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Résumé de la thése en francais

Conformation des polyélectrolytes dans des films nanométriques
assemblés couche-par-couche

La technique d’assemblage couche-par-couche (LbL, pour Layer-by-Layer) [1] est
une véritable approche “bottom-up” qui permet la nanofabrication de couches minces
multimatériaux sur des surfaces de tailles et de formes (plane, sphérique) et de na-
ture (or, verre, silicium,...) différentes & partir d’'un grand nombre de molécules
(polymeres, colloides, protéines, cellules, nanoparticules, ...) en utilisant un pro-
cessus unique. Elle est basée sur un concept simple (interaction intermoléculaire
attractive, principalement électrostatique) et combine une simplicité expérimentale
avec un faible cout de fabrication et un respect de I'environnement (peu polluante).
La préparation de films multicouches peut étre réalisée par trempage [1], par pulvéri-
sation [2] ou par assemblage LbL assisté par spin-coating [3] consécutif de composés
cationiques et anioniques, en particulier des polyélectrolytes, avec une étape intermé-
diaire de rincage. La Figure 1 montre une représentation du processus de déposition
couche-par-couche, ainsi que les méthodes de trempage, pulvérisation et assemblage
LbL assisté par spin-coating.
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Figure 1: Représentation schématique de la construction d’un film multicouche (A) réalisée par
trempage (B), par pulvérisation (C) ou par assemblage LbL assisté par spin-coating (D).

Les propriétés des films multicouches découlent de leur composition, des condi-
tions de dépot et de leur architecture. Ces films peuvent étre considérés comme des
complexes de polyélectrolytes aux interfaces. Alors que les complexes de polyélec-
trolytes en solution possédent une structure "ladder-like" ou "scrambled egg" en
fonction de divers parameétres, il n’est pas clair comment la structure interne des
films LbL est obtenue a travers un processus d’assemblage par étape et en fonction
des conditions de dépot. Seules des investigations par des techniques de diffusion
neutronique ont permis d’obtenir des détails structuraux sur ces films, incluant par
exemple, la structure stratifiée, I'interpénétration des couches ainsi que le contenu
en sel et en eau [4-6]. Par ailleurs, nous avons montré récemment qu’il y avait des
différences structurales (épaisseur, rugosité, propriétés) considérables entre des films
préparés par trempage et pulvérisation dont l'origine est loin d’étre comprise [2]. A



notre connaissance, aucune étude n’a été réalisée sur la conformation des chaines
de polymeéres (taille et forme) dans les films multicouches. Les informations sur les
parameétres moléculaires et de dépot contrélant la structure des films LbL sont d’une
importance primordiale pour leur application en science des matériaux et dans les
sciences de la vie.

L’objectif de mon travail a consisté a étudier la structure interne et la confor-
mation des chaines de polyélectrolytes dans les multicouches de polyélectrolytes en
fonction de la nature chimique des polymeéres et des conditions de préparation en
utilisant les techniques de réflectométrie des neutrons (détermination de la struc-
ture (épaisseur, rugosité, densité de longueur de diffusion SLD) des films perpen-
diculairement & la surface) |7, 8] et de diffusion de neutrons aux petits angles par
incidence rasante (GISANS, détermination du rayon de giration moyen des chaines
de polymeéres dans la direction paralléle a la surface du film) [9]. Ces études nous ont
permis de mieux comprendre les mécanismes d’adsorption des polyélectrolytes et de
formation des films, ainsi que 'influence des différents paramétres de préparation
des films.

Mon travail de thése a porté essentiellement sur 3 parties :

e [’effet du vieillissement sur des films multicouches composés de poly(styrene
sulfonate) sel de sodium (PSS) et de poly(allylamine hydrochlorure) (PAH).

e [’amélioration des fits des courbes de réflectivité spéculaire en utilisant le "fit
global”, un processus de fit en paralléle de courbes de réflectivité spéculaire
de plusieurs films préparés selon les méme conditions en considérant certains
paramétres structuraux comme égaux pour tous les films. Nous avons aussi
étudié 'influence du substrat et de ’air a la surface sur les couches de polyélec-
trolytes proches en considérant une structure inhomogéne perpendiculairement
a la surface.

e [’étude de la conformation de chaines de polyélectrolytes pour un film composé
de PSS et de PAH.

