JQ T?QHQ;v M/ h?2 K H"2? pBQ Q7 aBM;H.
SQHvVvbiv 2M2@SQHVU2i?vH2M2 QtB/2V "HQ
>Qmbb K> KB2

hQ +Bi2 i?Bb p2°'bBQM,

>Qmbb K> KB2X JQ ' T?QHQ;v M/ h?2K H"2? pBQ Q7 aBM:H2 * vbi H
QtB/2V "HQ+F *QTQHVK2 bX Pi?2 X IMBp2 bBiG /2 > mi2 Hb +2 @ Jm
kyRyJIG>kNdd=X li2H@yy8eyy8R=

> G A/, i2ZH@yy8eyy8R
2iiTbh,ffi2HX "+?2Bp2b@Qmp2 i2bX7 fi2H@yyS8e)
am#KBii2/ QM kd C M kyRR

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://tel.archives-ouvertes.fr/tel-00560051
https://hal.archives-ouvertes.fr

Morphology and Thermal Behavior of Single Crystals of
PolystyrenePoly(ethylene oxide) Block Copolymers

Mulhouse 2010






UNIVERSITE DEAUTE ALSACE

Morphology and Thermal
Behavior of Single Crystals of
Polystyrene-Poly(ethylene oxide)
Block Copolymers

Houssam Hamie

A dissertation submitted to thegraduate faculty
in partial fulfilment of the requirements for the
degree of

DOCTOR OF PHILOSOPHY

Mulhouse 2010






Mulhouse, 2010

THESE
Présentépour obtenir le titre de

'287(85 '( /181,9(56,7e '(
HAUTE -ALSACE

Spécialité
Chimie des Matériaux

Par
HoussamHAMIE

Sujet:
Morphology and Thermal Behavior of Single
Crystals of PolystyrenePoly(ethylene oxide)
Block Copolymers

Composition duyry:

Prof. T. EZQUERRA Rapporteur

Dr. O.V. BORISOV: Rapporteur

Prof. N. GOSPODINOVA Examinateur
Prof. T. HAMIE : Examinateur

Dr. D.A. IVANOV : Promoteun






FG

For my Father
And my Moth

ED






Preface

Along the history of human thinking, sciehag always
been a tool to deepenthe basicunderstandingof the
surrounding worldvhile ensuringthe disseminatiorof the
acquired knowledgand continuity.The progress in this
direction was always associatetth whe search for and
availability of new materialdie actual 21th centurgveals
the quest of materiad sciencefor smaller and smadir
functionalobjecs aimingat miniaturization and intelligence of
materialsuitedfor awiderange ofapplicatios from biology
to telecommunications, W-V WKH 1DQR FHQWXU\

The Nano century needsontinuously improving
measurements toplsas the materials sciencelevelops
simultaneouslynd the novel materiad allow newadvanced
technique to emergeand the cycle atinues, and powerful
new techniguemake it possible to continuouséview the

previoushacquired knowledgeming abetterunderstanding.

In the general philosophical contekis work can be

viewed asa partof this globaldevelopmenttargeting fie



measunments at the nanoscale and understandthe
structure and thermal behavionwdterials.

Singlecrystad of polystyrengoly(ethylene oxidePSh-
PEO, were studiedasearlyas L Q W K Btartingwith the
work by Lotzand Kovadsom the Insitut Charles Sadroin
Strasbourg. These researchienseered theesearclon single
crystals of crystallk@norphouslock copolymersfor which
the interaction of the amorphous and crystallizable blocks
could bespecifically addressedntributing tothe general
understandingof the molecular mechanisms g@blymer

crystallization

Our work beneféd from the capacityof the Atomic
Force MicroscopyAFM) WHFKQLTXH LQYHQWHG L
and since theaxtensivelgpplied to polymematerialsThis
technique continues to reveal $t great universality by the
simple way and capacity to monttoe in-situ behavior of
materiad under controlledconditions ofatmosphereand
temperature.However, AFM stillremains an essentially
surface characterization teicjue, andtherefore isnot
designed t@robethe interior structure of materials. For this
purpose the Xray scatteringtechnique are of interesto

probe the materialsbulk structure from the Angstrom to



nananeter range being applicablefor different sample
environmerg such asolutiors, reattime heatingfiber melt
spinninghot moldingand many other3he high brilliance of
the third generation of synchrotr@ourcesuch athe ESRF
and the development akwdetection and acquisition tools
make it possibléo monitor ina fraction ofa second the
materials structuralolutionin orderto addresshe process
kinetic and propose accurate modalscounting for the

mechanisms of structural transitions

This work has been focused on the semidlipsta
morphology and morphological evolutiorsiogle crystals of
PSb-PEO. By monitoring thesemicrystallinenorphologyin
static conditions but also in the courséesdtingramps we
attempted to reveal the role of the amorphous block in the
structureformation and thermal behavior of these crystals. In
this work, the insitu AFM and temperatweontrolled
simultaneous smal and wideangle Xray scattering
techniguesvere mainly used. These two techniques, despite
their differences, nicely complemermach other providing
wealth of structural informati@md eventually contributing to

our understanding of these complex systems.
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Chapter | Literature Review

In this chapter, we review the classical theories of
polymer crystallization and describe the effect of
thermal annealing on the semicrystalline
morphology. Due to its wide acceptance, the
Lauritzen-Hoffmantheory of polymer crystallization

is presented in some detail. The
crystallization/melting process of polymer crystals is
considered using the Gibbghomson plots. The
mechanisms of chain refolding in the course of
thermal annealing are described.The object of this
study, i.e. semicrystallineamorphous block cope
lymers P&-PEO are introduced, and their
crystallization behavior is specifiedinally, the aims
and scope of the thesis are summarized.



.1 Macromolecules and crystal lization

Polymer is a chalike molecule consisting of repeating
subunits, th secalled monometsThe basic parameter used
to describe the polymer chain, after having specified its
chemical constituents, is the number of repeat units, N,
termed the "degree of polymerization” (DP). The DP can
reach several millions for uligh molecular weight
polymers. Fabrication of such long chains without error in a
sequence of successive operations is a remarkable chemical
challenge leading to the definition of the second important
physical characteristics of a polymer sample, the
polydispesity**.

First evidences for polymer crystallization appeared in the
-V ZKHQ WKH QHZO\ LQWURGXFHG

diffraction was applied to synthetic and natural polymers. In
contrasto low molar mass compounds and inorganic matter,
the Bragg reflections were relatively broad. In view of the fact
that synthetic polymers in the melt consist of long chains with
important variation of the chain length, with a high degree of
chain interpenedtion and entanglement,wts not easyto
understand how crystallization can ever occur in such system

upon cooling



Crystallization considerably alters the physical and
mechanical properties of polymer systems. It is noteworthy
that crystallization isonlimited to linear polymer chains such
as polyethylene (PE) and polyethylene oxide (PEO), but also
occurs formore complicated polymer architectures such as
brushes

[.1.1 First model of the semicrystalline polymer :

the fringed micelle

,Q WKH -V sdeatifi@Q comidthity started to
accept the idea of long chain moleclegz, Gerngross and
Herman introduced the soalled fringed micelle model for
polymers in the solid state (e.g., Fig. In this model, the
chain molecules pass through mantathyes, and the
crystls act as physical crisks This model could explain at
that time many phenomena such as swelling and the lower
density of polymers in the solid state compared with the unit
cell density, and, last but not least, the broad BrHigctions
whenshinedoy X-rays

[.L1.2 Crystal building block: the crystalline
lamella
Single crystals have been identified in the course of
crystallizatioirom dilute solutiot) at first in polyethylersy
3



Till, Keller and Fiscte@multaneously in1957° and
subsequently in a largemher of other polyméfs All
polymer single crystals grown from dilute solution have the
same general appearance; they consist of thin platelets or
lamellae about 10 nm thick. The size, shape and regularity of
the crystaldepend on their growth conditions. Such factors as
solvent, temperature, concentration, and rate of growth are
important. The precipitate, obtained by lowering the
temperature of the solutiois in a finely dispersed form.
When deposited and examinedhgyelectron microscope, it
revealed small platelets shown in figure 1.2. The electron
diffraction experiments on such crystals give patterns
characteristic of single crystals, and indicate that the molecules
are close to the normal to the lamellae.

Fig. 1.1 Schematic representation of the fringed roelle concept (left) and
folded-chain lamellar crystal(right).

Crystallization into relatively wadifined single crystals is
limited to supercooled dilutsolutions. In the case of
4



crystallization from concentrated solutions or from polymer
melts, various morphologies can be obtained, ranging from
axialites, dendrites to spherulites. In contrast to crystallization
from dilute polymer solutions, where ¢hain hardly overlap

the crystallization mechanism in supercooled melt is not very
well understood. Even in the case of dilute solutions, the
mechanism of polymerystallization on the molecular scale is
not settled yet and is, in fact, one of the issuesdered in

this thesis.

[.1.3 Evidence ofchain folding

The evidence of folding was shown in the pioneering
works of Kellér Technical developmenof electron
microscopy and the possibility to examine samples in direct
and reciprocal space allowed this great discovery in polymer
science. Based on electralfiffraction patterns, Kellér
concluded in 195Rat the direction of the polymer chains run
perpendicular to the basal plane of the crystals and since the
length of the polymer molecules exceed by many times the
crystal thickness, the polyneérains must be folded many
times. The phenomenon of folaguain crystallization in
polymer molecules triggered a large interest in the polymer

community.



Observationsof single crystals immediately raised the
problem of how the long chains are accomtaddaithin the
crystal entity. Comparison of the left and right panels of figure
|.2 leads to only one reasonable solution. The layers in figure
I.2 are close to 10 nthick, as far as it is possible to conclude
from the electron micrographs. The diffoacipattern reveals
that thec (molecular) axis is perpendicular to the platelet, i.e.
that one is seeing the crystal along the projection as in figure
I.2. The thickness of the individual layer can be measured
from the electron micrographs and is alwaysdfdo be in
the range of 10 nm. However, it is clear that these materials
consist of long chains with lengths which exceed many times
the layer thickness, and also the chains are afniform
length. Therefore the chains cannot be accommodated by the
layers in the orientation identified by the diffraction pattern,
unless they are folded back on themselves many times, the
straight stems of the folded molecule forming the crystal
lattice. In the literature, one can find an even earlier
proposition of chaifolding based on a less vaafined and
less stable system of a polycrystalline film of-fpritha,
which attracted les$tention at the tim&e macromolecules
are folded back and forth upon themselwesuch a way
WKDW DGMDFHQW VHBEWLRQV UHPDLQ S|



Fig. 1.2 Typical solution-grown crystal of polyethyleneElectron micrograph

and the corresponding electron diffraction pattern in the samarientation.

1131 fet'e "tde—"5g™o— . S, ‘f 106 T2

In contrast to the regularly folded lamaligstal (cf. Fig.
.1, WKH "VZLWFKERDU G pFIbriR GebcfbeS R SR V
crystal with chains randomly folding back onto the same
lamella, or even participating in adjoining lamellae. The
lamellar surfaces consist of loops of varying sizes and the

amount of adjacemntentry ismallandnot a necessity

[.1.4 Lateral habi t of the crystal line lamella

The lateral habitof solutiongrown single crystals has
beenthe subjecbf manyexperimental and theoretisaldies.
In the case of PHpzenge, truncated lozenge, lenticular and
rounded shapes were identified different crystallization
conditiors.



For small molecular weight PEG1BKg/mol) single
crystalsgrown from the mlt Kovacend coworket$®,
describea variety of shapeslled pathological shap€kese
lamellae crystallized in @me folded or extended chain
conformationcan havesquare, hexagonal or rounded kabit
For thelateral habit dependency ofPREQ, LotZ° reports
that the crystalshape depends on the crystallization
temperature and thratio of the amorphouBSto crystalline
PEO block The formation of the anisotropic single crystal
morphology implies that the growth rate along one specific
crystallographic direction is faster than alibiegothers.
Therefore, the nucleation barrier crystallization at growth
fronts correspaaing to specific crystallographic directions is
different.

[.1.5 Lamellar thickness
The thickness of the crystals is governed by the
crystallization conditions and it is determined myne

degree of undercooling6 as H= —: where- is a mateal
<

constant. In fact - s related to the melting enthalpy and the

surface free energy in a given crystallization conditions and it

. 26,6
can be written as,= g e

ct@




[.1.6 Qystalline structure of PEO

The crystalline structure &fEO is a 7 helix with
symmetryisomorphous to the point grolp7*® Here,the 7,
helix means that seven monomeric units turn two times along
the ¢ axis within one unit cell. Foyh@&licalchainsconstitute
the unit cell with parametess, = 13.04gand c

FKDLQ DJ[LV ¢= 1294° Andviidfresponding to

the space group P2-C2h.

A triclinic crystallinenodification withe=0.471,b=0.444,
c QP ¢ DQG £ f ZDV I}
PEO sample stretched about #istd after neckingtaoom
temperaturé As indicated bthe authors, the planar zigzag
chains pass through the unit cell. After the tension is removed,
the chain conformation turns back the 7, helix
conformation quickK/.

PEO can adopt different crystal modifications in the
complex forms wheit is blendedwith small molecules such

as urea, thiared'# HgCl*®or resorcindt.
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Figure 1.3 Crystal structure of PEO (left) andnolecular model ofa realPEO
helix (right) from Takahash#®.

[.1.7 Chain and fold packing direction within
single crystals of PS-b-PEO

The crystalline structure and charrentationwithin one
individual single crystal of -BEEO wasobtained with the
help of theselectedireaED. A typical diffraction pagrn for
a single crystal is shownfigure 1.4 Four main 120 spots
related to the most dehsepacled plare are visiblewith
supplementaryweaker 010 spotd.he electron diffraction
pattern showed iRigurel .4 indicates that th& andbaxes of
the unitcell are parallel to the diagonal of ¢hestal This

indicates that the electron beanvets parallel to the chain

10



axis, i.ethe chain axis is normal to thasal planef the
single crystal. However, the thickness of the cryst@e is
nm, whereas the length of the PEO chains is usually much
larger which obviously means ttiae PEOchainsmust be
folded. Therefore the single crystals displayed in figre 1.
actuallyhave a sandwich structure, in whioh crystalline

core isddimited by more disordered areas of folded PEO

segments armaf amorphous PS.

Figure |.4: Squareshaped single crystal of P®-PEO (40-680) crystallized at
30°C.The growth facets are bounded by four {120} planshe sectors are
limited by the (100) and (010) axes (left). Typical electron diffraction patter
showing four {120} spots (middle) andthe one reproduced from Lotz?6
(right).

11



The diffration patterns shown in figurel (middle) are
highly beam sensitive, which leads tod#égradatiorof the

crystal within typically 30 secontise weak reftgions are

Figure 1.5: Model of chain packing of PEO;a* asin ¢0.656nm,6=1.304 nm.
The folds are supposed to be parallel to the {120} pkan

even more beam sensitive than the géstnones and we

were unable teeproduce them in our laboratory.

The major fold orientation of high molecular weight PEO
single crysks grown from dilute solution is along the {120}
plane§?. This wadirst proposedby Lotz et af° and Balta
Callejaet af’, and was demonstratethter by the PE
decorabn method byt otzandWittmarii and late by direct
AFM observatioris

12



[.1.8 Chain-folding in PSb-PEOQOsingle crystals

PEO has beeextensively used to addressinkegral and
nonintegral folding (NIF) structui¢ovaast al**** pioneered
this issue by pointing out the relationship between linear
growth rate, single crystal morphology, and the integrad) foldin
(IF) structure. By using timesolved smadingle Xray
scattering (SAXSEhengnd coworke?™ denonstrated the
existence of NIF structure. Systematic studies indicated that
the NIF crystals form first in the early stage of crystallization
as an intermediate stage with respect to tlveyfals. The
IRUPDWLR @3 dié td the Mwer nucleationri™, i.e.,
most favorable kinetics. However, the NIF crystals are
thermodynamically less stable thanF crystals, which leads
to the subsequent transformation from NIF crystals to the
more stable IF crystals by a lamellar thickening or thinning

process.

Further studies on the effect of chain end group and
molecular weight indicate that the NIF to IF transition is

increasingly hampered upon increasing the size of end group

or molecular weiﬂ\
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Figure 1.6: Schematic representation of possible fol structures in the
PEO homopolymer.

As far as the molecular architecture is concerned, it
interesting taddres the describedF or NIF formsfor the
PEO block copolymer as it was donley Stihret al®® The
covalent connection with an amorphous segment, e.g.,
polystyrene RSsignificantly changes the possibilitythef
chainreconfiguratiorin the crystalline state. Intuitively, the
formation of NIF crystals as an intermediate stage seems
this caseery unfavorable, #s PS should always be rejected
from the crystalline cor&his is indeed what is found in the
study.

When the NIF crystals trsform into the IF crystals, the
LMW PEO chains take sliding diffusion motion along the

crystallographic-axis, resulting in the apparent thickening or
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thinning of lamellar crystals. This molecular diffusion motion
is cooperative, which may involve twanare chain stems,
folds, and chain ends moving simultaneously. Therefore, the
NIF/IF crystal transformation exhibits a strong dependence
on the moleculararchitectu In particular, upon increasing
the end group size of the LMW PEOSs, thickening and
thinning processes are increasingly hanipdfedthe LMW
PEOs with large end groups, éQC(CH3)3 and?OC6H5,

the life time of the NIF crystalan be very long

In the bulk, the tblock copolymers may form microphase
separation structureb the strong or mediursegregation
limit regimeaway from the ordédisordertransition (ODT),
the crystallization of PEO blocks will takace within the
ordered phase structures. The origindéred phase may be
either destroyed if the PE®ystallization temperature)(i6

higher than the glassansition émperature of amorphous
bIocksTga or remainedntact especially whe‘ﬁc<Tga. The

formation of PEO extendeethaincrystals is largeiypeded
mainly because thamorphous blocks accommodated on
lamellar surfaces vk stretched when the tethering density is
increasedr hermodynamically, the final crystal morphology of
PEO diblock copolymers refiis the balance between an

enthalpic driving force to minimize the fold surface energy
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and the entropic termesultingfrom stretching of amorphous
block$”.

Kovaost aEIshows thafor short PEO chains thiold
lengthrangedrom 1.5 to 3.5 nm, which incledbetween 5
and 12 unit monomerdhe nelting temperaturd,, and
enthalpy of fusion have been measured, by DSC, for folded
chain crystals of low molecular welRBEO fractions ranging
from 3000 to 10000. These crystals are formed by molecules
folded a small integer numlodrtimes n, and show unusual
thermal stabty on heating. Extending the theoretical
treatment of Flory and Vrij to folded chain crystals, a
reasonable estimate was derived for the respective surface free
energy contributions of chain ends and chain folds. The
results suggest considerable hydrbgadingfor the case of
OH termination with a bonding energy of 3.1 Kcal/mole,
when the crystal surface contains dhly chain ends.
Hydrogen bonding is essentially destroyed by chain folding.
Further analysis leads to an estimate of the contour Iéngth o
cilia, associated with chain ends and to that of chain folds, on
the averageto 2.8 and 3.5 monomer unitespectivelyThe
chain folds must thus be sharpsolvingmainlyadjacent re
entry. Finally, an analytical expression is derived showing the

serarate dependence Bf,on the chain length and, which
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determine the crystal thickness. Critical comparison of this
relationship to that commonly used for determining surface
free energies from lin€éggvs 1/Lcplots shows that the latter

only appliescuratey to chains of infinite length.

From these results a picture of the surface of PEO crystals
emergesThe tdain ends protrude the crystal on avebgge
2.8 monomer unit3he dain folds occur as short loops with
adjacent rentry, since they eachntain only 3.5 monomer
units on average. It should be pointed out that these estimated
lengths for cilia and chain folds are only approximate.
Nevertheless, for crystatf about 15 nm thick, these
estimates lead to an amorphous content of the ordepei 1
cent which is consistent with the average crystallinity of the
samples investigated, as derived above from unpublished

dilatometric measuremeffts.

.2 Theories of polymer crystallization

After the discovery of the folded chain polymer crystals, a
number of suggestions were made to explain the regularity of
folding. Two major theories have been developed and applied
to experimental results. One, developeBdbgrlin, Fischer and
Reinhdf®l suggests that the fold period is determined

thermodynamically, corresponding to a minimum in the free
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energy density of the crystal at the crystallization temperature.
The other theory suggested independentlizabyitzen and

Hoffmaf™ and is based orkanetic approach.

Kinetic theories assume that the observed lamellar thickness
corresponds to the crystal which grows fastest, and is not
necessarily the most stable crystal. One of the intriguing
questions remaining in this field is: why do polymenschai
fold upon crystallization instead of forming exclusively
extended chain crystals? The trivial answer on this question
could be that the kinetic energy barrier towards folted
crystals is lower and, therefore, this process occurs at a faster
rate axompared with the formation of extended chain (EC)
crystals. In the other words, crystallization is largely controlled
by kinetics. As a consequence, the Gibbs free energy of
foldedchain crystals is higher than that of the equilibrium
extendegthain cryls, and they will melt accordingly at a

lower temperature.

.21 Thermodynamic consideration s: Gibbs
Thomson equation for polymer crystal

melting
From the thermodynamigiewpoint, the free energy G of

polymer crystal below its melting poét hasa lower free
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energy than the liquid statéigure I7 schematicallghows
variationof the Gibbs free energy afiquid and crystal with
temperatureThe necessary (but not sufficient) criterion for
any spntaneous phase transformatitor a process at
constantemperatur@nd pressure is a negative valueGof

In the case of polymer crystatgie has to differentiate
between the equilibriummelting temperatured® and the
actual melting temperatuée, which is dependenn the fold
length or crysalthickness

Fig. 1.7 temperature variation of theGibbs free energy Gor the liquid state,
folded-chain (FC) and extendedchain (EC) polymer crystal.

The thermodynamic driving force for crystallizéetiom
a liquidstateto afoldedchaincrystalata givercrystallization
temperature can be written as
19



&)= ¥ F6e5 .1

At the equilibrium melting temperatué, 'G = 0 and

A 1.2
¢ =<5
Substitutindeq. 1.2 into 1.1 gives:

¢* @ F6; 1.3
Q)= —g—
&
At a particulacrystallization temperatuég the driving force

for crystallizatiosan be approximated as:

where ¢6 is the secalled supercoolinge6= :6 F 6,;.
Thus a higher value 6H leads to a highed ; the entropic
effects cannot be ignored welland are often dominant in

determininghe value ofe.

