
chains in the mesomorphous phase and in the high stretch crystalline texture are
oriented similar.

An atomic resolution of the PDMS crystalline structure is attempted in Chapter
6. High-resolution diffractograms unambiguously confirm the tetragonal assignment
with lattice parameters of a = b = 8.428A4 and ¢ =12.053A at 170K and a
calculated density 1.150 g/cm? assuming 8 monomers per unit cell; this last value is
close to experimental evaluations. Various softwares have been used for the data
treatment. Among the proposed space groups, I 4 is the only one compatible with the
experimental crystal density and a position occupancy of 1 (8 monomers per unit cell).
However, diffraction line intensities are not accounted for in a very satisfying way and
in particular the 110 reflection is predicted strong while experimentally nearly extinct.
Space group I 4, /a was tried with an occupancy of 0.5 to remain compatible with the
crystal density. The absence of the 110 reflection is accounted for but the computed
line intensities remain far from the experimental data.

In addition, two cholesterol-based organogelators were also studied by different
X-ray scattering techniques. The results suggest a change in molecular packing is the
origin of stimuli-responsive chromatic property in TPE-Cnh-Chol molecules; a smectic-
A phase with interdigitated antiparallel bilayer was testified in TPE-Azobenzene-Cn-

Chol molecules.

8.2 Perspectives

All the above-discussed results and the absence of clear answers open quite

interesting perspectives:

(1) The question of the strain amplification factor could be first addressed.
Preliminary small-angle X-ray scattering (SAXS) experiments on our
samples confirm a nice level of organization of the filler: a diffraction ring
associated to well-defined inter-filler particles is observed which has been
reported by other authors. It has been also reported by other groups that the
final mechanical properties depend upon the way (basic or acidic) silica is
condensed into the PDMS matrix. This has been related to the filler
morphology that has been shown to be different in both cases by SAXS.

Our WAXS experiments that allow a precise evaluation of the strain
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)

©)

amplification factor would be of great interest to correlate mechanical and
morphology changes.

A more anecdotal point relates to the apparently reproducible observation
of stress plateaus or kinks during the stress rise associated to cooling and
warming sequences. Holding the samples in a more secure way could give
a definite answer about their reality.

The most important remaining question is the atomic resolution of the
PDMS crystalline structure. Closely related to this is the evolution of the
crystalline texture with applied extension. If the polymer chain is aligned
along the tetragonal axis, this means that the chain direction is at 45<from
the draw axis at higher stretches. There is apparently a relation between the
“mesomorphous phase” at room temperature and the crystalline texture that
seemingly implies that the chain orientation is similar in both cases. That
the chain direction at room temperature and high draw ratios is not parallel
to the stretching direction, at least in a fraction of the sample, is quite
strange. Other methods like NMR or perhaps infra-red could definitively
settle the question of the chain orientation within the crystal unit cell and at
room temperature. If the chain orientation along the tetragonal axis is
confirmed, a deeper analysis of possible disorders should be done: we
already stressed the fact that having only 41 or 43 helices as is the case for
the I 4, space group is puzzling. The other I 4, /a does not present this
problem but it is probable that the disorder is not well introduced by a mere

half site occupancy.
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Résumé : L’objectif principal de ce travail est de
tenter d’¢lucider la structure cristalline du
poly(diméhylsiloxane) (PDMS). Nous avons
d’abord synthé&isé des dastomees PDMS
chargés en silice soit par mé&ange physique ou
soit par croissance in situ, afin d’obtenir des
&hantillons pouvant supporter les &ongations
neécessaires a notre éude. En couplant tests
meeaniques et diffraction des rayons X (WAXD)
atempé&ature ambiante, il a @émontréque les
&hantillons chargé in situ préentaient un
des

anormalement éevé Des cliché& de diffraction

facteur d’amplification déformations
obtenus abasse tempé&ature et sous diffé&entes
extensions sur des &hantillons cristallisés ont
é@écompares ades simulations : il a @édénontré
que les changements observés provenaient d’une
&olution de la texture cristalline, la maille
restante quadratique. Ceci contredit 1’hypothese
d’un polymorphisme. L’augmentation soudaine
de la contrainte lors du refroidissement d’un
dastomae PDMS prééiréest connue. Il est
montré que ceci n’apparait qu’une fois la

cristallisation terminé : cet effet serait dGala

contraction thermique et a I’augmentation du

module de Young résultant de la présence de
cristallites et d’une phase amorphe confinée.
Une déermination atomique de la structure
cristalline de PDMS a éétenteée, basée sur des
mesures de diffraction X de poudre abasse
tempé&ature. Les techniques de recuit simulé
simulation, 1’optimisation de DFT et
d’affinement de Rietveld ont été utilisées.
Deux groupes d’espace | 41 et | 41 /a sont
proposeés et les positions atomiques calculéess
pour chaque cas. Toutefois, aucune de ces
propositions n’est vraiment satisfaisante en ce
qui concerne les intensités calculées. D’autres
hypothéses sont formulées.

En complément de ce travail, deux
organogdateurs abase de cholesté&ol ont &éé&
éudiés par diffé&entes techniques de diffusion
des rayons X. Les réultats suggerent qu’un
changement de I’empilement moléculaire est a
I’origine des propriétés chromatiques stimulo-
sensibles des molé&ules de TPE-C n-Chol.
L’existence d’une phase smectique-A avec
bicouche antiparallde inter-digitée a é&é
&alement démontrée pour les molé&ules de
TPE-Azobenzene-Cn-Chol.
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Abstract: The main objective of this work is to modulus that results from the presence of
elucidate  the crystalline  structure  of crystallites and harder confined amorphous
poly(dimethylsiloxane) (PDMS). Silica-filled phase. Based on low-temperature powder X-
PDMS elastomers are first synthesized by either ray diffraction and selected area electron
physical mixing or in-situ sol-gel loading to diffraction, an atomic determination of the
obtain specimens that can sustain the extensions crystal structure of was attempted by annealing
necessary for our purpose. Coupling tensile tests simulation, DFT optimization as well as
and X-ray diffraction (WAXD) at room Rietveld refinement. Two space groups of I 41
temperature, it was found that the sol-gel silica (No. 80) and I 41 /a:1 (No. 88-1) with a 0.5
filled samples exhibited an anomalously high occupancy probability are proposed and the
strain amplification factor. Thereafter, WAXD atomic positions are computed for each case.
patterns of PDMS elastomer under different However, no one of this proposal is really
extensions were collected at low temperature satisfying as regard to the computed
(typically -100 <C) and the comparison between intensities. Further hypothesis is formulated.
experimental data and simulations As a complement to this work, two
unambiguously ~ demonstrated  that  the cholesterol-based organogelators were studied
impressive pattern changes observed with by different X-ray scattering techniques. The
increasing deformation originated from textures, results suggest a change in molecular packing
the crystal unit cell remaining tetragonal unitcell is at the origin of stimuli-responsive chromatic
in all cases; this contradicts the hypothesis of a properties in TPE-C n -Chol molecules. A
possible polymorphism. A sudden rise in stress smectic-A  phase  with inter-digitated
has been previously reported during cooling of a antiparallel bilayer was also evidenced in TPE-
pre-stretched silicone rubber. It is presently Azobenzene-Cn-Chol molecules.

shown to appear after crystallization is

completed and it is to the combined effect of

thermal contraction and the increase of Young’s
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