1. Effet du vieillissement sur les films multicouches

Pour étudier l'effet du vieillissement sur les films multicouches, nous avons ef-
fectué des mesures de réflectométrie des neutrons en 2012-2013 sur des échantillons
composés de PSS et de PAH mesurés par notre équipe en 1998 [10], ¢’est-a-dire aprés
14-15 ans, et en 2007 [11], ¢’est-a-dire aprés 5-6 ans.

a) Evolution aprés 15 ans

Trois échantillons vieux de 15 ans ont été remesurés & I'ILL. Chacun présente
un nombre différent de paires de couches (PSS-PAH) non-deutérées séparant
les paires de couches (PSS-PAH) deutérées : zéro paire de couche (échantillon
A3), c’est-a-dire 1’échantillon est complétement deutéré ; une paire de couches
(échantillon A1) et deux paires de couches (échantillon A2). Il est important de



noter que ces échantillons ont été stockés sans controle des conditions de stockage
(humidité, température, etc...). Une mesure préliminaire de I’épaisseur des films
par ellipsométrie a montré une forte augmentation de I’épaisseur des films en 16
ans, allant de 1,75 a 3,2 fois la taille initiale, en fonction du film.

Des mesures de réflectométrie des neutrons ont alors été effectuées a I'ILL et
montrent des courbes trés différentes de celles observées initialement, ce qui indique
un important changement de structure dans ces films avec le temps. Aprés analyse,
on peut noter les points suivants :

e Une inhomogénéité dans le changement structurel du film. En effet, on peut
voir que la SLD des couches non-deutérées et deutérées n’est pas la méme
selon leur position dans le film et qu’une structure en 2 "blocs" apparait. Une
explication serait que les polyméres sont plus mobiles au niveau de I'interface
avec I’air alors qu’ils sont moins mobiles & 'interface avec le substrat.

e Une augmentation de I'épaisseur totale du film, en accord avec les mesures par
ellipsométrie.

e Une diminution de la SLD moyenne dans le film, indiquant soit un changement
dans la composition du film, soit un changement de densité, ce qui coincide
avec I'augmentation d’épaisseur.

e Une augmentation de 'interpénétration des polyélectrolytes entre les couches.
En effet, nous ne pouvons plus distinguer les couches deutérées et non-
deutérées dans I’échantillon A1, mais c’est encore possible pour I’échantillon
A3 (présence d'un pic de Bragg représentant le contraste entre les couches
deutérées et non-deutérées) (Figure 2).
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Figure 2: Courbe de réflectivité spéculaire de I’échantillon A2 mesuré a 'ILL en 2012-2013.



A Theure actuelle, nous n’avons pas pu identifier qu’elle est I'origine exacte de
ces changements, mais nous pouvons suggérer trois scénarios : 1) une oxydation des
polyélectrolytes dans les films ; 2) une contamination des films ; 3) une importante
absorption d’eau da a I’humidité ambiante. Des mesures préliminaires de XPS ont
montré une certaine oxydation a la surface, mais une étude de la composition des
films sur toute la profondeur est nécessaire.

Le point important a noter est que malgré le changement important dans la
structure des films, la structure en couche est toujours visible, méme de maniére
trés faible. Néanmoins, la limite de stockage des films et la limite d’analyse des
données expérimentales ont été atteintes.

b) Evolution aprés 5 ans

Aprés mesure de 7 échantillons vieux de 5 ans, nous avons constaté qu’ils présen-
tent tous la méme évolution structurale. C’est la raison pour laquelle seulement
deux de ces échantillons seront décrits ici. Il s’agit d’un film ayant la structure
SI/SIOQ/PEI/[(PSS}L7—PAH)5/(PSSd7—PAH)]6/(PSSh7—PAH)3 (échantillon C, PSSh7
représente le PSS non-deutéré et PSSy le PSS deutéré) et d’un film ayant la
structure Sl/SlOg/PEI/[(PSSh7—PAH)4/(Pssd7—PAH)]8/(PSSh7—PAH)4 (échantillon
E), déposés tous les deux par pulvérisation. L’analyse des courbes de réflectivité
obtenues en 2007 et en 2012-2013 et des profils SLD (Figure 3) permet de comparer
les parameétres structuraux des films (Tableau 1).
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Figure 3: A gauche, les courbes de réflectivité spéculaire (points) des échantillons C et E mesurée
au LLB en 2007 et & 'ILL en 2012-2013, ainsi que les modéles théoriques correspondants (lignes).
A droites, les profils SLD extraits des fits. Les courbes sont décalées pour plus de clarté.

Aprés 5 ans, on observe une légére diminution de I’épaisseur et de la rugosité
ainsi qu'une légére augmentation de la SLD, qui correspond & une augmentation de



Table 1: Valeurs des paramétres structuraux pour les films C et E mesuré au LLB en 2007 et &
I'ILL en 2012-2013, déterminées & partir des fit des réflectivités spéculaires.

la densité. Ces observations suggérent une légére compression des films due proba-
blement a une plastification des polyélectrolytes dans les films causée par I’humidité
de T'air.