[.2.2 Gibbs-Thomson equation

Foldedchain crystals are metastable and watibelow
the equilibrium meltingmperatured’ (cf. Fig.l.7). Themain
reason for tha the relatively small dimensimirthe crystals
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in the chaindirection. @nsequently, the surface free energy
plays an importantole (he surfaceo-volume ratio is
extremely higlfor example foa crystaWwhich is10 nm thick
andhas al0 pum lateal side Due to the surface fremergy,

the Gvalue for foldegthain crystals is high@ympared with

the perfect extendechaincrystalgcf. Fig. 1.7.

Fig. 1.8: Schematic representatiorof a singlepolymer crystal

For a finitesizecrystal as shown figure 1.8the free
energy is given by:

&) mugen.6:= 2 TUQ+ 2 HT+ U U 1.5
FTU)g(6

At the melting point of the crystal,
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ke) MNI=HO, = 0

Assuminghat

=

there igno thickeningpossible;
2. =>( H=+ >; for thin lamellae with large

lateral dimensions

w

€x (& which hold$or most polymers

4. = >for largdateradimensions

Eq. (.5) becomes

)26 ;=28 H 1.7

For an infinitesizecrystal at§’, one can write:

O = P FE e 18

and therefore

R SRR I 19

For the same infiniterystal atf : the free energy is given by:

&g 8= ¢*p:6 F6 ¢ 6; 1.10

Assuminghat
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$*2 6 ;= ¢*2 160, i.e. theslowtemperature
dependence is ignoreshd
(%16 ;= ¢ :6%;forhigh T -V

it can be easibbtained that

B 6= ¢*2:6°,Fg ¢5:60; 111

1.12
D316 = g6 {1 Ry

Comparing edzq. (I.7) andeq. (.12, one gets:

28 H 3601 F%] 13

This can be writtein the conventional form othe

GibbsThomson equation:

28, 1.14
HI*B 60

The equation provides one of the convenient ways for

estimating the value of tequilibrium melting poin®®, and

obtaining the surface energyé, These quantities are
determinedy plotting the observed melting poigsvs iH
where thevalue of €, can becomputedfrom the slopegand
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the intercept gives the value . Thelamellar thickness
can betypically obtained by SAXS or sometimes TEM
whereas§ is usually obtainely DSC. Previously, quite a
number of authors attracted the attentiotihéaomplications

of this methodfor example due thickeningof the crystals

Apart from the melting point

depression described by the

GibbsThomson equation, one

has to bear in mind that the

crystal thickness should also

correlate with therystallization

temperature. Early ont was

observed that the crystallizationiy |.9: ghematic represent
temperature determined the foldgtion of a nucleus with thick
length of a crystah such a way :::nsl., width a, formed by -
that the fold lengthincreased

for higher crystallization teerature$®. For a given
polymersolvent system it watsoproved that the fold length
increase with crydallization temperatdre However, he

effect of the solvent on the fold length proved to be more
point to establish for various experimental reaéons
Generally, when a given sample is crystallized in two different

solvent powers, the thickness of the platelets was found to be
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mainly sensite to the degree of supercooling, which directly
depends on the solvent qualithis was figured out for
example fopolyethylenerystallization imylene and oahe,
where the crystal thicknessesresponding to the poorer
solvent, octaneyeredisplaced towards higher temperatures
by the difference in dissolution temperat@ieilar behavior
was observed alfar PEO?>®

All the factsnentioned abovare a simple consequence of the
GibbsThomson equation: the crystals forming at a particular
crystallization temperatureveao be stableTherefore the
crystal thickness should generally increase with crystallization
temperaturelhe kinetic aspects thfe polymer crystal growth

will be considered detailfurther in Sectioh2.5.

[.2.3 Primary nuclea tion

The nucleation theory assunttest the thickness of the
primary nucleus equal thaeckmess of the lamellae. Thes i
however not always trukecause thamellathicknesscan
change for example in responge a changein the

crystallization tempeuaé.

LetusRQVLGHU D QXFOHXV RI WKLFNQH

each at distance from each other, organized ansquare
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DUUD\ 7KH H[FHVV IUHH HQWKDOS\ *L
creation of the nucleusgiven by:

¢) = AHYKP+ 22 R F K2 KB 115

Z K H U Yarethe side surfacnd fold surfackree enthalpy

per unit area, andB ¢ T/ TS is the free endipy per

unit volume of crystaléh is the heat of fusion per unit
volume at the equilibrium melting temperaidrend ¢T the
supercooling. Then a critical nucleus size is defined at the

maximum of the free enthalpy as:

o AR 116
B
and
) 0 32& 8, 1.17
(¢B2

and the rate of formation aprimary nucleus is given by

04 e o 1.18

where N is theAvogadronumberkT/h is the frequency of
thermally activated vibratonk EHLQJ WKH %ROW]
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constant and I# the Plank constangind ¢1 is the activation
energy of transport for a molecule to cross the phase
boundary to reach the crystafate.

.24 Secondary nucleation

It iswidely acceptetiatthe secondary nucleation is more
relevantfor the determination ahe lamellar thickness than
the primary nucleation. In this caiee nucleation will take
place at the surface of the already dmstahucleus.
Assuming that the thickness of the substrate is not less than
that of the nucleus and that the nucleus is in contact with the
substratethe excess free enthalpy of formation can be written

as

¢)=2HIYKP+ 22 R F K2 HB 1.19
Similarly teequation (1.2) the tical secondary nucleus size is

1= % , Which is just the half size of the primary nucleus and
<

) O_ 4 =ééA 4 :ééAe) 1.20
¢B ¢Di6

C" =

The free energy for the secondary nucleus thus scales as
(¢6 ™, which is in contrast to thé¢6 dependence

predicted for the primary nucleation.
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[.2.5 Lauritzen -Hoffman theory

Two main kinetic theories have been propdsedhe
polymer crystallizatiorincluding the Lauritzedoffman
secondary nucleation (LHmeor and 6DGOHU-V UR?
surface or emwpic theoryf. Both models tmre the
assumption of a free energy barrier. The nature of the barrier
distinguishes the LH theory from rough surface theory in
considering the development of polymer crystals it is necessary
to consider both nucleation andstay growth

The experimental results that the growth rate is
proportional to exp{/ .T) and the formation of facetted
single crystals in solution strongly suggest that polymer
crystallization is nucleation controlf@d.this basis, a surface
nucleation theory was proposedLayritzen and Ho n
The LH model quantitatively describes how fast the growth
front advances under given crystallization conditions. In this
model, the lamellar crystal growth front, which is actually the
lateral surface oflamellar crystal, is thought to be smooth. In
the initial stage, as shown igufe 11Q a molecular stem
attachesto the smooth crystal substrate, leading to an
activated state. This process, which is called surface nucleation
or secondary nucleationnhgeates two new lateral surfaces,

leading to an increase of the overall free erfgriqy=
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23 €M as shown in figure lL.1MHere, 3 stands forthe

thickness of the layer.

Fig. 1.10 Model of surface nucleation and gowth of chain folded crystal.
The VXUIDFH QXFOHXV FRPSRVHG RI - VWHPV F
a, forms on a substrate and spreads along the lateral direction wilgrowth
rate g. The surface nucleus then completes a layer of thickness b [
spreading to crysal width L, causing the crystal to grow in the G direction.
/IDWHUDO 3 Jffe&GerndvgeSaréhdicated.

In the LH theory, this first step is associated with the
largest energy barrier and is therefore considered as-the rate
determining sted@.he magnitude of this barrier increases with
the lamellar thicknesh. (In the second step, the segments
become crystallographically registered and a certain free energy
(¢l = Fzx/ ¢)p is releasedyhere 5 is the width of the
stem. In the followingteps, subsequent stems fold back and are

deposited adjacent to the attached stems to further lower the
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overall free energy until reaching a negative global free energy

change. The free energy change associated with this sequential

folding process igl, = :JF1;353(28,F H)p

Fig. 1.11: Fee energycorresponding to the formation of a chainfolded
surface nucleusThe diagram shows the relationship of the rate constant A(
B1, A and B to the free energy of the processes involvedtlie formation and

the growth of the surface nucleus as it spreads in the g direction

With these free energy barriers, the rate constant for each step

can be obtained using an Arrhenius expression:

2% éH 1.21
6 P

# = UATLIF
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B3 Ke))
——a P

$= %= UxplF 6

23536

#= Uexp | F

where #, is the rate constant for attainment of the activated

state,B and B are those for removing an attached stem back
to the melt state (heBalis for removing the first sterd),is

that for the forward reaction for the deposition of each stem
when R R 2, Uis a factor that accounts for retardation due
to transport of chain segments to or from the growth front

D Q GG is..the free energy of fusion at the crystallization
temperatue.

With these rate equations, the flux of stems of length | over

the nucleation barrier can be determined in the geneea:case

W= Optpl(# F 9/(# $+ $)] 122
= Op#H(1 ¥4

where N, is the number of reacting species which can be
defined asQp = 9% J., whereC is the configurational path

degeneracy and is the number of stems with width
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comprising the substrate length L. The net flux across the
nucleation barrier therefore can be calculated:

1 1.23
= — 4+ 5:H@H
k26, 0

where I-Qis the monomer length. Using the definition of

S

surface nucleation rate

Eiﬁz 5 1.24
. J 3
one obtains:
E 1.25
_ 30, -6
sk 23é
. -6 y |F4%ééA
2% 6t 532 0 -6 "

In the case of PE, for exampleg 3 ¢) is much less

thar? 3 & Therefore Eq I.26an be simplified to beme

U -6 F4 3 88, 1.26
-6 "
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Similarly, the initial lamellar thickngkan be obtained by
performing a statistical mechanical average with the flux being
the weight factor:

» " 1.27
%!l |dlzeﬁ( )|'5.H@'|
Id'ze/a( o S HE
This yields
) -6 )+ 4d 3 1.28
= 9.
4= " me o 2a
)
ZeAa
chcG
where : (= —%(£*4¥ % ynder low and moderate
) Za)e((,)+2e’ )

undercooling/ can be approximated as:

o]

.- 1.29
U= —
3 e
Hence the LH theory predicts (€48) that the initial lamellar
thickness is a linear function of/ A6 which has been

observed experimentally.
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The substrate completion rageis defined to be:

C =(#F9 1.30

Using Eql.21 g becomes

. Rw3é 131
C -—OUATLI__';;Ale
F3 U
Fexpl%pp

At low-to-moderate undercooling, thec@ad exponential
term in Eq. 1.31 can be expanded and usigg 1.29 and

¢) = ¢xéd 6 ,gcan be approximated to be:

= iDyeb 2% %8, 132
C -—OUATLI%GBXMF 1)_2 AR

It should be noted that, as a coarse model, LH theory treats
the attachment of the stems onto the substrate asstéepne
process and ignores the entropic character of the nucleation
event and subsequent spreading of the stems in the early
version of this theory. Later the segmental nature and
entropic origin of the initial surface nucleation process have
been considered lbioffmﬁ He correlatedhe lateral surface
I[UHH H @oHhé¢ Xhafacteristic ratt®, and attributed the

free energy barrier of the surfacel@ation to an entropic
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origin In the LHmode] since there is no new lateral surface
generated during completiohthe rowsthe ony free energy

barrier during this process is associated with folding (i.e.,
creation of the fold surface of free energy.,)ofin addition,

WKLV ITUHH HQHUJ\ ERQW tlaleK W the Q |U |
lamellar thicknesstherefore according to Eq. [.3&e

substrate completion process weakly depends on the
undercoolingascomparedo the surface nucleation process

whichhas an exponential dependenceratercooling.

The precious fact about thél theoryis that itexplains
the kinetics of crystallization molecular terms, for linear
flexible macromolecules which are crystallized from the melt
into chain folded lamellakhis theoryconstituteperhaps the
most widely used methodology to interpret and model the
crystallizatiorbehavior of a large numbefr polymers. The
theory has evolved substantially sinest firstput forward

and haveen modifietb broaden thecope of its predictions

.26 Growth regimes
Independently of the detailstbé LH theory, the existence of
three growth regimes can bealefired according to the

competition betwearandg, as showmi Figurd .12
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Fig. 1.12: Schematis of the secondary nucleatiorcorresponding tothe
three growth regimes.

At high temperature, the surface nucleation is very slow which
controls the overall growth ra@e This temperature range is
defined ashe mononucleatioregime or regimd, in which

G can be expressed as:

).= BE 1.33

In the intermediate temperature range, which is defined as

regime Il, the growth rate is controlled by bodéimdg and
can beexpresseds:
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Yu= p2EY? 1.34

When the temperature is lowefedher, the nucleation rate
would become extremdtygh, andthere is not much space

for thenuclei to spread before thayinge on each other. In
thiscase, the growth rate will be determined by the nucleation
rate again as in regime |. This temperature range is defined as
regime lll. Simildy to regime I, thergwth rate in regime IlI

also can bgivenas:

)su= BHE" 1.35

[.3 Annealing of polymer crystals

Annealing ofpolymer crystals can be accompanied by
structural modifications taking place at very different spatial
scales. This evolution cangdaeticularlycomplex becausas
was shown in Section |.2ihe nanometehick crystalline
lamellae form essentially metastable phases for which the
melting pointdependsstrongly onthe lamellar thickneéss
Therefore it is clear that anneabihgemicystalline materials
above thelowestmelting point of the constitutive crystals
could dramatically changeithmicrostructureSome aspects
of the micrestructure evolution on annealing will be

considered in the following sections.
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[.3.1 Crystal thickness on annealing,

recrystallization
Heating an isothermally crystallized polymer is not always
accompanied just by melting of the crystalitesrding to
their stability. In many cases, the melting is immediately
followed by formation of a new crystihe recystallization
processesan haveerydifferentmechanismss compared to

the initial meltrystallization

Another situation isencountered irannealing ofingle
crystalsuspensions. The frequent consequence of the heat
treatment is theppearancef pictureframetype crystal®®.
This is believed to bea result of dissolution and
recrystallizationThe polymer segmené the crystal edges
dissolve and fprecipitate orthe remaining crystalith a
correspondingly higher fold Ie@ﬂh This gives riséo a
thickened edgewhich isnow more stable again&irther
increaseof temperatureand can survivdonger than the
crystalinterior.In the case chmealing of dr crystals,tiwas
observed that therystals once formed caubsequently
thicken® It was proposed thahe crystaldreak up in a lace
pattern while retaining the chain orientation notmdhe
substratewhich indicatesthat the chains refold to a greater
fold length. The associat€slAXS patterns enabled the
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thickening process to be followed quantitativehd
established the irreversibility of the process

[.3.2 Time and temperature dependence of the
long-spacing increase

The increase ofthe fold length on annealing is
undoubtedly one of the most remarkaioteerties of chain
folded polymer crystals. The process itself can be stadhed
function of the two principal variables, annealing time and
annealing tempewse. The effect of temperature for two
fixed annealing times was already demonsbwtdller(cf.
referenc The first combined study thie two variables is
due toFischeand Schmidtwho examined the lomspacing
increase of polyethylene single crystals as a function of time at
different temperaturest was foundthat the long spacing
increases logarithmically with timae described bythe

equation

P
.$= B+ $:6;Iog(f8+ 1) .36
where . %, is the long spacing at timg andB( T )is a
constantcorresponding teemperaturd. This muchquoted
relation has been well proven on many occasicascount

for crystal thickening in the bulevertheless, it is not always
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fully realized that its validity is confined within certain,limits
for example the time scaling can change for thickening of

isolated single crystals

1.3.3 Crystallization and melti ng lines

The GibbgThomson equatiomtroduced previously can
be also applied to examine in a sprantitative way the
correlations betweethe inverse crystal thickne#s, and
crystallization temperatures, The appearance of the
crystallizatiotinesis typicafor a variety opolymers3® i.e.
in many instances the melting and crystallization lines cross
each othe(Fig. 1.16) As mentioned befor¢he melting line
allowsthe determination fothe equilibrium melting point by
linear extrapolation toinfinite crystal thicknesdf one
formally follows the same reasoning for the crystallization line,
one can introduce in a similar way the maximum crystallization
temperatures,. The physical meaning of this temperature
and that of the intersection point of the melting and

crystallization linee not yet understood.

It is however clear that the thermodynamically stable
lamellar crystlcan exist only at temperatures below the
melting line. Thereforethe crystals cannot be formedyan
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longer when the temperatuoé intersectionbetween the
crystallization and melting lineseached

Fig. 1.16:Schematic representation of the temperature versus the reciproc

crystal thickness ’EU showing the crystallization (blue) and melting line
(red).

.3.4 Molecular mechanisms of the chain

refolding
Generdy, thefold-length increase @aconsequence of the
systentending towards the lowest state of freeggnevhich
is that of the fulhextendedchain crysals However the
mechaniss of the chainrefolding can strongly differ for
various systems and annealing conditidss mentioned
previously,n the casef annealingf crystalsuspensiaithe

fold-length increasenccurredvia successive dissolution and
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recrystallizationf thechain segments at the crystal edges

the dry statef the crystals the recrystallizatroachanism

was first proposed dgawaf’. He observed from diffraction
patterns that during refoldirte initial crystalorientation,
including directionsperpendicular to the chain axis
preserved. This means that at no instant the memory of the
original structure idost during the refoldingConsequently
there could have been no full melting in any portion of the

crystal

Fig. 1.17: Schematic drawing of successive stages of the fold increaise
single crystals on annealing

From many experimentswas evidencetthat the overall
thickness of mettrystallizetamellae increases with increasing
the annealing teperature. This behavior can be associated
with additional crystallization amorphous portions at the
lamellar surfaces, mass transport within the crystal (point
defects), or partial intchain rearrangement (perfection) of

the chainwithout coordinated displacement of a molecule as a
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whole along its molecular chdihis FDQ EH GHVFULEHG
dislocation® and isaccompaniethy aquantum increase

lamellar thicknedgf. Fig. 1.17)In the case of nylon single
crystal maf8’® the doublingand quadrupling of lamellar
thickness were observed above certain threshold

temperature

.4 Block copolymers

Block copolymers are macromolecules consisting of two
or more chemically differepblymer segments of a single
type of monomer unitcovalently bonded together. The
interest in the phasehavior of block copolymer melts stems
from the microphase separation that leads to nanoscale
ordered morphologies. This subject has imeire focus of a
large number of studies due to its poterital various
practical applications. Furthermore, in the case of block
copolymers with the presence of crystélle and non
crystallizablbloclks, the structure formatideadsor example
to significant modification of mechanical properties
comparedo the homologous crystalline homopolywiezna
rubbery or glassy componers introduced Thus, the
influence of the amorphous block on the crystalline block can

bevery important'"?
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It is well documented that semicrystalline block
copolymers can exhibit considerable morphologacadty
which is due tothe two forcesdriving the structure
development: microphase separation betwdée unlike
blocks, which favors the formation of nanometer length scale
domainge.g., spheres, cylinders, lamellae), and crystallization,
which favors the formation of alternating amorphous and
crystalline layers:or example, tven the norcrystalliable
block is glassy during crystallizationptiese separateaklt
structure isusually retainedlt means thatcrystallization
occurs within the nanoscale domaiefinedby microphase
separation OHDGLQJ WR  -Rithirf VWU X FW XU K
morphologyHoweverwhen the amorphous matrixubbery
during crystallization, the overall gtiiee canconsiderably
differ from that established Hye initialseltassembly in the
melt. Combinationsof chemically and physically different
blocks provide greatnumber of potential structgréor

variousapplications.

The phase behavior of block obymmer melts is, to a first
approximation, represented in a morphology diagram in terms
of -N andf. Heref is the volume fraction of one block and
is the FloryHuggins interaction parameter, which is inversely

proportional to temperatur@ndreflects the interaction
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Figure 1.13:Phase diagram for symmetc diblock copolymer calculatedwith
the self-consistent field theory. Regions of stability of disalered (dis),
lamellar, (lam), gyroid (gyr), hexagonal (hex), and bodycentered cubic
(bcc) phases aralepicted.

enagy between different segments (Fig. ld3jhe melt of a
diblock copolymer, where both polymer chains are
amorphous, a number of ordered structures are stable below
the orderdisorder transition (ODT), depending on the
composition of the copolymer specified by the volume
fraction of one componeritthe degree of polymerization, N,

and the temperature which is contained irFlbig-Huggins
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interaction parameter = A/T + B, whereA and B are
constants dependent on the system.

The most commonly studied semicrystalline block
copolymer systems are AB diblock copolymers or ABA
triblock copolymers, where one block is amorphous and the
other semicrystallin®eferring tothe above discussiothe
changes of state as a function of temperaturdesagmnthe
final morphology according to three key transition
temperatures: the orddisorder transition (ODT)
temperatureT ooy, the crystallization temperatufg, of the
crystllizable block, and the gtassisition temperaturg,, of
the amorphous block.

For confined crystallization, the iad@main connectivity
through grain boundary, edge and screw dislocesinray
an important roldt is noteworthy thahe degreef isolation
is the highest in the spherical phase, and decreases for the
hexagonal cylindéHex) and lamellar (Lam) phadesvas
found that when the microdomains were relatively isolated
homogeneous nucleatiodetermined the crystallization
process.The experimentally accessibles Werethus much

lower than those in the unconfined crystalliZation
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[.4.1 Annealing of block copolymers

Most of the annealing experimemtsk on semicrystalline
diblock copolyrars has focused on bulk and thin film
systems, imaddition to works on annealing in a solvent
medium in view to study their aggregates beffa{Aidiin
films of block copolymer have been studied extensively
because of their potential applications as templates to fabricate
nancstructured materials These studies asd at
understanidg the process of microphase separationaand
elaborahg new structured material with different mechanical
properties suitable fgotential applicatiods”? However,it
should be mentioned thafew studies wemedcatedto the
annealig behavior of diblock copolynmsngle crystalsvhich
wasidentified asan objectivan its owrf® Thus Chengnd
coworkes extended their studyn PSb-PEO systesin the
bulk state, and recendisoon annealingf individualsingle

crystadand single crystal m&f&.