Nous pouvons en déduire que la structures de ces films est stable sur une période
de quelques mois & 2-3 ans.

2. Fit global et inhomogénéité

Il a été observé lors de I'analyse des réflectivités speculaires mesurées au LLB
en 2007 [11] que les valeurs des paramétres structuraux déterminées a partir des fits
ne sont pas exactement les mémes pour des films multicouches préparés dans les
méme conditions. En particulier, seize films préparés par spray avaient été mesurés.
Les réflectivités spéculaires de ces seize films ont été analysées indépendemment,
puis en utilisant le "fit global", qui est un processus permettant de fitter en méme
temps plusieurs courbes et de considérer certains paramétres structuraux des
différents films comme égaux, par exemple il est possible de forcer les épaisseurs
par paires de couches de tous les films & étre identiques. Nous avons effectué
quatre fits globaux différents, le premier ou les épaisseurs par paires de couches
des seize films sont identiques, le deuxiéme pour lequel les SLDs sont identiques,
le troisiéme ol les rugosités sont égaux et le quatriéme ou les épaisseurs, les SLDs
et les rugosités sont les mémes. Nous avons pu observer que les SLDs et les
rugosités, qui présentent des différences avec les fits individuels, donnent de trés
bons fits en considérant les méme valeurs pour tous les films. Nous pouvons donc
considérer que les SLDs et les rugosités sont identiques pour des films préparés
selon les méme conditions et déterminer des valeurs moyennes pour les paramétres
structuraux grace aux fits globaux. Par contre, il n’est pas possible de calculer une
épaisseur moyenne pour les seize films, on observe des différences qui sont prob-
ablement dues aux conditions de préparation non-controlées, comme la température.

Les structures des films, dont ’effet du vieillissement a été étudié et qui ont été
analysés avec les fits globaux, ont été considérés comme homogénes perpendiculaire-
ment a la surface. De nouveaux films ont été préparés et mesurés par réflectométrie



des neutrons, mais les fits effectués en considérant une structure homogéne ne sont
pas de bonnes qualités. Nous avons montré que les films possédent des structures
inhomogénes, avec des différences structurelles pour les couches proches du substrat
ou de la surface, c’est-a-dire des épaisseurs, SLDs et rugosités différentes de celles des
couches en volume (composant la majeur partie du film). Ceci indique une influence
du substrat et de I'air aux extrémités des films multicouches de polyélectrolytes. La
Figure 4 montre le cas d’un film préparé par pulvérisation. Les modéles théoriques
pour une structure homogeéne et une structure inhomogéne sont comparés. Nous
pouvons voir que le modéle théorique pour une structure inhomogéne correspond
mieux a la réflectivité spéculaire mesurée par réflectométrie des neutrons. Toute-
fois, le fit peut encore étre amélioré et la structure du film est probablement plus
complexe que celle utilisée dans cette étude.
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Figure 4: A gauche, la courbe de réflectivité spéculaire (points) et les fits pour une structure
homogeéne et une structure inhomogene (lignes). A droites, les profils SLD extraits des fits. Les
courbes sont décalées pour plus de clarté.

3. Etude de la conformation des polyélectrolytes

L’étude de la conformation des polyélectrolytes dans les films multicouches
nécessite de combiner les techniques de réflectométrie des neutrons et de GISANS.
Ainsi, il est possible de déterminer une taille moyenne des chaines de polyméres
perpendiculairement & la surface en combinant I'épaisseur et la rugosité obtenue
par réflectométrie et le rayon de giration des chaines de polyméres dans le plan par
GISANS.

Un seul film multicouche de polyélectrolytes a pu étre mesuré par GISANS, et par
conséquent la conformation des chaines de polyélectrolytes n’a pu étre déterminée



que pour ce film. Il s’agit d’un film composé de PSS et PAH et préparé par trempage.
Des mesures de réflectométrie de neutrons ont été effectué a I'ILL, les valeurs des
parameétres structuraux déterminés a partir du fit de la réflectivité spéculaire sont
indiquées dans le Tableau 2.

Table 2: Valeurs des paramétres structuraux pour le films multicouche préparé par trempage,
déterminées a partir du fit de la réflectivité spéculaire.

Pour calculer la tailles moyennes maximales des chaines de PSS dans le film
dans la direction perpendiculaire & la surface, il suffit d’additionner la valeur
d’épaisseur avec trois fois la valeur de rugosité. Dans le cas du film étudié, les
"couches en volume" constituent la majeur partie du film multicouche, la taille des
chaines de polymeéres est donc calculée selon les valeurs d’épaisseur et de rugosité
de ces couches. La tailles moyennes maximales pour des chaines de PSS de poids
moléculaire M, = 80 800 g/mol dans le film étudié est de 10,4 nm dans la direction
perpendiculaire & la surface, c’est-a-dire un rayon de giration maximal de 4,3 nm.