.5 Grafted polymer chains

Since our work is focused on single crystals of crystalline
amorphous diblock copolymers, which contain amorphous
block tethered to the crystalline surface, it is important to
brieflyreview the behavior oblymer brushes ergtafted to
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a surface. Compared to polymers in solution, a new length

scale is present in grafted systems: the distance between

grafting points¥bwith S being the average area per polymer
chain at the interfacgFig. 1.14) Polymer brushesave
important technological applications, which range from
colloidal stabilization and Ilubrication to nanoparticle
formation at the polymer brush/air interface. In biological
sciences, there is a growing interest in polymdrebras

model systems of cell surfaces.

The ethering density is the reciprocal of the area of one
tethered chain and is used to describe how close a tethered

chain ido its neighbors:

1
sz L 138
€3

The reduced tethering densitproposed by Kefithas been
definedas

-= ee4p 1.39
whereRyis the radius of gyration of a tethered chain at its end

free state in the same conditions (i.e., solvent and

temperature).
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Figure 1.14: Schematic drawing gbolymer chains grafted on a flat surface.

Suchdefinition provides a parametdrichis independent of
the molecular weighof tethered chains and the type of
solvent used’he physical meaning efcan be understood as
how many tethered chains are in an @ire@42 which is
covered by a free chain in the saem¥ironment As
illustrated in figure15, threebrushregimesan be identified
which are characterized by tlbain separation and

conformation of the graftichains.

[.5.1 Polymer brush regimes

The TTWUXH EUXVK:.-- RU KLJKO\ LQWHI
approached at a significantly high stretching of polymer chains
that is typically characterized -by 1 (cf. Fig. 1.15)
However, this value is strongly affected by excluded volume

and canvary from system to systeM/hen tethering is
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sufficiently dense the polymer chains are crowddtheeit
stretch away from the surface or interface to avoid
overlapping, sometimes much farther than the typical

unstretched size of a chain.

Figure 1.15:Schematicrepresentationof the tree different tethering regimes

and the thickness of tethered chains (h) versus reduced tethering densi

When - N1 the size of grafted polymer chains
approaches the distance between graftingspmdtethered
chainsstartto interact and overlap. This point is a transition
between a single grafted chain (mushroom) regima and
stretched brush regime. 7TKH "PXVKURRPu RU 2
interacting regime, <1, FKDLQV GRQ-W RYHUOI
distance between two chaindaigerthan the unperturbed

dimension of the molecules.
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.6 Major characterization t echniques for

studies of polymer crystallization

The daracterization techniquagplied tosemicrystalline
polymes are incontinuousevolution.Electron nicroscopyis
probably a unique tool allowing simultan@mservatiosin
both direct and reciprocal spagéth significant spatial
resolution Howeversince this technique typically limited to
very thin sampée there was alwaysinterestin using X-ray
scatteringechniquesThe advances achieved withatieent
of synchrotron radiation angovel acquisition tools allow
more precision and accuraty-ray scatteringpeasurements
on polymers For example, new iano- and nandocus
facilities open the way of studying polymers with spatial
resolution comparable to that of the electron micros€bpy.
invention of AFM and the widespread usageisptpular
WHFKQLTXH LQ W&KrdsearchérsViav uridletiake W H
studies aimed at visualizing polymer surfaces at the nanoscale
In the next chapter, we will describe in more detail the
experimental techniques used in the stddwever before
starting this discussion, we would like to state the main

objectives of ouvorkand the plan of the thesis
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.7 Aimsand scope

The present study is dedical to the general
understandingf polymer crystallization. It foesen the role
of the surface free eneiigyformationof crystalline lamellar
structures anth definingtheir thermalstabiliy. The system
selected for thetudy isa semicrystalline diblock copolymer
of PSb-PEO. In particulaywe studiedinglelamellarcrystals
grown from dilute solution. Theystallindamella represents
the basic structual entity of the senurystalline polymer
structure which is in this case formedithout any
confinemerg and constraintsnposed by thesurrounding
medium. We will be interested in the detains of the
semicrystalline structure of these objects and their structural
evdution during temperature annealing. We believe that the
main originality of this study is in the morphological
characterization of the system at very different spatial scales
such as the atomic scale addressed by WAXS and the lamellar
scale addressed wahcombination of variable temperature
SAXS and AFM. The role of the amorphous PS chains on the

final structure will be discussed.

In the second chapter, different samples of diblock

copolymers of RB-PEO, strategies of single -crystal
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preparations and tatical instrumentations and measurement

tools will be described.

In the third chapterthe analysis methodology for AFM
images and SAXS/WAXS data are described.

In the fourth chaptethe morphology of singleystals of
PSb-PEO diblock coplymesis exploredy means of AFM
and SAXS/WAXS. Thesingle crystamorphology will be
tentativelycorrelatedo the extrafree energpf the surface
due tothe state of themorphous PSegmentgetheredo the
lamellar surfacelhe diffrentt regime for amorpl brush
and the passage from the mushroom to the true brush regime
will bediscussed in this conteAiso, theconfiguratiorof the
single crystal in thativemother solution will be presented

In the fifth chapterthe annealing behavior of individual
single crystal and mats of stacked single crystals for different
initial morphology will be studied under real time AFM and
SAXS/WAXS. A thermodynamiche&me forevolution of the
polymer single crystalof diblock copolymers will be

presented

At the endthe generalonclusiosof the work will be given
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chapter Il Experimental

Sample characteristics, crystal preparation and

description of techniques

The present chapter is subdivided in two parts. The
first one deals with characteristics of the HEPEO
diblock copolymers used in the study and the
methods of preparation of single crystals. The second
part introduces the techniques and provides a
descrption of the experimental setups. The choice of
the techniques employed follow the idea of
combining observations in direct and reciprocal
space to achieve a more detailed structural
description of the crystals. The direspace
measurements were perfornte essentially using
Atomic Force Microscopy (AFM) in Tapping Mode
whereas the reciprocal space measurements were
done using Xay scattering at the European
Synchrotron Radiation Facility (ESRF), Grenoble,
France, at beamlines BM26 and ID2. Other
techniques which will be briefly described include
Optical  Microscopy (OM), Scanning and
Transmission Electron Microscopy (SEM, TEM) and
Differential Scanning Calorimetry (DSC).
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[I.1 Materials and sample preparation

Il.1.1 Materials

Materials used in the present study are linear diblock
copolymers ofPoly (Ethylene Oxide)block-Polystyrene
denotedas PSb-PEO have the following chemical formula

F9%6, %, 1% F %6, % (%) 7 F

Table II.1 lists the different samples and their characteristics,
as provided by the synthetic chemists with no further
characterization or treatments. The samples-bPE® and
PSb-PEO-b-PS are characterized by their average number
molecular mass Mind the polydispersity index defined as a
ratio of the weight average over the number average molecular
mass M/M .. The copolymers were received from three
different sources (cf. Table 1l.1.). Thus a series of copolymers
was donated bie Laboratoire de Chimie Macromoleculaire
of the Ecole National Supérieure de Chimie de Mulhouse
(ENSCMu) France and by the Institute of Technical and
Macromolecular Chemistry at the RWTH Aachen, Germany.
The triblock copolymer samples were purchased from
"3RO\PHU 6RXUFH ,QF p 7TKH EORFN
synthesized by the classical anionic polymerization and their

characterization was carried out with the help of Size
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Exclusion Chromatography (SEC) and Nuclear Magnetic
Resonance (NMR) technigéfes.

Table 1.1 List of PSbh-PEO samples and their molecular distributior
characteristics

PSb-PEO Nps Npeo My°  MSEO MM, W

40-150* 38 148 3952 6500 11 0.38
40-250* 38 249 3952 11000 1.1 0.26
40-445* 38 445 3952 19600 1.4 0.17
40-680* 38 704 3952 30000 1.1 0.12
40-220** 40 220 4160 9680 1.09 0.3
40-380** 40 380 4160 16720 1.13 0.2
50-280** 50 280 5200 12320 1.09 0.3
70-270** 65 270 6706 11880 1.13 0.36
95-270** 95 270 9960 10880 1.12 0.47
190-240** 192 240 20000 10560 1.03 0.65
250-350** 250 350 26000 15400 1.04 0.62

* Donated by the Laboratoire de Chimie Macromoléculaire, Mulhous
France
** Donated by the Institute of Technical and Macromolecular Chemistry
RWTH Aachen, Germany
*** \W is the weightfraction of polystyrene
The choice of the samples reflect the main line of this
study, i.e. to examine a series of diblocks with fixed molecular

weights for the crystallizable or the amorphous block. Also,
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the focus is put on the sampldeere the PS blocks are rather
short (e.g. 40 monomers), whereas the length of PEO ranges
from 680 to 150 monomers. It is expected that the
crystallization and melting behavior of these samples will be
significantly different, depending on the constitubad
amount of each of the copolymers.

Il .1.2 Preparation of PS-b-PEO single crystals

from dilute solutions

Block copolymers with one crystallizable and one
amorphous block can undergo crystallization dilute
solutionsto form lamellar crystal§.o succeed theingle
crystal preparationhe first condition to respect is to avoid
usinga selective solvent for one of the bloés.a non
selective solvent for BSPEO, Lotﬂ reports amyl acetate
(pentylacetate)ethyl benzene and xylenetHa sameavork,
he reports that, for the same condition of concentration and
temperature, there is no difference observateincrystal
morphology, but in amyl acetate trewth kinetics is 50
times fast Another described approach could be to use a
mixed solventigh as ethybenzene/octane solutions wilie

weight proportion of 1/1.1.
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The second important condition respecis thecorrect
choice of theincubation temperature. Thusoth of the
blocks are dissolved above thissolution temperature,. T
Howeversince the crystallization temperatyris Tower than
T, a chain collapse preventing crystallization can occig if T
too low. As a result, only a restricted range of incubation
crystallizationtemperaturgis allowed for crystal growth. To
theselimitations in the crystallization temperature range also
comes the fact that the amorphous PS block in solution
decelerates the crystal growth daie tothe steric repulsion
between the PS$oils and consequently, tdhe increased
VXUIDFH WoA e/ trigst@al. in the other words, the
driving force for crystallizatiowhich is a function of
temperature, should be large enough to overcome the
different entropic and enthalpic barriers of the crystal growth.

Throughout this work, evused the sedeedig approach
to grow single crystalBhe two essential advantages of self
seeding arthe following first, the growth starts at the same
time for all nuclei and gives rise to single crystals identical in
shape and size. Second, the concentration of the nuclei, and
thereby the final size of the crystalline units, can be efficiently
controlled inrawiderange by an appropriate thermal treatment

of the sampldzigure 1.1 shows AFM images of aggregates of
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PSb-PEO crystalliteoobtained by precipitation without self
seeding for RBEPEO (40250) and (19240) at 7=25°C in

amylacetate.

Figure Il .1 Aggregates of PS-PEO crystals obtained upon precipitation
from solution without self-seeding. The crystals of P&PEO (40-250) and
(190240) grown at £=25°C are given in the left and right panels othe
figure, respectively.

The first structure (Fig. 1.1, left) resembles that of 2D
dendrites, and is typical for-BBBEO copolymers with high
and intermediate molecular weight PEO. The second structure
(Fig. 1.1, right) displays a number of irregatggregate of
single crystals with almost the same shape and thickness but
having different sizes. The latter is typical fob-FEO

copolymers with high molecular weight PS blocks.

Figure 1.2 shows a tyail product of single crystgiswn
by the selfeeding technique imaged by tapping mode AFM
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and STEM, forPSb-PEO (50280) crystallized at=B2°C
(left) and PSb-PEO (40250) crystallizedat T= 30°G
showing the high uniformity in size and shape of the whole

crystapopulation.

Figure Il .2. STEM image of single crystals oPSb-PEO (50-280) Tc=32°C
(left) and AFM height image of single crystals of PSb-PEO (40-250) T=
30°C showing the uniformity in size and shape

A typical preparation route was as follovdndpowder
of PSb-PEO diblock copolymer was dissolvedl25 mi
amyl acetatto form a dilute solution .0033% w/wt).
The solution was heated & temperature higher than the
dissolution temperature, ®f the diblock in the solvent and
kept for about 105 minutes to erase the thermal hisiidrg.
hot solution was transferred to another thermostated bath
preset atemperature J andwastypicallyincubatedor 24
hours
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Figure 11 .3. Typical thermaltreatmentrequired for preparation of PS6-PEO
single crystak.

After completion of the incubatiothe suspension was
moved to another thermostated batithe appropriateelf
seeding temperature, dnd held for 1520 min. Then the
solution wasigaintransferred to the previous bath having the
same temperature J i.e. the isothermal crystallization

temperatureA typicalpreparation spience is described in

Figurell .B.

For direct microscopic observations, one drop of the
crystal suspension was deposited on a flat substrate and the
solvent was allowed to evaporate under ambient conditions or
under vacuum. For AFMd OM studies the substrate was a
silicon wafer while for TEM measurement the substrate was a

standard copper TEM grid.
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Il .1.3 Preparation of single crystal mats for X -ray

investigations

SAXS/WAXS measurements were performed on mats of
single crystals which werellected after sedimentation and
evaporation of the remaining solvent under vacuum. Slow
sedimentation of single crystals in the mother solution allows
obtaining a periodic mat of alternating PS and PEO layers
which correspond to a typical tploase sysin used for
interpretation of the SAXS measurements on semicrystalline
polymers.

II.1.4 Difficulties in sample preparation

It is well known that PEO is very sensitive to traces of
water and oxygen, which could lead to degradation and
disorganization of its ctg$ine structure. This is due to the
great affinity of the oxygenic and hydrogenic group to form
hydrogen bonding with water or oxygen present in the
ambient atmosphere. Thus, manipulation of single crystals of
PSbPEO is very delicate under ambient amms
containing moisture.
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However, in the case of diblock copolymers eb-PS
PEO, the amorphous PS chains, which are rejected from the
crystalline PEO core and covering the toplkerttbm of the
crystal, act as a protective shell against moisture. Once
vitrified, PS shell stabilizes the structure against melting and
reorganizadin at elevated temperatufgure 11.4(left) shows
a single crystal of PFEO (40250) formed at 30°@nd
kept under ambient air for a week. Circular propagation of the
degradation front probably indicates that the psatarts in

the center and propagates outwards radially.

Figure Il .4. AFM image of a single crystal of PS-PEO (40-250) crystallized
at 30°C and keptunder ambient air for a week (left). The crystals dPSb-
PEO (190240) formed atT =25°C, which are eithertaken directly from the
"PRWKHUpu Wiide) by affer@ashing them with amyl acetate(right).

In our work, we systematically observed that single crystals
with high moleculareight (MW) of PEO crystallized at lower
crystallization temperature are very sensitive to ambient

conditions and consequently are not easy objects for
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microscopic investigation. Thus, in the case of high molecular
weight PEO the PS shell layer does uffitntly cover the
crystalline lamellae and therefore does not hamper the
occasional reorganization of the crystal. On the other hand,
lower molecular weights PEO or the crystals crystallized at
higher temperature reveal more stability.

Figure 114 (middle panel) shows single crystals af-PS
PEO (196240) formed at 30°C. It is clearly seen that some of
the material is deposited on the crystal edges and exhibit
protruding fingered structures. After washing the crystals
before depositing them on a drybsttate, the finger
structures disappear. Thisindicativeof the fact that these
structures are formed after deposition of the crystals on the
substrate. The structures are not observed for low molecular
weight of PS, even if the crystallization intisalus not

complete.

Spontaneous structure formation ofdHEO diblocks
on surfaces is favorable in air on single crystals formed in
solution. Gastand FRZ R U Hesdiibed " $Q ,QWULJIXL(
ORUSKRORJ\ LQ &U\WWDOOLYDvEheH %OF
crystallizing RBPEO (65 EO/80 S repeat units) in dilute

solution of cyclopentane. They observe a protruding cylinder
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attached to the edges of the sqeslraped crystalccording to
Kovacand ceworker® polarized light microscopy of BS

PEO solutionsin pentanedioneprovides evidence for
cylindrical mesophases having liguygtalline ordeiOther
authors also observed such protruding structures and
suggested that they are due to a competition between lamellar

structure and micelles formatfon

Figure Il .5. Roomtemperature AFM images of partially-degraded PS b
PEO single crystalsformed at 25°C The images correspond td*S 6-PEO
(50-280) PSbh-PEO (40250) and PS»-PEO (40-220) for the left, middle
and right panels,respectively

Summarizing, washing the crystals before sedimenting
them onthe substrate was found necessary. Unfortunately, it
consumes a lot of material and solvent, and can sometimes
destroy the crystalline structures as can be seen in figure Il.
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However, thelegradatioof single crystatboes not occur
in the same way for all the-lPBEO diblocks utilized in this
study. As can be seen in figures and I16 the way the
crystals dgrade is
dependent on the
molecular  weight
ratio of the blocks
and on the
crystallization

temperature. Thus,
for a Iong chain Figure 1l .6. Room temperature AFM image of
solution grown single crystals of PS-PEO

PEO, eg. P8 680) formedats0c

PEO (40680) (Fig.

I1.6), which is not compiely covered by the PS shell, the
destruction starts by rapidly forming holes. The process in this
case was so rapid that AFM images taken several minutes after
the crystaldepositionon the substratexhibits a completely
IRUPHG - FKHHRMWH 1 P RiUtBeKdase RfJonger PS
chains (Fig. 16), the crystal degradation can propagate from
the outer edges, from tlmterior areaor from the sectors

axes.

Investigations on single crystal mats by means of SAXS

can also come across some technical diffiesilt Thus the
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mats are prepared by sedimentation of the material from the
solvent, but the material present in the solvent does not
crystallize entirely, especially for the high molecular weight of
PS. Therefore the excessive amorphous material can be
depcsited on or irbetween the crystals, which can make the
micro-structural parameters such as determined from SAXS
studiesrather sensitive to theletails of thepreparation

conditions.
1.2 Experimental t echniques

I.2.1 Direct-space technigues- microscopy

[1.2.1.1 Atomic Force microscopy (AFM)

Since the invention of Scanning Tunnel Micpes¢S8TM) by
Binninget al. a whole family of Scanning Probe Microscopy
(SPM) technigues has been developed. Among the large family
of the SPMs, thenost usedand spreadechnique ig\tomic

Force Microscopy (AFMJhe success of AFM is due to the
relatively simple handling, high magnification down to the
nanometer scale, no particular exigency for sample
preparation, rapid measurement, possibility of working at
different conditions as hightemperature, controlled

atmosphere, pressure, 3D visualization of measured object and
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no need for special infstructure. By these capacities, AFM
imposed itself as an efficient alternative to optical and electron
microscopy. Furthermore, nowadays AFMoais limited to
topographical measurement, but allows accessing rigidity,
softness, viscosity, elasticity, adhesion, roughness, electric and

magnetic fields.

Figurell .7. Schematicrawing ofprincipal components of AF!
operating iMapping Mde.

The functioning principle and major components of AFM are
illustrated in figure 1l.X%When the probe, for instance a sharp
tip supported on a miciantilever, approaches the surface it
feels either repulsive or attractive forces of phy@cal
chemical) nature.
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Forces on the order of a few Nadewtons which cause
the cantilever to deflect vertically or horizontally, are detected
on a quadratic phoidetector sensitive to a laser beam
reflected from the cantilever backside. A pBeaaner
capable of moving in angstrom steps, allows the probe to scan
a given surface in two directions. The heights detected at each
local point are converted to a topographic image matrix or

other desired image format.

[1.2.1.2 Tapping mode AFM (TM-AFM)

Intermittentcontact known widely as TappiNigpde
(TM-$)0 zZDV GHYHORSHG LQ WKH HDU(¢
Instruments in order to allow AFM extending their
measurement capacity to involve soft polymeric and biological
sample. In TMAFM the probe is driven close to its rescea
frequency above the sample surface, and hence the contact
with the sample is very short and the forces exerted on sample
are mainly normal to its surface. Another advantage ef TM
AFM is that when oscillate near a viscous or elastic surface,
the phaseof the probe trajectory function is shifted in

response to the material mechanics.

In this work, the TMAFM measurements were performed

on a MultiMode microscope equiped with a Nanoscope IV
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controller. The probes were standard commercial rectangular
shapesilicon cantilevers with typical force constant €821

N/m and resonant frequencies of 8% KHz®

Il .2.2 Optical microscopy (OM)

Optical microscopy is capable of resolving structural
GHWDLOV RQ WKH RUGHU RI -P OLPL
objective les and wavelength of light. For block copolymers,
it allows assessment of melting and crystallization. In this
work, we used an Olympus BX51 microscope equipped with a
Linkam hot stage to examine thebFFEO single crystals. All
images were taken in refl@e mode using a white light
source. Since single crystals are very thin, within typically 10
QP WKLFNQHVYVY RSWLFDO PLFURVFRSH
work. It wasmainlyused to take a first look on the single

crystals population distribution and shenplauniformity.

Il .2.3 Electron Microscopy

Electron Microscopy experiments were performed with
two different microscopes. For Electron Diffraction, a Philips
CM200 Transmission Electron Microscope equipped with a
lanthanum hexaboride filament and operat@@&ikV. For
imaging, Scanning Electron Microscopy (SEM) and Scanning

Transmission Electron Microscopy (STEM) experiments were
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carried out using a FEI Quanta 400 operated at 30 kV with a

tungsten filament.

[1.2.3.1 Transmission Electron Microscopy (TEM)

An important advantage of TEM is its capability to
combine observations in both direct space and reciprocal
space (diffraction mode). In direct space, the image of a thin
sample is formed by the unscattered electrons passing through
the film without diffraction, theliffracted electrons being
stopped by a diaphragm. The contrast in such an image is
entirely due to the electrostatic charge density variations in the
sample. In the diffraction mode, the image is formed by the
diffracted beam. The diffraction pattern gae information

on the atomic structure of the sample.

[1.2.3.2 Scanning & Transmission Electron Microscopy
(STEM)

STEM is similar to SEM except that the electrons pass
through the sample to reach the detector placed below. It has
the advantage to giugormation on features present in thin
films while being less destructive for sensitive samples than
TEM.

The accelerated electron beam is focused on a narrow spot
on the sample surface to be analyzed. The interaction between
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the sample and the electrgeserate secondary electrons of a
low energy that are subsequently amplified and detected. The
intensity of the signal is relevant to the nature of the material
and the sample topography. The image is obtained by

scanning the beam over the sample.

II.24 Reciprocal space techniques: X-Ray
scattering (SAXS/WAXS)

The advantages of reciprocal space measurements are in
many instances the rapidity, the possibility of the in situ
sample monitoring down to the millisecond scale,
investigation of bulk samples, as walihagersal and relative
simplicity of the sampjeeparation.

I1.2.4.1 Experimental set-ups

Synchrotron Xay radiation sources are characterized by
high brilliance. In addition, these sources allow for a relatively
wide energy variationhe different beamlinggovide a great
variety of experimental setups ranging from standard
scattering experiments in transmission to more specialized
applications likenicro- and nandocus Xray diffraction or
grazing incidence scattering. In this work;ray

measurements, at small and wide angles were carried out at the
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European synchrotron Radiation Facility ESRF, Grenoble, at
the 1ID02 and BM26 beamlines.

[1.2.4.1.1 BM26 at the ESRF

The Xray beam at BM26 beamlife. Fig. 11.8)is
generated by bBending magneOnce produced, the-day
beam travels through a first slit of a Si (111) dondtl
monochromator, followed by a meridionally focusing mirror,
two further slits, before reaching the sample at 47 meters from

the source.

lon chambers placed directlystipam and downstream
the sample allow to monitor the photon flux of the incoming
and transmitted Xay beam essential for intensity and
absorption correction to the collected data which is extremely

important while performing real time measurements.

The R3\XS detector is a 2D Multiwire Proportional
Counters gas detector (MWPC), 512x512 pixels, 13.3¥13.3 cm
, with a counts rate of 1000 Cs/sec/channel and spatial
resolution of 40800um. The SAXS detector is moveable
from 1.4 up to 10 meters away from tampe. A Charge
Coupled Device (CCD) WAXS camera is mounted in front of
the scattered beam, above the entry of the SAXS tube,
allowing simultaneous SAXS and WAXS measurements.
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11.2.4.1.2 ID02 at the ESRF

The ID02 beamline(cf. Fig. 11.8)is characterized by a
high lilliance due for the undulator source of theay)X
beam. ID02 is especially designed to probe soft matter and
related systems with up to millisecond time resolution.

The beamline optics consists of a Si (111)
monochromator, a focusing torroidal mirror, two collimation
slits, one before the monochromator at 29 m and the other
after the mirror at 50 m and two further guard slits located at

53 m and directly before the sample at 55 m.

Figure Il .8. Experimental hutch at the BM26 beamline showing th8AXS
installation (left). The setup for the reatime simultaneous SAXS and
WAXS measurements at beamline ID2 at the ESRF, Grenoble, Fran

(right).
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The standard beam size is 200 pm x 400 pm with a low
divergence of 20 uprad x 40 prad, antixed wavelength
around 0.1 nm (12.4 keV).

The SAXS detector &8FReLoN Kodak CCDOwhich is a
fiber optically coupled CCD based Kodak KAFR4320
image sensor. Mounted on a wagon inside the 12 m detector
tube the sampli®d-detector distance can be edrfrom 1 m
to 10 m. The combined SAXS/WAXS setup can provide a

frame rate of 10 images per second.

1.3 Thermal analysis techniques

Il .3.1 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is the most
frequently used thermal analysihrigue in polymer science.
The principle of a heflix DSC consists in measuring the
difference in heat flows between a sample and reference as a
function of temperature. The differences in heat flow arise
when the sample absorbs or releases heat dbhermaal
effects such as melting, crystallization, chemical reactions,
polymorphic transitions, vaporization and other processes.

Specific heat capacities and changes in heat capacity during a
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glass transition can also be determined from the difference in

the heat flow.

A MettlerToledo heaflux DSC 822 was used. The
apparatus calibration was done with a standard calibrant as In
and the sample chamber was kept under a constant flux of
nitrogen. Inside a sealed aluminum pan, typically from 1 to 3
mg of PSh-PEO single crystal mats and®mg of bulky
materials was used for measurements. Special care was taken
as to the thermal history of samples and heating ramp rates to

be used.

11.3.2 In situ observations at variable

temperatures

11.3.2.1 Time-resolved SAXS/WAXS$neasurements

Different sample environments are available at the 1D2
and BM26 beamlines. Rw@ale measurements were
performed using a standardinkam heating stage
(THMS600/TMS94 at ID2 and HFS 191 at BM26). It
perforns fast tempeature ramping and quéaeg (upto 80
°C/min, with stability of 1 °C) over a wide temperature range
from -100 to 600 °C.

I1.3.2.2 In-situ Tapping Mode AFM measurements
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InsituAFM investigations of the morphology evolution
were performed using a IMFM with the help of a special
accesory designed for measurements in a controlled
environment and temperature. The hermetic furnace,
incorporated within a JVH type scanner, is controlled with
temperature stability better than 0.1 °C and ranging from
room temperature up to 250°C. Figut® shows the
different components and accessories of theidngberature

AFM accessory.

Figure I1.9. Digital Instruments MultiMode microscope head with the
thermal accessory installed (right); temperature controllern{iddle) and
components of the thermal accessory assembled on the piezcanner (eft).
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chapter Il Data processing and

analysis

In this chapter the details of the data reduction and
analysis are describedor the main experimental
techniques employed in the study.
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1.1 AFM image analysis and processing

As all instrumentation, SPMaging generates results that
maycontainartifacts and should legamined with car&here
are four primary sources of artifacts in images measured with
atomic force microscopes. They are: Probes, Scanners, Image
Processing and eventually external vihgatio

As described in chapter I, trewdata filewere collected
on Nanoscope software from Digital Instruments Inc. as
Nanoscope file format. Treatments and morphological
analysis of the data were performed with Hmanteroutines
and procedures running IGOR Pro (Wavemetrics Ltd)
softwaré?®.

1l .1.1Artifact sources

[11.1.1.1 Probe Artifacts

Images measured with an atomic force microstwpgs
presenta combination of the probe geometry anihe
morphologyfeatures being imaged. If the prabemuch
smaller than the featursize the probegenerated artifacts
will be minimal and the dimensional measurements derived
from the images will be accurdte.this way the lateral

resolution in the-y direction is limited by the probe shape
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and dimesions, the probes used in this study are commercial

silicon probes with a typical apex radius less than 15nm.

[11.1.1.2 Scanner Artifacts

Scanners that move tlsamplein the X, Y and Z
directions aretypically made from piezoelectric ceramics
However, when a linar voltage ramp is applied tioe
piezoelectric ceramics, the ceramics motion hgyhly
nonlinear Furthemore the piezoelectric ceramics exhibit
hysteresisffects Often the images measured by AFM include
D EDFNJURXQG "%RZp DQG D d&DFNJU
strongerthan the features of interest. In such cases the
background must be subtracted from the imagthe often
FDOOHHOL@QHpu RU "IODWWHQLQJu

[l .1.2Preprocessing (flattening)

Before any morphological treatment of AFM images, the
first step isd correct the background caused during image
acquisition(sample tilt, scanner bow / nonlinearitiedrift,
line skips, etc.).There are two anmon approaches to
leveling:

x SurfacdlatteningO to 4thorderpolynomial function;
X Linebyline flattening O to 4th order polynomial

function.
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The background can be either linear or polynomial with
order typically going up to fodihe flattening type and order is

generally in relation with the scan size.

Figure Il .1 Typical AFM height images, nonflattened (right) and
flattened (middle). The nonflattened crosssectionwasfitted using a mask

and then subtracted with a linear background (dashed line).

In figure 111.1 (left), we show ndtattened AFM height
images with one corner higher than other due to a sample tilt.
The correction was made by firstly excluding the featured
objectfrom the image, and then fitting each scan line, either in
X or Y direction, to a linear line, and ther timear
background was subtracted from each line, as shown on the
right panel of the image.

[l .1.3 Image Processing and Morphological

Evaluation
After correction for the background, AFM height images
are subject for further analysis to evaluate the different

morphologies of the samples.

88



l11.1.3.1 Histogram Calculation

The histogram of an AFM height image repretent
distribution of the different Z (height) values within the image
matrix. The
histagrams in
Igor Pro were
calculated using
512 bins to
obtain the
required height
resolution. It is
noteworthy
that higher bin
numbers cause Figur(.e " .2, Typica.l histogrém of a 'top-ogréphic

AFM image, with atrimodal thickness distribution.

the histogram
to be noisy. Theg value of the histogram is theatoof
number of input values YZhat fall withireachbin. The first
piece of information conveyed by the histogram, is the height
of the object, as well as its shape. The latter can be accessed
from the shape of the tkness distribution of. As shown in
figure 111.2, two major peaks appear in the histogram, which
correspond to the substrate and object. The object peak can
be clearly seen as a trimodal peak. During annealing of the

single crystals, the evolution of tietdgram allows a direct
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guantification of the lamellar-ogganization and melting.
Furthermore, the histogram is essential for the operations of
the image edgdetection and thresholding, which will be
discussed in the next section. Thus the discriomnatfi

different thickness levels is performed by thresholding and
extracting a localized and specific range of thickness on the
EDVLVY RI WKH KLVWRJUDP:-V VWDWLVWL

l11.1.3.2 Thicknesses discrimination

Thicknesses discrimination is performed with the help of
the image thresholding operation. First, the image
thresholding operation detects the edges of sudden chfanges o
the height values over all the range of the image. Then, the

edgesdetectedare converted to a mask waves to define an

Figure 111 .3. Initial AFM image and three thresholdingviews highlighting

the regiors of interest

automatic region of interest (ROI) on the basis of the height
jumps. Afterwards, the image is binarized . The ROI is
assigned to 1 artle rest of the image to 0, and then this
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matrix is multiplied by the initial image matrix. That operation
returns an image of only the selected ROI, while assigning the

rest to zero.

[11.1.3.3 Quantitative morphology a nalysis

The morphology of the object was quedtiin the IGOR
Pro routines by means of its perimeter, area, volume,
rectangularity, circularity, and the maximum of height

distribution from the histograms.

W __circularity is defined as a ratio of the square of
the perimeter to (4*pi*objectArea). Thialue
approaches 1 for a perfect circle.

W_rectangularityis defined as a ratio of the area
of the particle to the area of the inscribing {non
rotated) rectangle. This ratio is pi/4 for a perfect
circular object and unity for a Aatated rectangle.

M_ParticlePerimeteris defined as masking image
of particle boundaries. It is an unsigned char wave that
contains 0 values for the object boundaries and 64 for
all other points.

M_ParticleAreais defined as a masking image of
the area occupied by the particless an unsigned

char wave that contains 0 values for the object
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boundaries and 64 for all other points. It is also
different from the input image in that the particles
smaller than the minimum size, specified by the flag
/A, are absent.

M_Particle is ddéined as a masking image of both
the area and the boundary of the particles. It is an
unsigned char wave that contains the value 16 for
object area, the value 18 for the object boundaries and

the value 64 for all other points.

A typical particle analys@neists of three steps. Fing
performed apreprocessg of the image. Thisnay inalde
noise removal or reduction, background adjustnaerds
thresholding. Oncthe binary imagés obtainedthe second
step is toexecutethe ImageAnalyzeParticles operaton.
Issues related to the preprocessing have been distmssad
in this chapter. We wilissume that we are starting with a
preprocessed, clean, binary image which contains some

particles.

[11.1.3.4 Volume of the object
The object volume is calculated by integradf the area
of the histogram corresponding to the object of interest,

which means the multiplication of a given height by their
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corresponding surface. Thus, before performing the
integration, the scale of the y axis is converted to a surface
dimensiorscale. Knowing that the y axis of the histogram is a
number of pixels, we convert each pixel to its metric
dimension, which is the total number of pixels divided by the
calibrated surface area of the image.

Upon calculating the object volume, one can khew
volume fractions of the copolymer blocks the crystalline and
amorphous volume. Defining the crystalline and amorphous

thickness as_land L, respectively, one obtains:

8= 825+ 82'1: 825+ 8?2'1_'_ 8__2'1 n 1
In the above equation, Vtiee total volume of the crystal

calculated from the histograBt® -the volume of the

amorphous PS laye8? *and 82 ! are the crystalline and
the amorphous volumes of the PEO block.

On the other hand, the average mass molecular weight for
different samples of copolymers is kridowrand the mass

ratiow can be written as:
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In Eq. 1.2, T is the volume crystallinity, or the crystalline
fraction of PEO, and is given by:
2'1
?

| o=

In fact, mass crystallinity in the case ofymar single
crystal grown frordilute solution is related to the amorphous
guantity ovolume of norcrystallized PEO segments forming

the folds, bridge chains or cilia. The mass crystallinity is
defined by:

1

N

l?
/5

1 I .4

I

1N

In the other hand the mass of a chain involved within the
crystal, is distributed betweendhgstalline part, and the
amorphous part in the cilia and fold, thus, we can write:
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Replacing the mass in its equivalent in length dimension,

which is given by ¢ 1 = Aél , Where p is the degree of

polymerizationjdthe unit length of PEO monomer assumed
to be equal in the crystalline and amorphous state, and L is the
contour or total length of the chains. Thus we can rewrite

equation I11.5 in another form in terms of lengths as:

"1 "1 "1
= Boet eat Fee I 6
If the chains contain+1 crystalline stemsneaning that
therearen folds, however only one cilia can be engaged in

termination of the PEO block, since the other extremity is

linked to the PS blockKhereforave can wte:

= (J+1) .+ Jgt e .7

Then we can deduce the degree of crystallinity by combining

equations IlIl.7 and Il.4 :

S T ‘B
il v L

. PHE

ide 1.8
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In fact, if we neglect the unit length of monomer difference
between therystalline and amorphous phases, we can assume

that the volume and mass crystallinity is identical.

Now by combining equations 1ll.1 and 1ll.2 one can find

the crystalline volum&? ! to be:

g3 1
I ,S€,,

= z = — 8
1,65+ (LF1)é& +Sé,.

.9

And we can deduce the crystalline and amorphous
thicknesses, land L, by dividing the volume over the surface

of the crystal, as follows:

P .10

.11

-
T 5

After rearrangemente findshe expression for the,L
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where LB stands fdong period.
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[ll.2 X-ray data analysis

In this section, procedures and methods of data reduction
and processing are described. 2D scattering patterns are used
as raw data for the experiments carried out at the BM26
beamline. The results from ID2 beamline are obtained as 1D
scattering curves afftcorrection at the beamline. Helbodt
procedures written in IGOR Pro are used in the data

reduction.

[I1.3 Primary SAXSand WAXSdata treatment

Correction for the
sensitivity of the detector

Detectors, used for the
detection of small angle
scattering data are usually gas
filled multiwire proportional
counters (MWPC). MWPC
counters are formed of ore _

Il .4. Typical 2D SAXS pattern of
two-dimensional arrays (oftenne response of the MWGFD
512x512 channels) of para||é1etectortoaradioactive source.
wires held at high voltage inmixed gas filled atmosphere.

The principle of operation of gas detectors is based on the
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collection and amplification of phattectrons, liberated in a
suitable gas mixture by the photoelectric effect when-the X
rays pass through the gas volume. But, ghannelof the
detector does not have a uniform response to the incident X
ray photongcf. Fig.1ll.4). To compensate for this effect one
has to divide theollected raw dagaatterns bythe detector
sensitivity patteracquiredis aesponse signal éoradioactive

source.

In the second step the measured intensities are
normalized for the intensity of the incoming beam and sample
absorption.

[11.3.1.1 Calibration of the s vector

In order to compute the s vector corresponding to the X
ray image on an area deigcstandards like silver behenate
(AgBe) powder were used systematically. AgBe has the
specificity to have intense isotropic scattering over a wide s
range, in both SAXS and WAXS regiorise first order
Bragg reflection is known to beésa# A.
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Reflections, /A d, A
dooz 0.017 58.37
2do01 0.034 29.185
3dooz 0.051 19.456
4dgo1 0.068 14.593
5doo1 0.085 11.674
6do01 0.102 9.728
7doo1 0.119 8.338
8doo1 0.137 7.296
9doo1 0.154 6.485
100ho1 0.171 5.837
11chos 0.188 5.306
12cho1 0.205 4.864
13 - -
14601 0.217 4,591

Figure 11l .5. Calibration of the norm of the svector

using AgBe.

The pattern center is determined by finding the
geometrical centre of the equidistant diffraction rings.
Thereafter the detector to sample distance is calculated using
the equation nO= 2 d sinT Due to small angles in SAXS
patternsone diffraction peak reormallyenough to obtain an
accurate calibration, as showinguare 11.5.

For the WAXS calibration, more care should be exercised,
as the detector does not show a linear relation of the norm of
s with the radius. More peaksymally between 7 and 12
orders of reflection of AgBe will be identified and used in the

calibration.

[11.3.1.2 Background correction
Scattering that does not originatelusivelyfrom the

sample buglsofrom the sample emenment (akscattering,
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scattering on windows, solvent scattering, etc.) an appropriate
background scatterisfauld be subtracted from the collected
data The experimental data and background should first be

normalized as described above.

[11.3.1.3 Correction for the case of isotropic scatterers
(Lorenz correction)

The Lorerez correction is applied to the data in order to
account for thgeometry of isotropic sampléss performed
by multiplying the intensity of each data point they
correspondingurface of the reciprocal space spherghes
value squared. However, this correction is only valid for
isotropic samplefn the case obriented samples such as the
single crystal mathe Lorea factorcan be different

[l .4 SAXS data evaluation by direct method

Two main approaches areilae to deduce structural
information contained in a given SAXS data. The direct
method applies a model function (e.g. paracrystalline model)
directly to the experimental data in reciprocal space while the
indirect method basically uses Fourier transfasimthe

scattering intensity to evaluate the sample structure.
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l11.4.1.1 Bragg reflections

After integration of the 2D scattering pattern, the intensity
of the scattering curve is plotted versus the modulus of the
scattering vector s. The first useful informatlmtained is the
position of intensity peak maxima along s. For a lamellar
system, of alternating electron density perpendicular to the
incident Xray beam, the position of the first peak obeys the
%UDJJ-V ODZ DQG WKH SRVLWLRQ RI
mutiplied by an integer number n (2 for the second peak).
7KXV DFFRUGLQJ WR %UDJJ:-V ODZ WKH
between two different correlated electron densities, called the
long period or Bragg reflection LB is given by:

Ja=2:.%;sin a 1 .13
For small anglesina & and henceld= 2:.%;3

replacingz—;‘with S, the long period is obtained from the first

1

order peak maxima hyb= 3

In the case of nelamellar structure, the position of the
higher order relative to the first one is given by their ratio as
shown in Tabldl. 1.
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The model applied in this case is the two phase system
with alternating electron density values with a sbpgpating

boundary.

Structure Ratiod s

Lamellar «
Hexagonal ¥
Cubic bcc ¥
Cubic fcc ¥
¥

Cubic gyroid

Table Il .1Ratios of s/s* for Bragg reflections from various structures

Figurelll. 6 shows a typical 2D SAXS pattern froRtd-
PEO matof stacked single crystdluminated perpendicularly
to the c axis of the crystals.

Figure Il .6. Sketch of stacked single crysta of PSb-PEO illuminated
perpendicular to the eaxis of the crystals, anda typical oriented 2D SAXS
pattern with up to three orders of Bragg reflections and a central diffus

scattering.

The 2D SAXS pattern in Fig. 111.6 shows two kinds of
scattering typical of dense polymeric systems such as discrete
interferences and diffuseentral scattemn The diffuse
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scattering could result frothe microvoids present in the
sampleThe mcro-voids may be unfilled spaces between the
lamella&®. Discrete interferences appear on the meridian of
the 2D SAXS pattern. Up to three orderstlod main
interference maximuare detected revealing the existence of

a periodic structure.

[1l .4.1.2 Chain Orientation from oriented 2D patterns

Plots of the scattered intensity,;, as a function of the
azimuthal angle, exhibit preferential orientations for
scatteringrom mats of single crystals of-fPSEO in both
wide and small angles.quantitative evaluation of the degree
of orientation of the SAXS and WAXS 2D pattern can be

obtained using the Herma¥ RULHQ W DgvérnRaQ I XQF WL
g 3808”1 AFL i .14
2
whereT is the azimuthal angle aBds? T 7 Asgiven by:

. . ‘|T"'2 +7;c082 Tsin1 @
Bos? i e L .15
I +7;sin1T @

+1 ;is the scattering intensétgdthe limits of integration are
betweeni, and 1,. The Hermars orientation functionB

assumes a value of 1 for a system peitfectorientation of

WKH VFDWWHULQJ HQWLWLHMMoSimEUDOO F+
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case wherethe orientation of scattering entities is
perpendicular to the director. For samples with no orientation

the value Df is zero.

[I1.5 SAXS data analysis : the case of a twgphase

model

[11.5.1.1 The ideal two-phase model
The twephase model is

defined as a stratified

system containing layers

with  different electron
densities %, where the

boundary between these
two phases is sharp. Figure
1.7 shows the electron il .7. Sketch depicting the electron

densityvariation along the density profile for the ideal two-phase

system with sharp (continued line)
normal to the layers

and sigmoidal gradient boundaries
illustrating discretsteps in (dashed line)

the electron density values correspontirgur case eithéo

the PS or PEO block3he real system can have a diffuse
phaseboundary, which can be deg¢ecfor example from the

behavior of the correlation function close to the origin.
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[11.5.1.2 Porod law

The Porod law describes asymptotic scattering of an ideal
two phase system. It predicts that the intensity I(s) scales as to
s* and that the proportionality coast, the Porod constant
K, is related to the specific area of the boundaries separating
the two phases It can be written as:

im +Q= '—@L ll.16
: é:25

where - | is given by- | = =

andS is the specific inner

surface

[Il .6 Calculation of the 1D correlation function
")

The onedimensionatlectron densityorrelation function
@r) is related to the scattering intensity by a Fourier
transform. However, several corrections are necessary before
proceeding with the Fourier operation. Since the intensity
curve is collected over a finite range of s values, the curves
may require extra@dion on both sides of thargerval. The
extrapolation to zercs-value can be performagsing the
DebyeZBueche mod&las follows

+Q= % .17
T 1+ 422072 '
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In Eg. 1ll.17, C is a constant andRis the inhomogeneity
length.C and @an be determined from the padti(9 '*°
versusg using the intensity daita the low s-region. Some
other options of acquisition of the lewalue have included
linear or polynomial extrapolations of this part of the SAXS
curve. However, as was shown in figure 111.6 a diffuse
scattering is typical for mats of stacked lamellae. To eliminate
this effect, the intensity curvaslow anglesvere cut just

before the first order interference.