Les films utilisés pour les mesures GISANS doivent étre composés d’un mélange
de polyélectrolytes deutérés et non-deutérés. Pour ce faire, nous avons préparé notre
film avec un mélange de polyanions non-deutérés et deutérés de 1:1. Aprés mesure
et traitement des données expérimentales, nous obtenons des courbes suivant la
fonction de Debye [12,13] :

2 1
I'= 2R2 L— 2R2 (1 - %P(—qﬁRﬁy)) (1)

Yy 9y Y=gy

ou I est 'intensité, q le vecteur de diffusion et Ry, le rayon de giration en direction
y.

Un ajustement des courbes a ’aide d’une courbe théorique suivant la fonction
de Debye nous a permis de déterminer le rayon de giration des polyanions dans le
plan. La Figure 5 représente les courbes expérimentales pour trois longueur d’onde,
4 A, 5 A et 7 A, ainsi que le fit des courbes expérimentales. Le rayon de giration
calculé est 15,6 nm + 1,8 nm.

En comparant le rayon de giration des chaines de polyméres dans le plan a la
taille des chaines de polyméres perpendiculairement a la surface, nous observons une
taille plus faible perpendiculairement & la surface que parallélement. Ceci indique
que les chaines de PSS ont une conformation de pelotes aplaties dans le type de
films étudiés, alors que la conformation est sphérique en solution.
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Figure 5: Courbes expérimentales GISANS pour un film multicouche contenant 50% de PSS
deutéré. Les données expérimentales (points) pour les longueurs d’onde de 5 A, 7Aet9A, ainsi
que la fonction de Debye correspondante (ligne) sont représentées.

4. Conclusions

Au cours de ce travail, des études réalisées par réflectométrie des neutrons et
GISANS ont permis d’obtenir des informations supplémentaires sur la structure
interne des films multicouches en fonction des conditions de préparation et du
vieillissement.

En ce qui concerne leffet du vieillissement sur les films Lbl, nous avons
montré par réflectométrie des neutrons que les films préparés il y a 15 ans sont
considérablement affectés : une augmentation significative de 1’épaisseur, une
augmentation du degré d’interpénétration des polyélectrolytes entre les couches
voisines et une inhomogénéité de la densité des couches selon la profondeur dans le
film. L’oxydation des polyélectrolytes avec le temps est une des causes possibles.La
limite de stockage est atteinte.

Aprés un stockage de 5 ans, les films subissent un léger tassement due
a une plastification des polyélectrolytes. Nous pouvons en déduire que les films
multicouches de (PSS-PAH) sont stables sur une périodes de quelques mois a 2-3 ans.

Nous avons aussi montré l'utilité du processus de "fit global", permettant
de déterminer des valeurs moyennes des paramétres structuraux pour des films
préparés selon des conditions identiques. Nous avons observé que les valeurs de SLD
et de rugosité sont identiques pour ces films, mais que les épaisseurs présentent une
variation selon les films. Ceci est probablement di aux conditions de préparation
non-controlées, comme la température.

Nous avons aussi observé que les films présentent une structure inhomogéne



dans la direction perpendiculaire a la surface. Les épaisseurs, SLD et rugosité ne
sont pas les mémes pour les couches proches du substrat ou de 'air & la surface
comparé aux couches au milieu des films. Ceci nous indique une influence de
Penvironnement sur la structure aux extrémités des films.

La troisiéme partie de ce travail nous a permis de montrer qu’il est possible
d’effectuer des mesures de GISANS sur nos films multicouches dans le but de déter-
miner le rayon de giration des chaines de polyélectrolytes paralléle a la surface du
film. En comparant les résultats de ces mesures avec ceux obtenus par réflectométrie,
ol nous avons été capable de déterminer la taille moyenne des chaines de polyélec-
trolytes perpendiculaire a la surface du film, nous avons pu déterminer la confor-
mation des polyméres dans un film multicouche. En particulier, les chaines de PSS
présentes dans un film multicouche composé de PSS et PAH adopte une conforma-
tion de pelotes aplaties. Des études de conformations sur d’autres films, préparés
dans des conditions différentes ou présentant des structures particuliéres, seront a
effectuées a 'avenir
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Motivation

The study of the conformation of polyelectrolyte chains is possible by measuring
the sizes (radius of gyration or hydrodynamic radius) of polyelectrolyte coils by scat-
tering experiments (light, X-ray, neutron). Scattering measurements were already
used to determine the conformation of polyelectrolyte chains in solution (see for
example references [27-32|), of polyelectrolyte chains in complexes (see for example
references [33-36|) and of polyelectrolyte complexes particles (see for example ref-
erences [37,38|), and to study the influence of the physico-chemical parameters on
this conformation. We will quickly describe here works on poly(styrene sulfonate)
(PSS) chain conformation, as it is the polyelectrolyte studied in this thesis.

Several studies of the radius of gyration and the conformation of PSS chains
in solutions were performed using Small Angle Neutron Scattering (SANS) [39-
42]. The effect of various physico-chemical parameters were probed, as the salt
concentration and nature or the PSS concentration. In the four references cited
above, it was determined that PSS chains in solutions have a more or less spherical
coil conformation depending on the parameters, with radii of gyration from 4.7 nm
to 22.9 nm.

One study of the conformation of PSS chains in a complex of polyelectrolytes
was performed by M. Z. Markarian et al. [33]. The radius of gyration of PSS
chains in a PSS/(diallyldimethylammonium chloride) (PDADMAC) complex was
determined by SANS, for two different molecular weights of the PSS (M,, = 14,000
g/mol and M,, = 104,000 g/mol) and for concentration of salt (sodium chloride,
NaCl) in the solutions from 0.1 M to 1.5 M. The conformations were determined
to be more or less spherical, and the sizes were 2.5 nm to 2.7 nm for the low PSS
molecular weight and 10.5 nm to 11.0 nm for the high PSS molecular weight. These
sizes are in the same order of magnitude than the ones for PSS in solution.

For now, no measurements of the conformation of polyelectrolyte chains in mul-
tilayer films prepared by the Layer-by-Layer (LbL) process were performed. But
observations of the change of structure of the films were done. A. Pallandre et
al. [14] have studied the deposition of multilayer films of PSS and PDADMAC on
structured substrates, composed of repellent and attracting stripes. Whereas the
end-to-end distances of the polyelectrolytes were determined to be 38 nm for PSS
and 80 - 115 nm for PDADMAC, the width of the adsorbing stripes were set to val-
ues ranging from 10 nm to 100 nm. It was shown that the multilayer films adsorbed
only on the attracting stripes, even for the narrow ones. As the width were smaller
than the sizes of the polyelectrolytes, this indicates a deformation, a change of con-
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formation of the polyelectrolytes in the films due to the constraints. This effect is
sketched in Figure 6. But no measurements of the sizes of polyelectrolyte chains
in the films were carried out, in different direction (in-plane and out-of-plane), to
determine the exact conformation.

homogeneous nano-striped
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Figure 6: Schematic representation of the build-up of multilayer films of polyelectrolytes on
homogeneous and nanostriped surfaces. Reproduced from reference [14].

Observations of the change of film thicknesses depending on the build-up pa-
rameters were also performed (see for example references [2,43-45]). This change of
thickness indicates a change of structure, maybe due to a change of polyelectrolyte
conformation in multilayer films. One interesting effect was observed by M. Losche
et al. [10] on a multilayer film composed of PSS and poly(allylamine hydrochloride)
(PAH). This film was prepared by dipping during two days, and was stored in water
during the night (around 12 h). Neutron reflectometry measurements showed that
the three last layer pairs deposited before the storage in water were thinner than
the other layers. This is shown on the scattering length density (SLD) profile of the
film in Figure 7. This change of thickness is due to a plastification, a relaxation of
the polyelectrolytes due to the water. We may assume a change of conformation of
the polyelectrolyte chains.
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Figure 7: Scattering length density profile of a dipped multilayer film of PSS and PAH. The
storage in water is indicated. Adapted from reference [10].

The aim of the present work was to study the conformation of polyelectrolyte
chains in multilayer films of polyelectrolytes prepared by the LbL process. We
will show the first study of conformation of polyelectrolyte chains performed on
a multilayer film using neutron scattering measurements. As pointed out above,
the sample preparation conditions as well as storage may have an influence on the
structure of the films. Unfortunately, due to limited time of measurements, we had
to know if the films are enough stable to be prepared at the same time and stored
several months or years before the measurements, or if we had to prepare new films
just before the experiments. We therefore studied the structural reproducibility of
LbL preparation under the same conditions. In addition, we performed a study of
the ageing of the films, described in this thesis. We will also discuss the quality of
the structures determined from the measurements and of the model used.
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Chapter 1

Introduction

1.1 Physical chemistry of polymers and polyelec-
trolytes

A polymer is a macromolecule which is composed of repetitions of individual
molecules, called monomers, which are linked together by covalent bonds. The
properties of polymers depend mainly on three parameters : the properties of the
monomers ; the way of formation of the covalent bonds between the monomers
; the degree of polymerization, which correponds to the number of monomers.