In the case where the interface betweebhmbhdayers is not
sharp (cf. section 111.5.1.2), thaemsion of intensity to large
svalus is accomplished according to the PcRdand
model

im £Q= - pH&EEe .1
I(|)m» +Q @A 8

In Eqg. 111.18 the exponential termccounts fothe presence

of the crystal/amorphous interface i€ related to the
thickness of the transition layer between crystalline and
amorphous regions in lamellar stadksthis work,the daa

was fitted in the range 0.01s ” A™ with Eq. 111.18
substituted by thetfing results and extrapolatedto0.1A™

after subtracting theonstanbackground. The background

is the result of the density fluctuation, leading to a departure
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IURP OLQHDULW\ DV GHSLFWHG IURP 3
corrected with a functiorf the form:

$= =+ >d
or Il .19

$= :AF>(g
In Eq. 111.19,aband n are constants.

The fully correctedintensityl (9 was used tocomputethe
onedimensional correlation functi@orresponding tdhe
electron density fluctuations perpendiculatht lamellar

basal plarié

. , »Q06cos2eND @
W:N=

Y Il .20
I

In the other words, the electron density correlation function is
obtained from the real part of the Fourier transform of the
fully corrected intensityThe choice of the valu®r the
Lorerz correctionwill be discussed latéFhe final form for

the computation of the correlation function is as follows:

Y:N= 4A]x:+:Q
0 1l .21
F $;dA2éEN+—4ézéé20@):h

The correlation function is normalized to unity at the origin.
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[11.6.1.1 Analysis of the correlation function ¥ ")

Figure llI8 shows themicro-structural parameters that
can be obtainedrom the 1D-correlation function. This
interpretation assumes that the sample has an ideal lamellar
morphology,i.e. it consistsof altenating crystalline and
amorphousayerdormingstacks that are largaough not to

affect the smalingle scattering.

lIl .8. 1D-correlation function and the main parameters used for its
analysis

The onedimensional correlation function approach,
following the original contribution ¥nk andKortlgve was
designed for homogeneous ideat-phase systems where a
series of triangles centeredr at 0, LB, 2B, etc., reflect
correlationsof the lamellawith its next neighbors, second
neighbors, etdAt the origin the correlation functioforms
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the seFDO O HBrreVWOR Q W U LhorantaHlime 7K H
that passethroughthe bases of the triangles is called the

" E DV H The @tepminations ofB, L, L, and - LJ/LB

may be realized by locating the first minimum and maximum
in the correlation function. The long petigor LB referrd

to as the Bragg peakestimated from the position of the first
maximum of £(r). On the other hand, the negatvdinate

£, is related to crystallinity, as follows

, BKNT < 05
.22
LRIy
@, = ' BKNT > 05
iy

So, the first minimum of thED correlation function can be
used to determine thealue of — if this minimum is flat

Also, the intersection of the linear regression to the self
correlation triangle with the baseline directly yields a value for
L. or Laaccording tdhevalue of— (e.g.jt provided . if —

<0.5).

An alternative way to calculaieis the solution of the so

called quadratic expression (Q.E.):

#= 1Tyl Fl1y.$ .23
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where A equals the intersection of tHeRAT (inear
regression to theelfcorrelation triangjewith the abscissa

(A(r) = 0). This equatioryields two possible values far.

2QH YDOXH LV ORZHU WKDQ WKH RW
— ). Independent informatioan the sample crystallinity is
needed to decide whicbligion of QE. gives the true value

The lamellar and amorphous layer thicknesses can then be

calculatedor example as

2= 1u$ == 1 F14.9% 1 .24

Il .6.2 The Iinterface distribution f unction
approach
Further details of the miestructure of the twphase
system can be analyzed using the interface distribution
function (IDF) developed byRulantl The IDF providesa
seies of the distance distributions with alternating signs,
which are composed togetf&r Fig. 111.9)

11 .6.2.1 Calculation of the interface distribution
function « { ")
The interface distribution function, denoted in this

manuscript ag,(r), can be calculated by two different ways:
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1- by the second derivative of the 1D correlation function
£(r)
G :N= %‘L & Il 25
2- as a Fourier transform of the interference function
G4(r) which is the Fourier transform of the scattering
intensity after subtraction of the Porod law:

+ »

G:N= £ ):Qcos:ON @ Il .26

F»

Fig. lll .9. The interface distribution function.

ThisIDF represents thgrobability distributionf finding
two interfaceseparated bgdistance. The values dhe IDF
are negative if thevo phasesrethe sameandyvice versss
shown by Stribeckand Rulantl from the analysis of this
function one can obtainBl. L, L, and the width of the

correspondingistributiors.
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l11.6.2.2 Impact of Lorenz correction on the IDF and CF

As mentioned previously, the Lozerorrection is applied
for the SAXS intensity to account for the isotropic character
of the sample. To our knowledge, no analytical approach exist
today for the intensity correction of oriented samples with
unknown orientation functions. In this work, dexided to
follow an empirical approach, where the Lorenz correction
factor was chosen between 1.0 and 2.0 in such a way that the
CF and IDF are as close as possible to their ideal shapes.
Figure Ill.10 shows the impact of the Lorenz correction factor
on these functions. It can be seen that for some values the CF
exhibits a spurious secondary maximum at distances around 6
7 nm whereas the IDF becomes negative in the same region.

We thus selected the correction factor to avoid these artifacts.

Fig. 1l .10. Variation of the CF and IDF with the Lorenz correction factorm.
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chapter IV Morphology of the PSb-
PEO single crystals

Single crystals of RB-PEQO diblock copolymers are formed in dilute
solutions by foldng back and forth of the crystallizable PEO chain to
form the crystalline lamellar core. At the same time, the amorphous
PS block is rejected outside the growing crystal and accumulates on
its basal surfaces. Due to the fact that the single crystal geomefr
PSb-PEO is well defined and the lamellar core is rather uniform in
thickness, such system can be considered as a model to study the
properties of PS brushes with variable grafting density. Moreover,
the constraints imposed by the PS brush on the girgyvcrystal can

be studied from the point of view of their impact on the resulting
semicrystalline morphology. In this chapter, the microstructure of
single crystals of P8-PEO has been analyzed with a combination of
AFM and SAXS/WAXS measurements. Weach for the
morphological parameter sensitive to the PS brush stretching
regime.
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IV.1.Introduction

In this chapter, wewill focus on the semicrystalline
morphology of PSb-PEO single crystalAlthough these
systems have been extensively stusiieck about four
decades, the miestructural informatioon these systens
still scarce or evamissingo our knowledgét is noteworthy
thatthe interest in these systems has been recently renewed in
the perspective of using them as modajsaftedamorphous
brustes with variable grafting density. Indeed, during
crystallization of PEOthe amorphous block, i.e. PS, is
rejected from the crystal accumulating on its basal surfaces.
Since the crystal thickness formed during isothermal
crystallization is a shargblected va@athe grafting density
of the resulting PS brush is also well defined. Therefore by
varying the crystal thickness one can obiai®S brushes

with grafting density varying in a broad range.

In the scope of this work, we investigate the influence of
the amorphous blockn crystallization ofemicrystalline
amorphous block copolymers. Therefore the firstistédpe
studyshould conist in a careful analysis of the semicrystalline
structure of single crystals of BSPEO formed from
copolymers with different lengtbf the PEO block and at
different crystallization temperatures. To this end, a
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combination ofeciprocal and direspae techniques such as
SAXS and AFM will bemployedWhile AFM experiments

will be performed on isolated single crystals, the SAXS
investigation will be carried out on mats of single crystals
VORZO\ VHGLPHQWHG IURDRBn WiK thséP R W K
the modelto be usedfor the datainterpreétion is the one
dimensional twphase system for which the thickness of the
amorphous (}) and crystalline {Llayers areonventionally
determined following the correlation function (CF) and/or
interface distribution function (IDEpproaches. The results

of AFM and SAXS will be critically reviewed and
guantitatively comparetihe complementarities of these two
techniques are expected to provide additional insgjtuthe
crystal shape and tdisution.

In the second step of the study, we will tigeatifythe
morphologicaparameter of this sérystalline system, which
is sensitive to the stretching brush regime of PS and evaluate
the correspondingtate of thd®Sbrush.We believe that ith
analysis will contributeo understanding of the polymer
crystallization process at the molecular scale and the interplay
between the crystallizable and amorphous parts of the system

during this process.
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IV.2.Morphology of single crystals of PS-b-PEO

In this section, several morphological features of the
grown single crystals will be described. Sdntige results
presented hereill be important for the later discussion on
the micrestructural parameters and the state of the tethered
PS chains on the lameBarface.

IV.2.1 Lateral habits of the PSb-PEO single

crystal s

It is noteworthy that not all sample preparatshasved
perfectly uniform squashaped crystals &kemplifiedin
Figure 112 An account of the technical difficulties
experienced during sampeeparatios was given in the
experimental chapter. However, tleephological features of
the PSb-PEO crystals, which make them different friwa
ideal uniform platelet with a square shegenot be simply
assignedot the experimental difficulties aorinsteadhey
canreveal some intrinsic structural features of these objects.
Figure IV.1 shows two micrographs of single crystals, the
shape of which significantly departs from that of a square
platelet. Thus, in the left panel of figure IV.1, ssnaagly
anisometricobjects are observed, which are rather common

for the single crystal preparations contaimigiy MW of the
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PEO block at high undercoolings. In the right pahgfjure
IV.1 one can observe a crystal exhibitinglinear growth

faces apwaching a dendritgpe of shape.

Figure IV.1. STEM image of PS6-PEO (40-680) crystallized at 25°C with
some ribbonlike structures (left) and a stafike single crystal of PSH-PEO
(190240) crystallized at 25°C (right).

These morphologies weggicallyfound for copolymers
with a high PS/PEO ratio. We speculate that the curvature of
the growth faces can be dua tsignificant fraction of swollen
PS caolils, which accumulates in front of the crystallization front
creatinga barrier for the transport of new crystallizable
speciesThe dendritic features become even more prominent
at higher crystallization temperatures (cf. Fig. IV.2), where the
increased crystal thickness amplifies the steric hindrance
imposedon the attachig chaingy thestronglysqueezed PS
coils. Importantly, in this case, the fastest growth axes are not
anymore the conventional 120 planesrdihier010 or 100

planes A pronounced dendrite with a high frequency of
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branching can be seen in figure IVi3tfie copolymer with
aneven higher PS content.

In some instances, nascent truncated shapesalsere
observed, where the nascent faces were parallel to one of the
lattice parameter (i.e* or b). The latter are reminiscent of
hexagonal single crystakslioear polyethylene extensively

studied in the pﬁ(”.

Figure 1IV.2. Single crystal of PSS-PEO (190240) grown at 30°C, the
preferred growh axes are {010} & {100} axes.h€ direction of the folds is
thus not exclusivelyparallel tothe 120 plar.

Figure IV.3. Single crystal of P&-PEO (256350) formed at 30°C imagec
after centrifugation ard washing.
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Among other structures observed upon crystallization of
PSb-PEO from dilute solutions are multilayered structures.
They can be considered as intermediate step toward the
formation of 3D structures starting from the isolated single

crystallindamella.

Threeexamples of such multilayer structures are shown
for PSb-PEO (40445) crystallized at 32°CfigurelV.4. In
WKLV FDVH WKH IDFHWV RI WKH RYHUJ
are parallel to &t RI WKH "PRWKHUup FU\WWDO
crystalshus forma multi-layerby stackng on top of each
other while preserving the same direction of the
crystallographic axégne center of eactrystallindayer can
be either laterally offset versus thathe previous layer (cf.

Fig. IV4, left) or kept in the same place, leading to the
formation of crystalline pyramids (cf. Fig4,|\niddle and
right)

Figure 1IV.4. STEM images of pyramidal multilayered structuresof PSb-
PEO (40-445) crystallized at Tc=32°C.
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In some casdhe multilayer structuseareformed via the
giant screw dislocation mechanismhich is particularly
frequent in growth of homopolymer cry@ai’shree other
examples of multilayer structures imaged by AFM are
presented indurelV.5.

Figure IV.5. AFM height images of three different types ofmultilayer
structures: multilayer formed via giant screw dislocation foPS 6-PEO (40

680) crystallized afT ;=25°C (left); multi-terrace structure of PSS-PEO (40-

220) crystallized at 25°C (middle) and multilayestructure of PSH-PEO (95

270) formed afl :=30°C (right).

As far as the morphology of the basal lamellar surface is
concerned, the AFM images reveal some inhomogeneities of
the surface topography, whamdnsist in dine surfaceexture
composed oftripes running approximately perpendicular to
the growth face¢cf. Fig. 1V.6) Similar observations have
been made on single crystals of Iine PEe PEcrystals
showed a fine surface texture of the sectomsposed of
nanometescale surface corrugatiolmssingle crystals of PE

deposited on a substrate orientation of these corrugations
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was nearly orthogonal in adjacerystal sectors, and rather
close to that of the much coarser pleats alignedep#wall
(530) or (310) planes. The authors supposed that

Figure IV.6. Sngle crystak of PS6-PEO (70-270) and (196240) formed at
30°C showthe surface wrinklesrunning perpendicular to the {120} plaa and

four sector boundaries

these surface features, or wrinkles, originate from crystal
flattening on the substratéor the crystals of HSPEO, the
problem of flattening on the substratould not be of
relevancas the crystals have already flat configuration in the
"PRWK Hiibp. W Rddi¥on, the direction of the wrinkles
observed inthe presentwork is different. Therefore, we
speculate that these features can be either due to organization
of the PS chains on teeystakurface or can be related to the
growth mechanisrperse i.e.they carreflectthe size of the

secondary nuctéi
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IV.2.2 Lamellar thi ckness distribution
Whenexaminedvith more scrutinysomecrystad reveal
regions of different thicknesghich often looHKike a frame
formed parallel to the growth fademgurelV.7 showssingle
crystals oPSb-PEO (40150)generateat 25°C.From the
AFM image it iglearly visible that the overall thickness is not
constantacrossthe wholecrystal.Instead three region®f
different thicknessare clearly distinguishable aade
highlightedn the figurewith different colors such as blue for
the crystal interior, retbr the outer zone angreen forthe
crystaledgs zoneThe crossection profiles traced along the
120 direction are shown using the same color Gbae.
histogramof this crystal was shown previously (cf. Hg.),

it reveals a trimodal distribution of the lamellar thickness.

Figure IV.7. Single crystalof PS 6-PEO (40-150)generatedat 25°C(left) and
corresponding crosssectional profiles (right).
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Thus by fittinghe histogram to a sum Gaussian functions,

the maxima were found E§.85 nm, 18.87 nm a@#l.94 nm
Interestingly,he differencén thicknes®f successive zonis

very clos to 3 nm i.e., it is on the order of 1.5 times c
parameter of the PEO crystdhe exact reasons for this
particulavalue are not understogetbut it may beelated to
qguantization ofthe PEO crystal thicknessFigure V.8
provides another examplesiriigle crystals with namiform
thickness distribution. These are crystals dfFED (70

270) formed at 30 and 25°C. As for the previous situation, the
thicker parts of the crystals are the crystal edges. The height
histograms shown in the figure gils an impression of
quantized lamellar thickness, although the thickness step is
now somewhat smaller than it was previously. One of the
reasons for this difference in the height step can be related to
the contribution coming from the amorphous PS bialgich

can modify the overall steplue.

Observations of similar leslsaped crystals were previously
reported for P®PEO by Chengnd ceauthors”, however
without specifying the reasons for such a thickness variation
across the crystal. It is notewgrthat in our work the lens

shaped crystals are mainly observed for the diblocks
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with low MW of PEO, which are formed close to the T
temperaturen solution This can explaiwhy even a small
polydispersity can result avisble variation of lamellar
thicknessWith regard to this issuecan be recalled that the
crystal thickness variation becomes steeper in the proximity of

Figure 1V .8. Single crystak of PS6-PEO (70-270) formed at 30°C (top left)
25°C (bottom left). The right panels give the corresponding height
histograms and fits with Gaussian functions.

the final melting poinfcf. Section 1.1)5Therefore in these
conditions the chain fractionation ccampanying
crystallization can bring about a variation of crystal thickness,

which is not negligibl&he crystal thickneskstributionwill
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be discussertherin the texwhen comparing the results of
AFM and SAXS.

IV.2.3 Chain orientation in the PSb-PEO single

crystals as measured by WAXS

Although the chain orientation in single crystals 4 PS
PEO has been already addressed in the experimental section
and the evidence was obtained from selaotedED that the
PEO chains are normal to the basal lanphne, it is quite
convenient to checthe chain orientation in real timsing
2D WAXS in transmission. Figure 1V.9 shows WAXS patterns
corresponding to the single

Figure IV.9. WAXS patterns measured on mats &S 6-PEO (70-270) single
crystak using an inclined CCD camera. The plane of the sample i®ughly

horizontal.

127



crystal preparation ¢fSb-PEO (70270 diblock copolymer
crystallized at different temperatures. It can be seen that the
WAXS patterns are oriented and that the maximum of the
first intense peak (i.220)is lying in the equatorial plane.
Given the monoclinic lattice of PEO withe angle bet
differing from 90degees this means that, on the average, the
PEO chains are vertical. Controlling the chain orientaiiion

be very importanin further studies involvinginglecrystal
annealingoecause it can shed light iwe chain refolding

mechaisms.

IV.2.4 Microstructure of sin gle crystals of PSb-
PEO investigatedwith SAXS

The main information on the miestructural parameters
of single crystals of BFPEO wasobtainedfrom SAXS
measurementen sedimentedingle crystal matsFor this
particularpurpose the advantages of SAXS with respect to
AFM aremainlydue to the fact thatvithin the global lamellar
thicknessthe SAXStechniquecan discriminate the thickness
of the constitutivecrystalline lamella core)(and amorphous
layer thickness JL Moreover the SAXS signal contains
information over billions of single crystals, which

unmatched in terms tfe objectstatistics.
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Figure 1V.10. Oriented 2D SAX®attern of a single crystal mabf PS5-PEO
(40-680) crystallized at 30°C(left). Right: the corresponding 1Dscattering
curve, 1D correlation function and interface distribution function

A typical measuremepérformedon a single crystal mat
of PSb-PEO diblockformedat 30°C is given in figure IV.10.
On 2D SAXSpattern, one can see that sicattering intesity
is concentrated in the equatorial plané exhibitsat least
three orders of the main interference maximum, which
indicates good orderingthin thesingle oystal stackst is
clear that in the ideal case of stagkadllelplatelets, the
pattern should contaionly a series of equatorial spots. The
angular spread of the pgakound the equator is duethe

varying orientation of tHamellae stacks normal

A streak visible in the equatorial plane of the pattern most
probably originates from pores or cavities appdared) the
crystalsedimentation and subsequent solvent drying. These

defects located-imetween the crystals genesastrong signal
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due b ahigh electron density contrast. The red@fe8AXS
intensity and 1D correlation and interface distribution
functiors are also shown in the figure. It cambtcedthat

the main interference maximum is centereappnoximately
10nm, which corresposdo the long period of the system.
The 1D correlation function reveals many interference
maxima slowly decaying in amplitude. The minima of the CF
exhibit flat bottom parts that testify the existence of well
defined characteristic distances. Indeed, titerface
distribution function allosvto clearly separate the fitgto
positive peaks that areonventionallyassigned to the
crystalline core and amorphous interl@yaus, in this case
one can determine the most probable valtiéx and La
simply by pcking the maxima of the corresponding peaks.
The first negative peak is assigned to the most probable value

of long period.

The SAXS patterns obtained on different-bHFEEO
copolymers are exemplified in figuxell. The patterns
display a progressivectkase of long period (or position of
the main interference maximum) when the MW of the PEO
block is increased. Thirendis also reflected in positions of
the first subsidiary maximum of the correlation functions or

the first minimum of the interface distribution functions.
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Importantly, theinterface distribution functions shetter
resolution of thdirst two positive pdas when the MW of
PEO is increased. &hnsufficient resolution of the interface
distribution functions for the diblock copolymers with low
MW of PEOcan be accounted for by temdshapedsingle
crystalsdescribed previouslyndeed, thebroad lamellar
thickness distvution in this case smears out the crystalline
and amorphous layer distributions makiegn merging A
detailed comparison between the AFM and SAXS results will

be given in the next section.
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Figure IV.11 SAXSmeasurements corresponding to single crystal magf
PS H-PEO (4019) crystallized atT ¢ of 25°C (a) and PS 4-PEO (40-290) (b),
PSH-PEO (40380) (c), PSHPEO (40445 (d), PSH-PEO (40680) (e)
crystallized at 30°CThe corresponding 1Dscattering curves, 1D correlation

and interface distribution functions are shownon the right.
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It is instructive to follow the miciiructural evolutioon
the samdSb-PEO block copolymer crystallized at different
temperatures, abustratedin figure IV.12It can e clearly
seenthat the long period increases with Tc, whictinds
expecteehavior Moreover, at the same time the interface
distribution functions display better and better resolution of
the crystal and amorphous layer distributions.

Figure IV.122D SAXS patters, 1D scattering curves and theorresponding
correlation and interface distribution functions of PS»-PEO (40-250)single
crystal matsformed at25°(a),30°(b) and35°C(c).
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At this point it is appropriate to summarall the SAXS
results obtainedn the PS-PEO crystaldy displayinghe
values of L, L, and LB as a function df. Figure IV.B
presentsour findings for the series of -BEEO block
copolymers containing PS blocks of 40 monomershigve
here the SAXS distances found by following , bibth
correlation and interfacaistribution function approaches
These two sets of datre denoted with CF and _IDF
accordinglyThe difference betweéme results obtained with
the two approaches is edgd mainly for the low MW PEO
for which the distancesare characterized byroad

distributions.
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Figure IV.13. SAXSdistances L, L, and LB for the series of P&-PSO block

copolymers with the degree of polymerization of the P8ock equal 40.