Polyelectrolytes are charged polymers. The interactions of polyelectroytes with
the oppositely charged polyelectrolytes in solution or at interfaces are complex,
driven by different forces and depending on various parameters.

1.1.1 Polymers in solution

The concept of polymers appears at the beginning of the 1910’s and since then
the physical chemistry of polymers has been studied [46-49)].

The conformation of a polymer in solution is described by a random walk in
three dimensions. The simplest model, the freely jointed chain model, describes a
polymer as being composed of N+1 monomers connected by N covalent bonds with
a fixed length "a", as shown in Figure 1.1(A).

Each bond can be considered as a vector and the end-to-end vector r_g of a
polymer chain is given by the addition of all bond vectors :

o = Z? (1.1)

=1
The mean distance between the starting point and the end point is given by :
V< 72> =aN" (1.2)
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Figure 1.1: Models for a polymer chain in solution : the freely jointed chain model (A), the
freely rotating chain model (B) and the worm-like chain model (C).

Chemical bonds do not have arbitrary angles. The backbone of many polymers
consists of long alkane chains and the bond angle is fixed (for example, a tetrahedral
angle is equal to 109.5°). Due to this restriction, we can correct the freely jointed
chain model by introducing fixed bond angles, giving the freely rotating chain model
(see Figure 1.1(B)). The mean end-to-end distance become :

V< T2 > = a(ceN)*P (1.3)

with c. the characteristic ratio, which depends on the bonding angle in the
backbone and on the existence of bulky side groups which might reduce the rotation
around the bonds. For a tetrahedral angle, ¢, is equal to 2, showing that such a
chain has a bigger extension than the one predicted by the freely jointed chain model.

Another effect has to be taken into account, the interactions of the polymer with
itself and with the solvent, called excluded volume interactions. There are three
different cases : the polymer is dissolved in a good solvent, in a poor solvent or in
an ideal solvent.

In a good solvent the interactions of the polymer with the solvent are favored.
So, the random walk is more extended and the mean end-to-end distance becomes :

V< T2 > = a(cooN)*0 (1.4)

In a poor solvent, it is the inverse, the interactions of the polymer with itself are
favored and an attraction between the monomers is present. The mean end-to-end
distance is given by :

V< T2 > =alcoN) with 0.33 <v < 0.5 (1.5)

For v < 0.5, the chain is collapsed to a globule. The volume of this globule
is linear in N and its radius is proportional to V and N : R ~ V!/3 ~ N3 [49].

Finally, the attractive and repulsive forces compensate each other in an ideal
solvent. So, Equation (1.3) is not changed.
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The end-to-end distance /< 7.2 > is difficult to measure, so the conformation
of a polymer chain is usually characterized by the radius of gyration R,, which
can be measured, for example, by scattering measurements (light, X-ray or neutron
scattering). R, is the average distance that a monomer has from the center of mass
of the polymer chain :

2 2
Ty < et >

=S = (1.6)

R,

The flexibility of the polymer chain is located at the connection points of the
monomers in the freely jointed chain model and the freely rotating chain model.
But a rotation by a finite angle as described by the freely rotating chain model is
not likely to appear for a rigid polymer, because of the energy cost. These polymers
can be described by an elastic chain that obeys Hook’s law for small deformation.
The worm-like chain model is used (see Figure 1.1(C)), for which the polymer is
described by a continuous chain with step length, a, approaching zero, and number
of bonds, N, approaching infinity. The boundary condition of a constant contour
lenght, L. = Na, is used.

In this model, the polymer is described by the characteristic bending constant, ry.
The typical length scale over which the correlation between two polymer segments
is lost, called persistence length L,, can be calculated using Hook’s law and the
thermal average of all the possible polymer conformations :

< cosf(s) >= exp (—Lip) (1.7)

with s the distance along the contour of the chain and # the angle between a vector
that is tangent to the polymer at position 0 and a vector tangent to the polymer at
a distance s away from position 0. For the worm-like chain model, we have :

Kb

1.1.2 Polymers on surfaces

Most polymers adsorb irreversibly on surfaces, whereas small molecules usually
do not form a permanent layer but adsorb and desorb in a reversible way. This is due
to the fact that polymers adsorb on the surface with several segments. Moreover, a
polymer adsorbed on a surface keeps its entropy by not binding completely, but it
has "loops" which are not conformationally restricted. The number of loops depends
also on the solvent. In a good solvent, the polymer is slightly adsorbed on the surface
with loops extending over a distance over which is in the same order of magnitude
of the radius of gyration. For a poor solvent, the polymer forms a dense layer on
the surface.
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1.1.3 Polyelectrolytes in solutions