It is important to note that in the attribution of the two
SAXS distances we decided to assign the smallest distance to
the amorphous interlaytiiroughout this workThis distance
attribution will be discussed in some detail in the following
sectionsBased on this attribution, it can be seem fiigure
IV.12 that, in agreement with the data given in figure 1V.11, at
a constantcrystallization temperature the ctygteckness
increases when the MW of PEO gets smaller. This reflects the
fact that the degree of supercooling of crystals with low MW
PEO is smaller. Also, for all the samples the crystal thickness
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increasewith T, which ign line with the general exfons
and the results reported in figure 1V.12

Another series of samples presented in figure 1V.14
contains PS blocks of variable lengthlethe length of the
PEO block is kept approximately constant. In this case, the
increase in the PS lengtiainy gives rise to the increase of
long period.

Figure 1V.14. SAXSdistances L, L, and LB for the series of P$-PSO block
copolymers with varying degree of polymerization of the PS block an
approximately equivalent PEO blocks (i.e. N= 250, 280 and 270).

IV.25 Comparison of the  micro-structural

parameters obtained from AFM and SAXS
In this section, we wijuantitativelyonfront the SAXS and
AFM data to check their accuracy. It is convenient to start the

comparison with the single crystals thatargt close to the
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shape otheideal unifom platelet This is the case single
crystals fromPSb-PEO (40680)copolymer (cf. Fig. 1V.15).

The above figure shows an AFM micrograph of a typical
crystal together with cressctions passing through the crystal
center and edges. The red and blue-sext®n lines show a
relatively smaltlifference in the lamellar thickness, which
means that the lesbape feature was visibly not developed
here. Therefore the crystal is characterized by a rather uniform
thickness. The SAXS intensity acquired on a single crystal mat
reveals good orientatiand the presence of three orders of
the main interference peak. The corresponding correlation and
interference distribution functions allow to determine the
lamellar stacking periodicity and discriminate the amorphous
and crystalline layers. The crustap in the comparison
between the SAXS and AFM data is displayed in the bottom
right panel of figure IV.15 where the SAXS interface
distribution function is overlaid with the inverted height

histogram calculated from the AFM image.
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Figure IV.15. Comparison of SA)>Sand AFM data for thePS 6-PEO (40-680)
single crystak formed at 35°C.70p: AFM image of a typical single crystal
with two crosssections traced through the center and edges of the cryst:
Middle: 2D SAXS pattern, reduced scattering curve and 1Dcorrelation
function. Bottom. SAXSinterface distribution function alone and with the

AFM height histogram (red bars)overlaid.
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It is evident that the height, as measured with AFM
corresponds to the lamellar thicknessidinag) the crystalline
lamellar core and amorphous top layer. Therefore, the AFM
height should be comparable to the SAXS long period, as was
found previously for single crystals of lineal”PI& our case,

the agreement between SAXS and AFM is quite atigfa

and this is despite the fact that these two techniques are very
different from all points ofview including the spatial

calibration procedures.

Figure IV.16. Comparison of the SAXS and AFM data for tis b-PEO (40
445 single crystab formed at 35°CThe legendis similar to figure 1V.15
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Figure 1IV.17. Comparison of the SAXS and AFM data for tHeS H-PEO

copolymers with low MW of PEO. (a) PS6-PEO (40-150) formed at
Tc=25°C; (b) PS&-PEO (40-250) formed at Tc=25°C, (cPSbH-PEO (40-250)
formed at Tc=30°C and (d)PS6-PEO (40-250) formed at Tc=25°C. The

legend is similar to figure 1V.15.

The sameomparison wasttemptedor the PS-PEO (40
445) crystal¢cf. Fig. 1V.16) andit alsorevealsvery good
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agreemenfThe results of this comparisare alreadyrather
encouraging for the quantitative treatment of AFM images in
order to extract meaningful morphological parameters.

In figure 1IV.17, wefollow the same type of comparative
analys for single crystals containing low MW PEO, which
typically results in the formation of lsheped crystals.
Indeed, te lensshapesan beseenfor the crystals of P®

PEO (40150) andPSb-PEO (40250) shown in the figure.
Thus for the P®PEO (40150) block copolymer the height
difference between the crystal center and periphery reaches
almost5nm, or 25% of the overall height. It is thus evident
that in the SAXSnterface distribution functipnve are no
more capable of discriminating the amorplodscrystalline
layer thickness. Despite this uncertainty, the SAXS and AFM
data still agrees very wielt the overalllamellar thickness
distribution However, in some instances the distance
distribution as found from SAXSs somewhabroacer than

tha of AFM, which can be accounted foy the different
objectstatisticprobed by thessvo techniques

The last point of comparison between SAXS and AFM will
performed on R8-PEO copolymers with longer PS blocks.
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Figure IV .18.Comparison of the SAXS and AFM data for the PEPEO
copolymers with variable length of the PS block. P&PEO (50-280) formed
at Tc=25°C (a) and PSH6-PEO (70-270) formed at T=30°C (b). The legend

is similar to figure 1V.15.

In this case, the lesbapefeature is even more enhanced,
especially for sample -BBEO (70270). Despite this
morphology the lamellar thickness distribution is still in
agreement with AFM. We can thus conclude that quantitative
analysis of the AFM images of single copolymealsrgsin

be secessfully used to extract thiero-structural parameters
such as the long period

IV.2.6 Assignment of the SAXS distances tand La
Generally, it is well documented that PEO forms thick
crystaEI and that the situation with the SAXS distance
assignment here is thus very different from that encountered
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for example for aromatic semirigid chain polymers such as
poly(ether ether ketone), felhylene terephthalate) or
poly(trimethylene tereptaiate). Therefore the ambiguite

to the Babinet principle is less dramatic in this case. However,
we decided to verify the distance attribution, the.
assignment ahe largest distance to Lc and the smalfest

to La, byinvestigating the same crygie¢parationin the
QDWLYH “PRW HErd Unuthy Brp datdloPoQtain a
reasonable sigratnoise ratio we had to employ higher
concentrations of thegpolymerfor solution crystallization.
Therefore the first step in this analysis was to check whether
by usingthese highconcentrations we are still capable of
generating conventional lamellar crystals. Figure 1V.19 (top
left) shows indeed that the same lanmedlait was preserved

for the crystals of #SPEO (40250)grown from a higher
FRQFHQWUDWLRQ "PRWKHUu VROXWLRGC
suspension reveals a clearly distinguishable interference
maximum, which indicates that the crystals in susperesion ar
ordered. We believe that the steric repulsion of the swollen PS
brush grafted to the crystal surface results in the appearance of
some average nearasighbor distance between the lamellae,
which is reflected asterferencein the SAXS curve.

Anticipatng our later discussion on the state of the PS chains,
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it is useful to mention that the interdigitaion of the PS

segments

Figure IV.19. (Top left): single crystals of PS6-PEO (40-250)grown in amyl

acetate solutionwith increased concentrationat 30°C (Top right): 2D SAXS
pattern corresponding to the single crystal suspension (Bottom left):

reduced 1D SAXS intensity(Bottom right): interface distribution functions
corresponding to the single crystals in suspengicand in the dry state.

from the neighboring lamellae is hardly possible for this

particular system. Therefore the hotgstalline distance
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should correspond to the double thickness of the PS brush (cf.
Fig. IV.20). In addition, the SAXS intensity reveals the crystal
orientation in suspension. The latter is of course of little
surprise as the crystals are slowly sedimenting and act as small
paachutes which are oriented perpendicular to the direction

of sedimentation.

Figure IV.20. Schematics of PS9-PEO single crystals in suspension with
strongly swollen PS coils. The sketch does not show the PEO folds.

The interface distributiofunction was computed after the
necessary correction of the scattering intensigcéttering

of the puresolvent(cf. Fig. 1V.19, bottom peels). Close to
the origin, the functiorshows the main maximum and a
shoulder that cape attributed to the two SAXS distances. By
comparing the interface distribution funcioarresponding

to the same crystals of the diblock copolymesuspension

and inthe dry state, one can see that one of the distances was
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not change which is obwausly thdamellar crystahickness.
Therefore the proposed distance attribution is confiftried.
noteworthy that in the swollen state the long gesfothe
system is doubled, whihe thickness of the amorphous layer
is increased almost by a facbfour with respect to the dry
state This observation seems quite logical because amyl
acetate is a good solvent for PS

The next issu® be tackled in this chapter concerns the
state of the PS blocks tethered to the crystal surfastidyjo
the state of PS, we have to carry out a cawefulanalysis of
the SAXS distances tbe able to discriminate the
contributions of the PS blocks and PEO folds present on the

lamellar surface.
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IV.3.Conformation of tethered PS brush
during crystallizati on of PSb-PEO from

solution

In the frame othis work, we are interested in determining
the impact of themaorphous block on the diblock copolymer
crystallization process in diluselution It is therefore
necessary tdigure out what is the key paramast or
parametersesponsible fothis effect. One of the first ideas
one can havén mind is to start with estimabn of the
entropic contributionof the stretched PS brush. This
contribution can increasthe overall free energyof the
lamellar surface aridereby modify tle thermodynamics of
the crystaformation.From the theoretical point of view, the
scaling propertiesf polymer chains anchored onto planar
surfacesvere initiallyelaboratethy de GennasdAlexandef*
106 Afterwards Sementdy MilneiWitterCate$® and Zhulina
PriamitsyBoris¥'*° developeda sekconsistenfield theory
(SCF)whichprediceda parabolitorm for the density profile
and obtained an expressitor the free energy of two
interacting flat brushe&s faras the cystallizablamorphous
diblock copolymers are concernieel theoretical approaches
were developedpproximately at the same fith& In the

latterworks,the scaling relations between the crystal thickness
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and molecular weight of the amorphoblck wee
establishetly minimizing the total free energy with respect to

the areger chain.

IV.3.1 Evaluating the weight of the amorphous
fold and the number of folds in PSbh-PEO

crystals
To betterunderstand the crystal formation conditidns, i
thus of interest tovaluate the stretching regime of the PS

brush for the single crystal preparations used in this work.

Figure IV.2L Schematic of a single crystal of PS»-PEO
structure showing the different structural elements of the

system

For this purpose, we will need to determine the number of
folds of the crystallizable block and to compute the surface

available for one grafted PS block.

Figure V.21 presents a schematics of thé-HED

crystalline lamella in which different structel@nents are
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depicted In the simplest approximation, we can neglect the
influence of the chain ends (cilia) and consider that all the
chain ends are incorporatedan tightly bound next tdhe
crystakurfaceTherefore the total mass of the PEO cham

be written as:

[21= dan 265 1%+ Jael soe A
where the M), stands for the mass of the amorphous chain

fold of PEO. The number of stemgpisrelated to g, as:

Jon = Jegt 1 IV 2.

If one recalls that the PE@ttice accommodates four chains,
the surface Aoccupiedon the lamellar basal plame one
stem is given by:

# = =>sin U4 IV.3.

The thickness of the interlameBanorphousegion can be

expressed as:

. e, /25
g om Fligmm g IV 4,

- 5 5
In Eqg. (IV.4) S stands for thealf of thesurface on the basal

lamellar plane occupied by one PEO chain
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5= Jan o IV 5.
On the other hand:

I 21= Jan FLl;/gept Jon 263 1% IV 6.
Therefore:
I 21+ | sag

J = y IvV.7.
P T aet 260 1%

or

| 21 F.2& 1 #
| et 263 1%
By inserting Eq. (IV.7) into Eq. (B), one obtains the

N IV.8.

expression for the mass of #reorphoudold:

/ ,
32:-?93'1#0 F#H.=/ 21

| g1, 28 1t [ 25
_F—=—=E—+ —%< F—
.- € 1 € 1 €5

In the calculationgpart from the known lattice parameters of

PEO,we used the following tabulated constants:

x €,=1239Q 73
X 6,=1124Q %3
X é25: 1,052 Q2 3.
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Figure 1V.22. Molecular weight of the amorphous PEO fold for single
crystals of PS6-PEO (40-680) expressed in number of monomer3he
calculations are performed using the correlation function (_CF) ant

interface distribution function (_IDF) data.

Figure 1V.22 shows the amorphous fold mass expressed
in number of PEO monomers calculated for single crystals of
PSb-PEO (40680) block copolymefhe computations have
been performed using the SAXS distandetermined
following the correlation and interface distribution function
approaches.
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Figure IV.23. Number of folds in the PEO block of PSS-PEO (40-680)
single crystal

Also, by knowing the fold mass, one can compute the
crystallinity with respect to the crystallizable habk i.e.
PEO (cf. Fig. IV.24) as follows:

# . 263 1( Jawgt 1)
# 260 1(Jseet 1) + / seele
It can be seen that since the PEO folds are very tight, even for
the thinnest crystals ¢1Sb-PEO (40680) we obtain the
weight crystallinity valuekichare very high, i.e. on the order

of 90%.

V.10

l2 1=
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Figure IV.24. Weight crystallinity for the PEO block in single crystals of PS
b-PEO (40-680)

We tried to perform similar computations for single crystals of
other block copolymers but they were not successful. One of
the reasons is that the weight of the amorphous PEO fold is
obtained as a small difference of two large values (cf. Eq.
IV.9), and KDW -V Z#curdt¢yoH this determination
critically depends of the relative amounthefamorphous
folds in the intetamellar layer. This can be illustrated by
computing the ratio of PEO and PS in the interlamellar
amorphous regions by assuming émeesweight of theEO
amorphous fold for all the sangktudied. The results are
given in figure 1V.25. Indeed, it can be seen that for single
crystals of R&PEO (40680) copolymer theEO-PSratio is

the highesand is close to on®/e can see that ticboice of

our samples allow to cover a very broad range of

compositions of the interlamellar amorphous regiwhsen
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the MW of the PEO block decreases, the ratio becomes
sensitively smaller, amigcreases to abo0t09 for single
crystals of PBPEO (40150) copolymerTherefore the
amorphous layer of the low MW PEO diblocks contains

almost pure PS.

Figure IV.25. Weight ratio of PEO and PS within the interlamellar

amorphous regions. The line is a guide to the eye.

It is instructive to calculate the number of folds for all the
samples, by setting the PEO fold mass equal timtimat for
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the PSOPEO (40680) crystals. Theesults of the
computations arghown in figure IV.3. In this case, waot
only the average values qf, rfor each of the diblock
copolymers therebylisregarithg its dependence on the

crystallization temperatuvehich is much weaker

Figure 1V.26. Averageweight of the amorphousPEO fold expressed
in number of monomers The data comprise PSH6-PEO block

copolymers with the lengths of the PS block equal 40 (black), £
(red) and 70 (blue) monomers.
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The general trendf n,, is as expected, i.e. the crystals
formed fromthe low MW PEOblock exhibitless folds than
those containinghigh MW PEO. Thu®n the averagthe
chainsof the PSb-PEO (40150) crystals are folded twice,
whereasas it was already mentioned abiovihe crystals of
PSb-PEO (40680) the PEO chain has abdwenty folds.
Therefoe it is clear that spatial confinement for the PS coll
varies dramatically with the MW of the PEO diblock.
However,in this graphwe are not able to observe any
particular ransition related to a change of the PS brush
stretching regime. It is notewortiwatt the only point falling
out of the general dependence corresponds to single crystals
of PSbPEO (706270). This sample exhibits much thicker
crystals than its companions with the same length of PEO and
smaller PS segments. The reason for this partiebkarior is

not yet fully understood.

IV.3.2 Analysis of the crystallization line

It is convenient to analyze the structure of single
crystals from the crystallization line of the Gilimmmson
equation (cf. Fig. l.16Jerewe swapped thexef the graph

to facilitate the comparison with literature data.
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Figure V.27 shows the crystallization line for all the
block copolymer samples having the length of the PS block
equal 40. It be seen that, despite some scatter in the data, all
the slopesfahe linear fits are negative, which means that the
crystal thickness decreases with crystallization temperature.
Also, across the sample series the crystal thickness increases
together with decrease of the MW PEO. Apart from these
observations, which veealready made previously for the set
of raw data, the curves do not add much new information.
However, if we look in the literature, we can find that exactly
these dependences were used to identify the setting of the
highlystretched brush regime for tA8 block. The data due

to Chengpt ﬁare given in figure 1vV.28
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Figure IV.27. Dependence of the reciprocal crysta
thickness on the crystallization temperature forall the
block copolymers with the PS blockength equal 40

158



Figure 1V.28. Literature dat Relationships between
1/aPEO and 7x for 10 PEGH-PS diblock copolymer (and
PEO homopolymer) samples crystallized at different7x
values in both chlorobenzene/octane (for sample 3 ir
Tablel only) and amyl acetate (for samples-ID). From
bottom to the top samples 110 are (3) PEGH-PS (11.0K
4.6K), (2) PEOH-PS (17.0K3.0K), (1) PEO homopolymer,
(4) PEO-b-PS (40.1K7.7K), (5) PEQH PS (23.0K5.0K), (6)
PEO-6-PS (16.7K5.0K), (7) PEGH-PS (20.3K6.8K), (8)
PEO-6-PS (9.4K6.7K), (9) PEGH-PS (8.7k 9.2K), and
(10) PEO-6-PS (17.0KL1.0K).

In the figure, one can clearly see two different slopes of the
linear fits, which is essential for thex W kieigrétation of

the different stretching regimes of the PS brush. The authors
claim that the highly stretching regime is observed in this case
for samples starting from N3, which has a break in the slope
of the crystallization line Interestingly, this sample

compositionis equivalent to (4250), and is thus very close to
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our PSb-PEO (40250). The curves given in figure 8/.2
reveal only a negligible scattesundthe linear fits, which
would certainly requirat leastl.0 Angstromresolution in
determination of crystal thickness. Let us analyze what was the

experimental technigaowingto achieve such resolution.

The auhors were using two independent methods, both based
on AFM height measuremeriffe first methoctonsisted in
compleion of solution crystallization ofa PShPEO
copolymer witha pure PEO homopolymer nucleated directly

on the copolymer crystal. In thiseait was claimed that the
height of the homopolymer crystal exaotycheshe crystal
thicknessof the diblock copolymer lamella. It is however
known that during solution crystallizatiewen of a pure
homopolymer, its crystal thickness can changseponséor
exampleto a change of crystallization temperature. An
example of such crystal of linear PE shown in figur® IV.2
was previouslseportedby Ivan The crystallization of PE

was conducted alternatively at two different temperatures,
JLYLQJ ULVH WR ZKDW ZDVGHFRWHGV MG
single crystal. Importantly, it can be seen that, during
crystallization, the thinner crystal formed at a lower
crystallization temperature was successfully nucleated on a

thicker crystal growrt a higher temperature. Moreover, the
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opposite situation was also possible. So it can be concluded
that the different parts of the crystal formed in different
conditions of supercooling do not have the same crystal
thickness. Therefore it will be diffidoltadmit that the crystal

of a pure PEO homopolymer preserves the same crystal
thickness, which was characteristic of the copolymer crystal.

Figure 1V.29. Literature dat Tapping mode AFM images
(13.0x 13.0 A2) of a single LPE crystal prepared by alternate
crystallization at 7¢;) 98 and 7¢») 95 °C from r-octane. The
crystal has four (110) sectors and two thinner (2G@ctors. The
most prominent feature ofthe crystal is a system of stripes o
about 1.6 nm high running parallel to the crystal growth faces.

The second method to determine the crystal thickness is
based on the overall lamellar thickness measurement and uses
the assumption that the crystallinity calculated folPEHa
block is constant and equab%'® This assumption is
however difficult to ch&directlyfrom the SAXS data, as we
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have seen that theccuracyf the method does not allow
obtaining reasonable valuestttd mass of the amorphous
fold for the interlamellar regions strongly dominated by PS. It
is however expected that the crystallinitl be affected by

the degree of supercooling. Assuming a constant fold weight
of PEOQ, the crystallinity will increase with the increase of the
stem lengthin the next section, we will consider the regimes

of the PS brush on the surface of our lanwlatals.

IV.3.3 Identification of the PS brush stretching
regime
The free energy of a tetherpdlymerbrush can be

calculated as foIITH_?iT

wherethe | is the thickness of the tethered chain layer in

G V.11

solution, Qis the excluded volume paramedei\ arethe

segmental size and length of the tethered chaiVianthe
grafting density, i.e. the reciprocal of the surface per chain.
The equilibrium thickness, can be obtained by a

minimization of théwith respect tbin Eq. (IV.1):
by 0&/3 5/3 /3 IV 12
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whereas the equilibrium free energy can be written:
Ba- G50 #/3 &/3 /3 V.13

The corresponding extsarface energy due to the PS chain
stretching can be obtained from Eg. Bb§ multiplying it by

the surface per chain:
(o= 8By B€' > 03 V.14

In Eq. IV.14, €stands for the dimensionléstheringlensity,

which is defined as follows
€= ée4t V.15

In Eq. IV.15 R, denoteghe radius of gyration of a tethered
chainin its endfree state in the same conditidhgollows
then that the free energy scales With is noteworthy that
the given scaling relations assentiallyalid for the highly

stretched regime.

The reducetktheringdensity can be computed in our
case using the datamie@on the radius of gyration of
sharp fractions d?S in amyl acetate.
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Figure 1V.30 Literature dat dependence of Rof PS in
amyl acetateat 30°Con the molecular weight. The solid
line is a fit with a power function.

We can now malculatéhe data given in figure 6.l terms

of the dimensionless tethering density. The results are shown
in figure 1V.3. It can be seen thér the high MW of PEO

the spatial confinemeibr the PS block correspond to just a
slightly perturbed coil confortitan. However, asoon aone
decreases the length of the PEO block, the PS caieiget

and moresqueezed. Eventually, for the shortest BEOks

the tethering density reaches quite high values of akbut 15

In this case, the interlamellar amorphmgons contain

almostpurePS blocksThe dependence rate bn the PEO
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length even increases in this region, which is contrary to the
trend observed in the works ©hefitfat the €values above
approximately 3.7So in our case the PEO crystals with
significant thickness can still form by overcoming the steric
repulsion of the PS caoils.

If one inquires why the transition to the highly strdtche
regime is not visible in our experiments or maybe simply
occurs later than reported @ye@ the answecould bring

us outside the scope of the conventional scaling and SCF
models cited previously. Indeedth@seminal works dfent

and ceauthors(cf. for example ref'), it wasobserved that

the surface pressure of PS coils submerged in a good solvent
exhibited a mch strongepower lawdependencen Vthan

the one predicted by these theories. The experimental
observations suggestadsoftspherewith-hardcore model
based on an assumption of limited lateral interpenetration of
the polymer coils. However, the valaesvhich the surface
pressure was sharply increasing were not salaigely with

R, implying that in both good and theta solvehéchains of
higher moleculaweight can be compressed to a smaller
fraction ofRgbefore the hardorelike behavior ccurs Also,

in some other workSthe transition to the strongly stretched

brush was found to occur &6, which could indirectly
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support our questioning. Also, in contrast to the scaling and
SCF theoriekentind ceautholsjobserved a depletion layer
close to the surface. The presence of such layer can probably
account for the very possibility of the amorphous PH{3 fo

to coexist with a strongly stretched PS brush.

Figure IV.31 Reduced tethering densityas a function of

the PEO block length The solid line is a guide to the eye.
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IV.4.Conclusions

The semicrystalline morphology ofd O crystals was
addressed in the first part of thigapter. By combining the
AFM and SAXS/WAXS datae have determined the micro
structural parameters of the lamedlach as the crystal and
amorphous layer thickness and the neaeggtbor distance,
or long period. It was shown that the ctgystamed from the
diblock copolymersontaining low MW PEQexhibit a
characteristic lershape, which was tentatively assigned to the
sample polydispersitgvealed during crystallizatinoduced
chain fractionteon. A comparison of the AFM and SAXS
distance distributions showadelatively good agreement in

all the casemcluding thenon-uniformlensshaped lamellae.

In the second part of the chapter, we analyzed the state of
the tethered PS brush and triedidentify themorphological
parametersensitive to the stretching of the PS brigk
failed tovisualizethe transition to the highly stretched brush
regime from the slopes of tloeystallization lirsein the

GibbsThomson coordinates, as it was doneiquely by the

group of Che f@““ One of the reasons for this failure can be

due to a limited accuracy of the crystal thickness
measurementsdy SAXS, whichindeed seems by far

insufficientfor such discriminatiorAnother rason can be
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due to the fact that the slopes of the crystallization lines do
not contain the thermodynamic information that one could
easily extract. In particular, we believe that one cannot analyze
the crystallization lines in the same way as it is aoties f
melting lines in order to compute for exartipesurface free
energy. In thisontext it is appropriate to recall that polymer
crystallization is esgtially determined by kinetics
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chapter V Morphological
evolution of PSb-PEO single crystals

on heating

The thermal reorganization of single crystals oPSbh-PEO
diblock copolymersis studied by a combination of isitu AFM
and variabletemperature SAXS/WAXS. We explore the
differences in the reorganization behavior of single crystals
formed by P$-PEO diblock copolymers with different lengths of
the PEO block and try to correlate them to the stretching regime
of the PS brush formed dhe lamella surface
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V.1. Introduction

In the previous chapter, weanalyzed the
semicrystallinenorphologyof single crystals of BS
PEO block copolymers grown from dilute soluimran
attempt to correlate it to the stretchiagimeof the PS
brush.Here the same goal is pursued ugieghermal
annealing of owingle crystal preparatioms this end, a
combination of irsitu AFM and variablemperature
SAXS/WAXS is used to explone-depth the lamellar

thickening on heating.

It is clear that theeorganization behavion the
course ofannealing experiments depends on several
factors such as the initial organization of the polymer
chains within the lamelléhe overall thermodynamic
parameters of the crystal and the details of the possible
thermdly-activated diffusiomotion of thechainsin the
literature, numerous examples show the irreversibility of
lamellar thickening with annealing temperature or time.
Several modét§'’ were proposed for interpretation of
the morphological changascurringon annealinglhus,
it was found thatof the meklcrystallized spherulite
morphology, thehainentanglemestoften preventhe

stems from sliding along the longitudinal chain direction
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within the crystalline lamellagjich results in the melt
recrystdization to occuuponannealingln contrast, for

the less entangled solutiystallized crystals, the
lamellar thickenindpecomes probable&Spellsand ce
workes"?have shown that the lamellar thickening during
the annealing of a solutigrown crystalmat could
happenwithout melting, depending on thennealing
conditions such as tlaanealing temperature and heating
rate.

In our studies we will perform the annealing
experiments in order to clarify the temperatune time
dependence of treemicrystalline morphology for single
crystals of RBPEO block copolymers having different
lengths of the PEO block. The obtained SAXS results
will be discussed using the Gilb®mson plots to
evaluate the temperature evolution of the Ilamella
morpholoy and extract the main thermodynamic

parameters of the RSPEO single crystals.
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V.2. Annealing of PSb-PEOsingle crystals,

as visualized with AFM
In this section, we wilpresentselected variable
temperaturelapping ModeAFM measurements carried
out onsingle crystals of BSPEO diblock copolymers
In the discussion, evwill start fromthe two extreme
cases identified in the previous chapter, i.e. the crystals of
PSb-PEO (40150) andPSb-PEO (40680) copolymers.

V.2.1 Annealing of single crystals of PS-b-PEO
(40-150)

The results of a typical variatdmperature AFM
experiment conducted ainglecrystals of REPEO
(406150)formed at 25°Gs given irfigures V.1 through
V.3. In this experiment, the sample temperature was
raised in steps of 1.0 deg aftaptureof each image.
Therefore the resulting heating program can be
assimilated to a slow heating ramp, the rate of which is
approximatel®.05°C/min.
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Figure V.1 Variabletemperature AFM images correspnding to
heating of a single crystal ofPS4-PEO (40-19) starting from 30°C
The size of the image is 7.& 7.0 B2, the full vertical scale is 40 nm
The temperature of the AFM stage was increased in steps of 1.0 d

after capture of each image.
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Figure V.2, Variabletemperature AFM images corresponding to
heating of a single crystal oPS /-PEO (40-19). The legend is similar
to that of figure V.1.

Figure V.3. Variabletemperature AFM images correspondingto
heating of a single crystal oPS H-PEO (40-19). The legend is similar
to that of figure V.1.

The studied crystahow the conventionalsquare
habit describedn detailin Chaptes Il and IV. The
chosen color code allows visualizinthe height
distribution across the crystal and, in particthar,

pronounced lershapefeature which as we have seen
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previouslyjs characteristic afiblock copolymersvith
low MW of PEO.

From the image sequence, it casdmathatthere is
almost © modification of the crystal morphology till
about 48°C. Starting from°gg the crystal melting sets
First it affecs the crystal corners analter on, in the
range of temperatures from 51 to 53°Gpread over
the entire crystal surface. At 53°Cly an part of the
crystal interior remains in the solid state, although even
this regionis not intact anymore becausaasalready
undergone some thickening. The Isesteralimages
acquiredat temperatureabove 54°C (Fig. \J.3how a
largely molten obgt where theemnantsof the initial
crystal can benly guessed from the contour line of the
melt. Summarizing, the investigated single crystal show a
very limited extent of reorganization on heating. More
detailed information othe crystal evolution oheating
can be extracted from the corresponding height

histograms.
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Figure V.4. Height histograms corresponding to the AFM image
sequence given in figures V.1 through V.3.

Figure V.4howshe height histograms corresponding to
this heating experiment overlaid. The bimodal height
distribution reflects the morphology of the initial-lens
shaped crystal where the crystal center and periphery are
located at smaller and larger heights, reghgdtican

be seen thagven before the melting sets in, the positions
of both maxima slightlynove to smaller heighThis

heightvariation may be relatedgomesoftening of the
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PS blocks decorating théamellar surface and
consequenthyto a larger deformation of the lamella
induced by the tapping tigtarting from 52°C, the
amplitude of both distribution peaks strongly decreases
due to crystal melting. Interestingly, the amplitude of the
second height distribution, i.e. the one at larger heights,
deceases even faster than that of the first one.
Eventually, at 53°C, only the crystal center remains, but
the height of these regidmssbeenslightly increased so
that the remaining peak lscatedin-between the two

peaks of the initial bimodal heiglstidbution.

It is important to understand whethiye single
crystals formed from ASPEO (40150) can thicken in
principle or the result that we just described is valid
notwithstanding the annealing conditidrs check this,
we decided to perfornmather heating experiment but at
a much slower heating rate. In this case, the temperature
was increased from oA&M image to the next in steps
of only 0.1 deg. The results are shown in figures V.5
through V8. Due to a large number of AFM images, we

show ony the ones acquired above 52°C.
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Figure V.5. Variabletemperature AFM images corresponding to
heating of a single crystal ofPS&-PEO (40-19) starting from 30°C.
The size of the image is 10.0 x 10®n2, the full vertical scale is 40 nm.
The temperature of the AFM stage was increased in steps of 0.1 d

after capture of each image.
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Figure V.6. Variabletemperature AFM images corresponding to
heating of a single crystal oPS 6-PEO (40-19). The legend is similar
to that of figure V5.
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Figure V.7. Variabletemperature AFM images corresponding to
heating of a single crystal oPS 6-PEO (40-19). The legend is similar
to that of figure V.5
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Figure V.8. Variabletemperature AFM images corresponding to
heating of a single crystal oPS H-PEO (40-19). The legend is similar
to that of figure V5.

Evena rapid examination of the image sequence
given in figures V-8.8 shows thadt this extremely slow
heating ratéhe thermal behavior of the crystal is very
different from the one discussed before. First of all, the
melting process does not extend overetitee crystal
surfaceasrapidas it was previouslinstead, the molten
areasstaydelimited bywell defined boundaries, which

run perpendiculaor paralleto the main growth faces of
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the crystal. Second, the crystal survives to a much higher
temperature, i.e. approximately 59°C versus 54°C in the
previous case. Third, the golmde of the presented
imagesclearly shows that the regions of the crystal
surviving to such high temperasaeevisiblythickened.

Thus, the crystal center ssetm be fully reorganized
above approximatel$5°C. To examinethe crystal
evolutionwith more scrutiny we turn twonsideration of

the correspnding height histograms

Figure V.9 showtbe height histograms calculated
from images in figures V.5 through V.8. It can be seen
that upon annealing the amplitude of the histogram peak
decreaseshileits maximunshifts toward larger heights.
Therefore, the crystal thickening, although being limited,
is clearly operational during this heating ramp. The full
range of the lamellar thickness increase is from

approximatel6 to 22 nm.
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Figure V.9. Height histograms corresponding to the AFM image

sequence given in figures V.5 through V.8.

The comparison dheheight histograms given in
figures V.4 and V.9rompts us suggestitigat the crystal
thickening kinetics does play a role in the thermal
behavior of P®PEO crystals. Therefore the time
dependence of the reorganization processesring on
heatingcannot be fully disregarded in the analysis of the
thermodynamic stalyli of these crystals.Importantly,
the observedincrease of the lamellar thickness is
continuous, i.e. the transitions betwdwndifferent IF
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formsarenot detected. If at the beginning the crystals of
PSb-PEO (40150) contain essentiallytwicefolded
chairs, the thickening transition should bring thein
some pointto the state of oneelded chain crystals,
which should be accompanied bycrgstal thickness
increaseof 6.8 nm. In addition, the PS brush waifo
increase its heigtueto theincreasedhateral squeezing.
Thusthe total lamellar thickness increase accompanying
WKH ,) :,) itehBid@d/be equal tl.7 nm. The
observed height increaseclsarlysmaller (ca. 6 nm),
whichcan probably be accounted for softenintp®PS
block with tenperatureincreasge similar to what was
pointed outin the discussion of height histogragmgen

in figure V.4.Thereforeit cannot completely ruled out
that this extremely slow heating rampngs the F2
crystalsto the F1 state Due to the continuity othe
height histogram variatidims transition likelgccus via
theNIF forms.

At the present stage, it does not look realistic to
explore the thickening kinetics within a broader- time
scale as the duration thfe experimers will becane
unreasonably HigHowever gen the range of heating

rates explored in this waskows taclearly show that the
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reorganization behavior of tRSb-PEO crystalss in
fact timedependent, which adds more compldaitihe
analysis ofthe thermodyname parameters of thes

systems.

V.2.1 Annealing of single crystals of PS-b-PEO
(40-680)

In this section, we present AFM annealing
experiment conductedn single crystals of RSPEO
(406680)formed at 35°C

Figure V.10. Variabletemperature AFM images corresponding to
heating of a single crystal oPSbH-PEO (40-680) formed at 35°C.The
size of the image is30.0 x30.0 AN2, the full vertical scale is30 nm. The
temperature of the AFM stage was increased in steps of ti€g after

captureof each image
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Figure V.11. Variabletemperature AFM images corresponding to
heating of a single crystal oPS &-PEO (40-680). The legend is similar
to that of figure V.10.

Figure V.12. Variabletemperature AFM images corresponding to
heating of a single crystal oPS 6-PEO (40-680). The legend is similar
to that of figure V.10.

188



The morphological evolution of the crystal is
obviously very different from what we have seen
previously for RPBPEO (40150) crystal. The thermal
reorganization star@pproximatelyat 49°C by visible
"FekDQJu RI WKH FTlheVmnoked régiGnsH Vv
appear in the form of thin stripes running perpendicular

Figure V.13. Higher resolution imagesf PS 6-PEO (40-680) acquired
during heating of a single crystal (cf. Fig. V.2¥.12). The size of the
images is 5.0 x 5.(Mnz2.

to the crystal edges. Interestingly, the stripes apedtop

by the sector boundariasd are thus confined to the
same sectofelectednagnified views of this morphology

are giverin figure V.13Hereone can semore clearly

the IRUPDWLRQ RI ’FthibkemetH GgiondD FHV
bordering the molten stripegnd crystal sector

boundaries

At an evenmore advanced stage of the crystal
reorganization, i.e. above approximately 59°C, all the

remaining regions have already undergone significant
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thickeningStarting from this temperatutike fraction of
the remainingegions decreases whilertheightkeeps
onincreamg The crystal melts completely at 67°C. This
is much higher than the melting point of theP&O
(40150) crystal heated at the same Tamain reason
for that is a significant morphological rgamization
accompanying the heating ramp of R&b-PEO (40
680) crystal. More informatioan the height evolution
can be obtained from thecorresponding AFM

histograms.

Figure V.14 Height histograms corresponding to the AFM image
sequence given in figures V.10 through V.12.
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Figure V.14 showseight histograms computed for
the AFM image sequence shown in figures-W.12
For conveniencethe data is displayed in ssemilog
graph Apart from the substrate peak, which was set at
zero height, the histograms at the beginning of the
experiment show the main peak located at about 11.5 nm.
Although this peak stays invariable till approximately
56°C, a shoulder appears at larger heigbéyat 55°C.
Starting from 56°C, the main peak reveals a complex
bimodal shapewith the second componerieing
centered at 18.5 nimater on, the first component at the
position of the initial peak disappears at the expense of
the second one. The guatl shift ofthe latterto larger
heights continues till the final melting of the crystal. The
maximum crystal thickness detected in this experiment is
about 30 nmwhich mears that the initial crystal was
thickened almost by a factor of thrEleis corregonds

to anapproximate change from F19 tochéstals

The fact thatin a certain temperature range we
observe a coexistence of regions having the initial and
increased thickness likely sugdbatduring heating the

crystaldwellsin a metastable sta@nd the thickening
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kineticsis important, similar to what was found for the
PSb-PEO (40150) crystal.

V.3.1 Annealing of single crystals of PS-b-PEO
(40-250)

In this section, we present ARM image sequence
corresponding toannealing ofone additional block
copolymer, which isntermediatebetween the two
extremecase®f the studied diblock copolymer crystals
the PSb-PEO (40250) crystal.
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Figure V.15. Variabletemperature AFM images corresponding to
heating of a single crystal oPS 6-PEO (40-290) formed at 30°C. The
size of the image is150 x 150 A2, the full vertical scale is 30 nm. The
temperature of the AFM stage was increased in steps of 1.0 deg al

capture of each image

As can be seen in figure V.15, the thermal behavior of
this crystalrevealssome similatigs with that of the
previouy/ studied PSBPEO (40680) crystal In
SDUWLFXODU WKH UHRUJDQIiheDWLRQ V)
crystal facets, as has justbeendocumentedbefore.
However, in this casthe size of the forming stripes is
much largetWe speculate that the stripes can be related
to the secondary nuclei fardhduring crystallization
from solution, ast has been visualized bptm for
single crystals &fotactic poly(vingyclohexanePVCH
Although AFM does not provide information dre t
molecular structure, asstthe case of dark field TEM in

the work on PVCH, it is still reasonable to assume that
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the grain boundaries between the secondary nuclei are
constrained and melt earlier than any other regions of the
crystal. Importantly, the orientation of these stapes
their width change in agreement with the predictions of
the secondary nucleation theory. Indeed, for example the
same type of morphology can be observed also for the
PSb-PEO (40150) crystaat the extremely low heating
rate applied (cf. Figs. W56). The squareshape molten
regions can bassigned tthe secondary nuclei, the size
of which is comparable tbat of the crystalt is thus
logical to assumtiat crystallization of thBSb-PEO
(40150) proceeds in the moenacleation regime (regime

I) asthis compoundndeed crystallizes most closelysto
dissolution temperature. As soon as we increase the
length of the PEO block, the crystallization temperature
will move farther away from,, Twhich will make the
nucleation rate higher. Thus for 8b-PEO (40250)
crystal described above, the width of the stripes is
intermediate between that ofPBEO (40150) and RS
b-PEO (40680).

Apart from "FUDFNLQJpu RI WKbBn JURZWK
heating the PSb-PEO (40250) crystalundergoes

significantthickening. For example, it can be seen (Fig.
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V.15) that at 56 and 57°C the intact central regions
coexist with somewhat thickened regions at the crystal
edgs. Figure V.16 shows the corresponding height
histogramdrirst it can ba&oticedthat the positio of the

initial peak slightly moves back on heating, which could
be againaccounted for by softening tife PS block
Second, starting from 56°C the shape of the peak
significantly changes and new thickened regions appear.
As in the case of theSb-PEO @0-680) crystalthe
regions with different lamhe thickness coexist in a
certain temperature range. The ultimadsenella
thickeningratio achieved just before thimal melting
point corresponds to approximately a factor of two.
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Figure V.16. Height histograms corresponding to the AFM image
sequence given in figure V.15.

V.3. Chain orientation in annealed PS-b-
PEO single crystals: WAXS

measurements

In discussig the lamellar thickening based on AFM
height histograms, it is essential to know the

crystallographic orientation of the unit cell with respect to
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the lamella basal plane. For example, it is crucial to know
how thePEO chains are oriented in such a larralthe
absence of such informatjahe AFM height histograms

will not provideany information of the lamettackness.

As we have seen previously, in the ioiyatad formed

from solution the PEO chains are normal to the lamella
surface. This wasnfirmed by selectedea ED andlso

by WAXS measurements on oriented single crystal mats.
However, it is also important to check the PEO chain

orientation in real time during heating.

Figure V.17. Variable-temperature WAXS patternscorresponding to
heating of a single crystal oPS 6-PEO (40-680) formed at 30°C.

Figure V.17 shows WAXS patterns corresponding to
heating of PBPEO (406680)singlecrystal formed at
30°C. In figure V.17 we have selected three frames of this
heating ramp to show that the PEO chain orientation
stays always normal to the lamella basal plane. Therefore,
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one can indeed quantitatively compare the height
histograms for exaite with the results if variable
temperature SAXShe fact that the chain orientation
stays invariant during the thickening process indicates on
the solidstate mechanism of this process. Thus it can be
assumed that the thickening occurs via reputatibonmo
of the ~chain within the crystal, without

melting/recrystallization to occur.

V.4. Annealing of PSb-PEOsingle crystals:

SAXS measurements
In this section, variable temperature SAXS
measurements corresponding ®&elected heating
experiments orfPSb-PEO single crystal mats will be

described.

V4.1 Annealing of a single crystal mat of PS
b-PEO (40150)

Figure V.18lisplaygshe SAXScurves corresponding
to a heating ramp carried out on a mat of single crystals
of PSb-PEO (40150)formed at 25°C. The SAXS curves
show the main interference maximum at approximately

0.006 A, whichcorresponds tthe long period of the
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systemlt can be seen that the peak disappears shortly
above 50°C. Moreover, the position of the pleak not
changealuring the entire heating ramp. Therefore on can
conclude thatduring ths variabldemperatureSAXS
measuremerthe crystals of PISPEO (40150) behave

in a similar way as in the AFM heating experiment at one
degree peimage, where the lamella thicknstayed
practicallyconstant. Thus at this and higher heating rates
the crystal reorganizationPSb-PEO (40150)does not
occur.lt is therefore clear that wbservethe lamellar
reorganizatiorat reasonable heating rateee has to
examine the copoheswith higher MW of PEO.

Figure V.18. SAXS intensity as a function of temperatur
corresponding to a heating ramp of P&-PEO (40-150) crystals formed
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at 25°C. The heating rate is 2.5°C/min.

V.4.2 Annealing of a single crystal mat of PS
b-PEO (40380)

When thedegree of polymerizatiofthe PEO block
is increased to 380, one can indeed dsipwt tracesf

the lamellar reorganization.

Figure V.19. Lorenz-corrected SAXS intensity as a function o
temperature corresponding to a heating ramp of PZ-PEO (40-380)
crystals formed at 30°C. The heating rate &5°C/min.

Indeed, as can be seen in figure V.19, above
approximately 56°C the main interference peak

disappears and, in a very small temperature raege, on
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can see thecattering from thihickened lamellae around
0.005 A. It is noteworthythat in this case theitiallong
period is significantly smaller than that of thé&PEO
(40-150) crystal.

The temperature range of reorganization observed
for the PSb-PEO (4038)) crystals is however too short
to be addressed in detail. Therefore we have to increase
even more the MW of the PEO block to observe this

process clearly.

V.4.3 Annealing of a single crystal mat of PS
b-PEO (40680)

The SAXS heating experimentPSh-PEO (40680)
single crystal mat is shown in figu20VThe position of
the main interference maximurstays invariant till
approximately 555C and starts rapidly evolving
thereafter.
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Figure V.20, Lorenz-corrected SAXS intensity as a function of
temperature corresponding to a heating ramp of RSPEO (40-680)
crystals formed aB(®C. The heating rate isLO°C/min.