Polyelectrolytes are charged polymers. Their charges come from the dissociation
of ionic bonds in solution, giving charges of equal sign along the polymer chain and
ions of the oppositely charge in the solution. The conformation of polyelectrolytes in
solution is strongly dependent on the interactions between these charges together and
with the solvent [47,48,50,51]. For example, electrostatic repulsion of the charges
along the chain will cause a bigger radius of gyration of the polyelectrolytes than for
uncharged polymers. The charges also cause the solubility of polyelctrolytes in water
whereas most of the uncharged counterparts are only soluble in organic solvent.
Of course, the electro-neutrality has to be preserved. The physical chemistry of
polyelectrolytes in solution depends on several parameters, like counterion nature
or pH.

1.1.3.1 The Manning condensation

The Bjerrum length, lg, is the distance over which two interacting elementary
charges in a dielectric medium, with a dielectric constant €, have an electrostatic
energy equal to the thermal energy (kT) :

62

= AnekT

ls (1.9)

Polyelectrolytes have often a high charge density, with a distance between the
charges shorter than the Bjerrum length. So, the counterions present in the solution
condensate on the polyelectrolyte to compensate the energy loss due to the charge
distance smaller than lg. This is called the Manning condensation. Considering a
rod-like polyelectrolyte as defined in Figure 1.2, the potential of the rod is given by

6(r) = =~ In (%) (1.10)

2re

with v = -e/a the linear charge density and b the diameter of the rod-like polyelec-
trolyte.

The electrostatic energy, E, needed for moving a counterion with a charge eZ at
a distance r; away from the polyelectrolyte is equal to :

E= ﬁ”gezm (%) (1.11)

The entropy gain by a counterion exploring an area of radius rg is equal to :

2
_ o\ _ o
S_k;ln(ﬂbz) 2kln(b> (1.12)
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Figure 1.2: A rod-like polyelectrolyte with a diameter a and a linear charge density v — -e/a. A
counterion of charge eZ is at a distance r of the polyelectrolyte in a medium of dielectric permittivity
E.

We can calculate the free energy, F, of a counterion in solution :

B _ (veZ ro\ ves o
F=E TS_(Qm5 2kT>ln<b>_2kT<4ka 1>1n<b> (1.13)

A counterion dissociates from the polyelectrolyte only with a gain of entropy
higher than the electrostatic attraction it has to overcome to dissociate, that is F' <
0. There are counterion bounds at any time, so the polyelectrolyte has a reduced,
effective charge density v.sy :

GZUeff

—1=0
AwekT
AmekT €

Velr = e/ _lB_Z

(1.14)

We can see that there are enough counterion bounds to have a distance between
two charges equal to the Bjerrum lenght 15.

1.1.3.2 Debye length and electrostatic persistence length

Polyelectrolyte solutions can also contain salt. The ions of the salt screen the
electrostatic interactions of the polyelectrolyte charges. For ideal dilute solutions,
this screening is called Debye Hiickel theory. In this case, the characteristic length
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is the Debye length, x, defined as :

e? 2 2
K= d{;_TZCiZi: 47TZBZCZ'Z¢ (1.15)

i i
with Z; and c; the valency and concentration of the i’* ion species in solution.

The Debye length corresponds to the distance over which the potential of a
Coulombic interaction has decayed to 37% of its initial value. The potential of a
charge ¢ in a dilute solution is :

q _
= wr 1.16
¢ Amer ¢ ( )

Of course, the screening of charge has an influence on the polyelectrolyte struc-
ture. The effective linear charge density of a polyelectrolyte becomes :

dmwekT e
Ve = =
1 eZ klpbK;(K;b)

(1.17)

with K; the first order modified Bessel function.

We can see that v.¢; depends on the Debye length, and through it on the salt
concentration. By increasing the salt concentration, the Debye length increases and
Vers decreases. With a smaller effective charge density, the repulsion interactions
between the charges on the polyelectrolyte chain are smaller, so the size of the
polyelectrolyte coil decreases.

The persistence length, L,,, describes the bending rigidity of a polymer chain. In
the case of a polyelectrolyte chain, the electrostatic repulsion of the chain charges
contributes to the bending rigidity. Furthermore, contrary to an uncharged polymer,
the charge screening reduces the bending rigidity. In the case of polyelectrolytes,
the persistence length is defined as :

L,=L)+L; (1.18)

with Lg the persistence length of an uncharged polymer, defined above, and Lj the
electrostatic persistence length. Using the Odijk-Skolnick-Fixman theory, we can
defined L [52] as :

¢ lp
L= o3 (1.19)

L is proportional to the inverse of k2, and so proportional to the inverse of the
salt concentration. If the salt concentration increases, the electrostatic persistence
length decreases, i.e. the polyelectrolyte chain is less "rigid". The charge valency
of the counterions has also an effect on the conformation. This effect is represented
in Figure 1.3, the conformation of a polyelectrolyte chain is more globular (we talk
about coils) for counterions with a higher charge valency.
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Figure 1.3: Conformation of a polyanion chain as a function of its degree of ionization, a, and
the salt valency. Reproduced from reference [15].