It is important to note thatt ahe beginning of the
structural evolution the change in theharacteristic
distance is discontinuous. Thus at approximately 55°C
two characteristidistances, i.¢he onegertinent tothe
initial and thickened lame]laeexistThisobservations
in line with our AFM annealing experimeéscribed
previously.The coexistete of crystals with different
thicknesgrovides additional support to the view of the
reorganization process as a sequence of metastable states,
which are strongly deperuht on the timescale of

experinent. Importantly, for thidiblock copolymer with
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the longest PEO block the thickening process occurs
over more than ten degrees on heating, wisich

interesting t@xaminaisingthe GibbsThomson plat

V.6. Thermodynamics of the PSb-PEO
single crystals reorganization on

heating: Gibbs-Thomson plots

The GibbsThomson plots corresponding to heating
ramps of the RBPEO (40680) single crystals formed at
30 and 35°C are shown in figure V.21. The crystal
thickness was evaluated according to the interface
distribution function approach. The GT curves start a
different values of crystal thickness, according to the
crystallization temperature applied. At some temperature,
the thermal reorganization sets in, which can be
visualized asdeparture of the GT curves from the initial
vertical lines. Further thickeg of the two single crystal
preparations goes almost along the same line, and the
final melting temperature of both samples is close.
Therefore the initial state of the sample seems to be of

minor importancéor the thermal reorganization
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Figure V.21 Gibbs-Thomson plot corresponding to a heating ramp of
PS bH-PEO (40-680) crystals formed at 30 and 35°C. The heating rate
0.5°C/min.

If one assumes that the GT melting line corresponds
to the coexistence liné the crystalline pase and melt
one canuse it to extract the equilibrium melting
temperature P andfold surface energy of the lamellar
crystals \l. Although we have already seen that the
metastability of the crystal plays an important role in its
evolution on heating,edecided tgerform thessimple
estimationsUpon extrapolation of the linear th the
origin, onegetsT, ° of 78°C, which is in the range of the
values widelgiccepted for PE¥S. Using the theoretical
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enthalpy of melting of 100% crystallPEO of 200
J/ﬂ one obtains from the slope of the GT curves the
surface energy, of 89 J/nt. This value is close to the
one used for exampby Che@for PEO chains of large
MW. At the same tim¢his valuas much bigger than the
\/ used by othesuthors (cf., refl20. As far as linear PE

is concernedhe \/ values of 90 J/fmare convetionally

usedfor the analysis of the crystallization kin&fics

Figure V.2 shows the GT curves corresponding to
the PSb-PEO (40445 single crystals. In this case, we
werealsoableto detectby SAXSthe thermallynduced
crystal reorganization, which extended over several

degrees.
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Figure V.22 Gibbs-Thomson plot corresponding to a heating ramp of
PS bH-PEO (40-445) crystals formed at 30 and 35°C°C. The heating ra
is 0.5°C/min.

The curves shown on the plot correspond to two
different crystallization temperatures employed. It can be
seen that in the final stage of reorganization the two
curves merge on one reorganization line. Thus the
thermal behavior of these crystals extlit same
tendency observed forBPEO (40680) single crystals.
However in this case the extent of the linear portions of

the curves does not provide enougbcuracyin
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evaluating the thermodynamic melting temperature and
the surface energy.

V.7. Conformation of the tethered PS
brush during annealing of PS-b-PEO

single crystals

It is clear that the size of PS €oila good solvent

Figure V.23. Literature data on the size of PS coils in amyl ac

and in a Fsolvent22 The solid lines are power law fits to the data.

such as amyl acetadeatherdifferent from that in the
melt. Figure V.23 showbe literature data on the radius
of gyration of P$ amyl acetate and in a thetéventas

a function of molecular weighktrom this data, one can

207



estimate the relative swelling of PS in a good solvent with
respect to theta condition§hus for the length of PS
block equal 40, the swelling ratgualsapproximately

1.8. This value will be important for understanding the
state of the PS brush during thermal annealing-bf PS
PEO crystals.

Thus if we starbur consideratiorfrom the PSb-PEO
(40150) single crystals, one has te thatt upon solvent
drying the dimensionless tethering density PS
decreassfrom 15 toabout4.4 Therefore in the dry state
the PS brusisin a much more relaxed state than it was
LQ WKH ~PRWKwWwhitgh isViR [ With Re3ults
described in section 1V.216is thus not surprising that
the PSb-PEO (40150)single crystalsan thicken upon
annealing Indeed, the supposedly observed structural
transition from F2 to Ftrystaldoes notvenbringthe

PS brusho the saméevelof constraints as it was in the
initial solutionAs far as block copolymers with high MW
of PEO are concerned, the obsereegktalthickening
does notincreasehe reduced tethering density to the
values whe one could expédo see theeonsequences
on the crysta thermodynamic3herefore probably the

only way to detect the impact of the PS brush stretching
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will be to perform an extremely slow heating eb-PS
PEO (40150) single crystals to visualize their possible

transiton to the extendechain state.

Another point to address is the glass transition
temperature of PS and its influence on the structural
evolution of crystals on heatitgdeed, if one measures
the glass transition temperature of sharp fractions of PS,
it can be found for example thatfdr PS of 3.9 kg/mol
is about 81°C(cf. Fig. V.24) Although in our
experimentghe vitrification of the PS layer decorating
the PSb-PEO crystalsvas not found to control the
crystal reorganization as it i@sexamplehe casen a
previousworlﬁ some softening of the PS block on
heating is supposedly happening. Therfore we believe
that the glass transition teengture of the R&ecorated
lamella surface occurs at about room temperature.
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Figure V.24. DSC curves corresponding to sharp fractions of PS.

A possible reason for this could be the glass
transition temperature depressidrihe PS layatue to
spatial confinemenas wadliscoveredor exampleby
KeddjeJonesand Cori?® on the basis oéllipsometric
measurements.

V.8. Conclusions

The studies of the thermal annealing behavior-of PS
b-PEO single crystals with the helpiresit AFM and
variablgemperature SAXS show that the crystals
undergo thermalyduced thickening. The thickening
process is the most pronounced for the block copolymers
containing long PEO blocks, whereastays rather
limitedfor the PEO blocks a$horter length
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During the lamellar thickening process, the chain
orientation of the PEO is kept perpendicular to the
lamella basal plane. This indicates osdiiastate chain
diffusion as the maimechanismof the lamellar
thickening processi.e. the crystals thicken without
melting/reorganization process to ocduis is similar
WR WKH PHFKDQLVPV IRU WKH 1,):,) WL

previously.

By analyzing the lamella thickening occurring at
different heating rates it was found that the thickening
process ifargely tim@&lependenfThus the single crystals
of PSb-PEO (40150) do not exhibit thickening at
heating rates above approximately 0.05 deg/min.
However, they do thicken at much lower heating rates.
Therefore the thickening process occursseg@ence of

metastable states such as NIF forms.

The temperature evolution eingle crystalstarts
from a discontinuous variation of the lamellar thickness

whereby regions with different thickness coexist.

The lamella thickening for the same block lgopey
was found to be largely independent of the initial lamella

thickness. Thus the GibbsThomson melting lines

211



corresponding to single crystals formed at different
crystallization temperatures merge at the finalo$tdogee

lamella reorganization.
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Summary

Understanding thmterplaybetwen the amorphous and
crystalline parts of the semicrystalline polymer structure is a
longstanding issue in polymer physics. In particular, for linear
crystallineemorphousdiblock copolymers the amorphous
blockcan control the crystallization processthadesulting

semicrystalline morphology.

In the present work, we have undertaken a structural study
of PSb-PEO single crystals to elucidate the influence of the
state ofthe PS block on crystallization from dilute solution
and on subsequent thermal annealing at elevated temperature.
It is noteworthy that the interest in these systems has been
recently renewed in the perspective of using them as a model
of grafted amorphousrushes with variable grafting density.
Indeed, during crystallization of PEO, the amorphous block,
i.e. PS, is rejected from the crystal accumulating on its basal
surfaces. Since the crystal thickness formed during isothermal
crystallization is a sharglglected value, the grafting density

of the resulting PS brush is also well defined. Therefore by
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varying the crystal thickness one can obtain the PS brushes
with grafting density varying in a broad range.

In our study a combination afeciprocal and dictspace
technigues such as SARNBAXS and AFMwasemployed.
While AFM experimentwere performed on isolated single
crystals, the SAXS investigateascarried out ororiented
mats of single crystaORZO\ VHGLPHQWHG IURP
solution In this case, the owémensional twphase system
modelwasusedfor thedata interprettionwherethe thickness
of the amorphous ( and crystalline (L layers are
conventionally determined @lling the correlation function

andinterface distributrofunctionapproaches.

1. We haveshown that the crystals formed from the
diblock copolymers containing lomolecular weight
PEO exhibit a characteristic lstspe, which was
tentatively assigned to the sample polydispersity
revealed during crystallizatioduced chain
fractionation. A comparison of the AFM and SAXS
distance distributions showed a relatively good
agreement in all the cases, including theiméorm
lensshaped lamellae.
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2.

In contrast to previous reports, we fatledisualize

the transitionto the highly stretched brush regime
from the slopes of the crystallization lines in the
GibbsThomson coordinatesA possible reasofor

this can be due to a limitedcuracyf the crystal
thickness measurements by SAM®ther reason can

be due to théact that the slopes of the crystallization
lines do not contain the thermodynamic information
thatis easily extragble In particular, we believe that
one cannot analyze the crystallization lines in the same
way as it is done for the melting lines riteo to
compute for example the surface free energy.

The studies of the thermal annealing behavior-bf PS
PEO single crystals show that the crystals undergo
thermallyinduced thickening. The thickening process
is the most pronounced for the block copelssm
containing long PEO blocks, whereas it stays rather
limited for the PEO blocks of shorter length.

During the lamellar thickening process, the chain
orientation of the PEO is kept perpendicular to the
lamella basal plane. This indicates on thessadid
chain diffusion as the main mechanism of the lamellar
thickening process, i.e. the crystals thicken without

melting/reorganization process to occur.
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5. By analyzing the lamella thickening occurring at
different heating ratese found that the thickening
process is largely tidependent. Thus the single
crystals of RBPEO (40150) do not exhibit
thickening at heating rates above approximately 0.05
deg/min. However, they do thicken at much lower
heating rates. Therefore the thickening process occurs
via asequence of metastable states.

6. The temperature evolution of single crystals starts
from a discontinuous variation of the Ilamellar
thickness whereby regions with different thickness
coexist.

7. The lamella thickening for the same block copolymer
was foundto be largely independent e initial
lamella thicknesshe GibbsThomson melting lines
corresponding to single crystals formed at different
crystallization temperatures merge at the finalatage

the lamella reorganization.
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Résumé

La compréhensiodes interdépendances entre les régions
amorphes et cristallines - X Qyn&resemicristallin est un
sujet classique de la physique des polyméres. Par exemple,
pour des copolymeres linéairesépilencés contenant un
bloc cristallisable et un bloc amorphest connu quéans
certaines conditionge bloc amorphe qut contrbler le
processus deristallisation et la morphologie semicristalline

résultante.

Dans le travail actuelpus avons entrepris une étude
structurale des monocristaux de polystypeélyexyde
G-pWK\O®pQRKH2 3BFRXU PpOXFLGHU O-LQIC
conformation du bloc de PS sur la cristallisal®PEOa
SDUWLU G- XQH VROXWLRQ GLOXpH 1R
FRPSRUWHPHQW GHV PRQRFULVWDX[ OF

Il est a noter qudepuisdes années 86s monocristaux
de P 3(2 RQW |D LaVhoObRISBSIHANsdEalisées
par @quipede recherchdelLotzetKovac6 H O -, QVWLWXW
Sadron a Strasbourg. Ces auteurs étaient parmi les premiers a
étudier O - L Q10 X H Q F drpleXsuEl® &ibtallisBtion des
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copolymeredi-séquencésontentant un bloc cristallisable et

un bloc amorphe,eurs pWXGHV RQW SHUPLV G-I
facon intéressantiesproblemeslassiquegqui existentlans

le domaine de cristallisation des polynére tirer des
conclusiongénéraleguant auxmécanisnmemoléculaire de

cristallisation ddsomagolymeres.

RécemmentO - LQWpUrW G D Qétéréadparuivery WqP t
vue & ' XWLOLVDWLRQ & H4dpoRRé&eRdul LV W D
générer des brosses amorphesownmés. Lors de la
cristallisation WPEOQ, le bloc amorphe, c. a d. le PS, est rejeté
du cristtD HW V- -DFFXP X9 surféaeéshhsaX tdesO
lamelles cristalline@ XLVTXH O-pSDLVVHXU FULV
G- XQ S U ReFadstallisatfondsothernacune valeubien
définie, OD GHQVLWp GH ebkUalussAinel e H 36
FKDQJHDQW O:-pSDLVVHXU GX FddLVWDC

brosses de Rfyantdes densités de greffage tres variées.

Dans notre étude, nous ascemployé une combinaison
destecmiTXHV G-DQDO\WVH QQHORIOW GREBQVY [
GLUHFWH HW UpFLSURTXH WHOLBYV TXH
expériences AFM ont égaliséessur des monocristaux isolés
tandis qudes mesures SAXS/WAXS ont été faites sur des

gateux de monocristawxientés qui ont été préparés par
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VPGLPHQWDWLRQ OHQWH | SDUWLU
/ - L @pkltition des résutaSAXSse bas sur le modéle a
deux phases ou les épaisseurs des régions cristg)linses (L
amorphes (. peuvent étredéterminés en suiant les
approches conventionnellepii utilisent la fonction de
corrélation ola fonction de distribution des interfaces.

Le premier chapitrede la thésest une ébauche générale
sur s systeme étudié Aprés une bréve revue du
phénomene de cristallisation des polymaoas, décrivons le
premier modeélstructural du polymére semicristallin qui est le
modele de micella franges. Bsuite nous présentones
principaux résultats stieavaux dékellequi a mis en évidence
le phénoméne de repliement de chaines dansristasix
polyméres en utilisant la microscopie électroniqué

transmission

De facon générale DIl PRUSKRORJLH G:-XQ P
polymere se distingue essentiellement par ses facedles latér
réguliereset par son épaisseuniforme Les facettes du
cristal correspondent aux plans cristallographiques ayant la
vitesse de croissance la plus életédépendentdonc
essentiellemedes conditions daistallisation. LpSDLVVHXU ¢

cristal pésent elleaussi unéorte dépendance par rap paui
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conditions de cristallisatiace qusignifieque la morphologie
semicristalline est largement déterminée par la cinéegte

a noter que lenonocristal polymere dont la forme habituelle

est undamelleplane de quelques microns en largeur ayant
épaisseur nanométriqtand a une température plus basse
comparée un cristalinfiniment épaisCette dépressiaiu

point de fusionpeut étredécrie SDU O-pTXDW-LRQ G|
Thomson quitient comptede O - p Q H U Jurfaciquie ElW H
cristal.Puisque les monocristaux polymeres sont toujours en
pWDW PpWDVWDEOH LO HVW SDUIRLV ¢
structurale pawun traitement thermiqueAinsi les cristaux
polymeéres peuvent diminuer leur énegie libre en se
réorganisant pour donnexua dedamelles plus épaisses. Les
mécarsmes proposés pour expliqguer ce phénontine
réorganisatiostructurale impliquete glissemerttes chaines

dans la phase cristalline

En ce qui concerne la structurepdlymere utilisé dans ce
travail, la maillale PEO a une symétrie appartenant au
JURXSH G- Ha/ Sabnfalle c8ntierquatrechaines qui
ontune conformatiohélioidalede typer.,.

Les cliché de diffraction électraquesenregiste D O-DLGH

G nXmicroscope électronique a transmission nmantpee
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O - o ge la maille est perpendiculaita surface basale de la
lamelle. Emplus les facettes des cristasont paralléles xau
plars 120 quicorrespondntdonc au fronts de la croissance

cristaline

Le deuxiéme chapitrede la thesesst divisé en deux
parties. La premiére partie est dédiée a la description des
échantillons de copolymeres a blitiséset a la stratégie de
préparation des monocristaux. La deuxieme partie est dédiée a

la description des dispositifs expérimentaux.

Les matériaux utilisés dans la présente étude sont des
copolymeéres linéairesddiquencés dabystyremdogoly(oxyde
d'ébylene]PSb-PEO). Ces copolymeres ont une masse
moléculaire moyenne allant ¢&06 a 3000 Kg/mol pour le
PEO et avec une masse moléculaire moyenne de 4000Kg/mol
pour le PSLa préparatiomles monocristaux sudt stratégie
menée parLotz et Chengj VDYRLU OD PpWKRG
ensemencemer8elon cette procéduraeusolution diluée de
copolymére esportée aundessus de sa température de
dissolutiordans un solvamtor+préférentiel pouesdes deux
blocs puis trempgdans un bain réglé atempératre de
cristallisation désirée. Ensuite la solution est de nouveau

portée a une températurequi est Iégérement-dassus de
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la température ddissolutionpour laisser des germes a partir
desquelles les monocristaux vont croitre a la température de
cristllisationisothermeT, pour produiredes monocristaux

uniformes en taille

Comme mentionné plus haukgs| deux techniques
expérimentalesssentielleentutilisées dans ce travsohtla
O - $ e mode contact intermittegttla diffusion des rayens
X. Les mesures AFMont étéréalisées avec un rogcope
MultiMode de VEECO couplé én contréleur Nanoscope
IV. Le mode utilisé est [EBapping Mode Le microscope
MultiMode offre la possibilité de réaliser des mesures de recuit
controlées a partir de la temp&&atH DPELDQWelaHW M)

de la température de fusion des monocristaux.

Les mesures de diffusides rayonX aux petits etaux
JUDQGY DQJOHV RQW pWp PHQpHV j O
dispositifdisponiblesur les ligneBM26 et ID02 permettent
de réaliser des mesures en temps réel avec une résolution
WHPSRUHOOH G-XQH IUDFWLRQ GH VHFF

Le troisieme chapitre décrit la méthodologie de
traitement de done8AFM et SAXS.
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Les images topographiqgues mesurées par AFM sont
andysés en utilisant desistogrammes de hautezalculés
aSugV XQH FRUUHFWLRQ DGpTXDWH G
KLVWRJUDPPHY SHUPHWWHQW 6:pYDO:
monocristax et suivreson évolutionlors ces expériences de

chauffe.

Les clichés SAXS&ibissentine série deorrectionsavant
G/ -extrairedesinformatiors structurales7RXW G-DERUG
clichéesont corrigépar la sensibilité du détectelEnsuite
O -LQWHQ VéstWapusiraitgtDavnoié! duvecteur de
diffusion est calibeéa O - D L GeHréf€reXc@omme par
exempleOH EHKHQ D Bhfih, ®--DQIVHHQW Llevip G X
corrigée par un facteur géométriqde de Lorenz
/-DSSOLFDWLRQeuss phaBeR @ayrieHde calculer la
fonction de corrélatiorainsi que celle da distribution des
interfaces qui donnent des informations sur les épaisseurs

cristallines et amorphes.

La fonction de corrélation wdimensionnelle (1D CF)
ou %:";,HVW FDOFXOpH j SDUWLU GH O-L
WUDQVIRUPp @&nblygdeXdfandtion de corrélation
GRQQH DFFQqV j O-pSDLVVHDMUorelibh VWD O

de distributiordes interfaces (IDFpu g;(r), constitueune
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autre approche poanalyser des/stemeadeux phaseg&lle

se calcule soit par une dérivée rabeade la fonction de
corrélationou par une transformée de Fourier de la fonction

G -LQWHUIpUYBIQXBWLRQ IFHomP ateEQ®& WLR
aux épaissesr cristalline et amorphe DLQVL TX:j Ol
distributions.

Les chapitres quatre et cingde la thesgrésentent les
résultats essentigdbtenus dans ce travgili peuvent étre

résumés comme suit

1. Nous avongiémontréque les monocristaux formgar
descopolyngres cortienant un bloc de PEO court ont
XQH IRUPH SDUWLFXOLqQUH Gé&SWH GH
crigaux ayant cette rfme a été attribeé a la
polydispersité des copolymeres qui se révele lors de la
cristallisation accompagnée par un fractionnement de
chaines.Une compasison entre les distributios des
épaisseurlamellairegelles quedétermigs par AFM et
par SAXS montre un bon accord, y compaosr des
monocristaux en forme de lentille.

2. Contrairement aux données det@UtDW XUH QRXV Q
pas réussi a visualiser la transition vers un état de chaines

de PSetirées en iitsant les lignes de cristallisation dans
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les coordonnées d@bbsThomson.Cela peut étre du a

la précision insuffisante de ldechnique SAXS.
Néanmoins, il est aussi possible que les penteliggde la

de cristallisation ne conttemW SDV G:LQIRUPL
WKHUPRG\QDPLTXHVY WHOOHV TXH (
cristauxcequi estV - R E Yadiléh@nsl partir de la ligne

de fusion.

Les expgriences sur ¢$e recuis thermiques des
monocristaux d€Sb-PEO montrent queces derniers

V - p S BehitMord. Weschauffes./ - p S DEMenL &5t le

plus prononcé pour des copolymeéres contentant des blocs
dePEO longs

/IRUV GH @PI BDPWVWKHUPLTXH O-RUL
chaines de PEO reste toujours perpendicdairglan

basal des lamelleSela indique que le raétsme de

O - p S D Lent\est \&iffdton des chaines eppW DW VROL
sans que les cristaux fondent et tatlisent.

(Q DQDO\VD QatlentOlamslRiteY Vidug/dns

trouvé que ce processdépendnos seulement de la
température mais aussiudtanps. Par exemple les
monocristaux de HEPEO (40 QH V.-pSDLVVLVYV
lors des chauffes a des vitesapgrieures@05°C/min.

3DU FRQWUH Litevilovs: gpeS bHalfiéd & deld Q W

vitesses beaucoup plus lentes. Nous en avons conclu que
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le SURFHVVXV G ént € ¢efobDlé sh\plasset pas

des états metastables.

/-pYROX\ohdRd® del @empératureGH O-pSDLV V]
lamellaire montre dediscontinuitéslorsque plusieurs
épaisseurs cristallines coexistent.

Nous avons trouvé qu® -pSDLVVLVVHPHQW O
GpSHQG SDV IRUWHPHQW GH O:-pSDLV
chauffes les lignes de fusion des lamelles formées a des

températures différentes se superposent.
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