1.1.3.3 Effect of the pH

Polyelectrolytes are also influenced by the pH of the solutions. We can define
two kinds of polyelectrolytes depending on their response to the pH. Strong polylec-
trolytes do not respond to the change of pH. For weak polylectrolytes, the degree
of ionization, the ratio of ionized and non-ionized groups, changes with the change
of pH of the solutions. This is usually described by the pK, value, defined by the
Hendersson Hasselbach equation :

[HT] > [A7]
[HA]

=pH —log A] (1.20)

pKa = _log [HA]
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with [HA]| the concentration of undissociated groups, [A~| the concentration of de-
protonated acid groups, [H'] the concentration of protons and pH = -log[H]|. This
equation is for polyacids (i.e. polyanions). For polybases (i.e. polycations) :

% — pOH —log P! (1.21)

Ky, =—1
by 0g [BHH]

with [OH™| the concentration of OH™ groups, |B] the concentration of the base,
[BHT| the concentration of the conjugated acid of the base B and pOH = -log|OH~].
We have the following relations at 25°C :

pH + pOH = 14 (1.22)
pK, + pK, = 14 (1.23)

The degree of ionization, «, is defined as :

1 .
o = W for polycatlons (124)
1 1

1+ L0POH—pKy | 1 1QpKa—pH for polyanions (1.25)

A polyelectrolyte is 50% ionized, v = 0.5, when the pH of the solution is equal
to the pK, of the polyelectrolyte. In Figure 1.4, curves of the ionization degree as a
function of the pH are represented for a polyanion and a polycation with a pK, of
7.
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Figure 1.4: Example of ionization degree of polyelectrolytes with pK, of 7 as a function of the pH
of the solutions. On the left, the curve for a polyanion and on the right, the curve for a polycation.

As mentioned above, strong polyelectrolytes are not influenced by the pH of the
solutions. This is due to the fact that the pK, is below 1 for the strong polyanions
and above 14 for the strong polycations. So, the strong polyelectrolytes are fully
ionized in water for every pH. This is not the case for weak polyelectrolytes. So it is
possible to tune the ionization of polyelectrolytes by changing the pH of solutions.
The degree of ionization can be decrease with pH < pK, and increase with pH >
pK, for weak polyanions, and it is the inverse for weak polycations.
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It is therefore possible to change the charge density of weak polyelectrolytes
by changing the pH of solutions. As the persistence length depends on the charge
density, it is possible to vary the conformation of polyelectrolytes by modifying
the pH. The effect of the degree of ionization on the conformation of polyanions
is represented in Figure 1.3. The decrease of a gives more globular polyelectrolyte
chains.

1.1.3.4 The pearl-necklace model

A model to describe hydrophobic polyelectrolytes in water is the pearl-necklace
model [16,53-55]. Spheres of diameter dg,. are composed of several monomers. These
spheres form two elements : spherical pearls of diameter d, which are separated by
cylindrical strings of length lg;,. and diameter dg,., as represented in Figure 1.5.

Figure 1.5: Schematic representation of a pearl-necklace structure. Reproduced from reference
[16].

The numbers of monomers in a string, mg,, and in a pearl, m,, are given by :

lstr
g = 1.26
Mgt . ( )
4rd,
1.27
P 24V0 < )

with a the length and v the volume of a monomer. The pearl size scales as :

A —2/3
and the pearl density as :

pp ~ (a®6r)™! (1.29)

with &7 the thermal blob size. The string length is given by :

Ipér\
lar ~ @ ( ) Ve_flf (1.30)

a
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1.1.4 Polyelectrolyte complexes in solutions

The mixing of a polyanion and a polycation solutions leads to the formation of
polyelectrolyte complexes due to electrostatic interactions. The formation of such
complexes is studied since the 1930’s [56] and is governed by the polyelectrolyte
characteristics (charge density, rigidity of the polyelectrolyte chains, ...) and the
environment (solvent, counterions, pH, ...) |17,57-59|.

1.1.4.1 Thermodynamics of polyelectrolyte complex formation

The formation of polyelectrolyte complexes is driven by two forces, the attraction
between the polyanions and polycations and the increase of entropy due to the
counterions released. Indeed, polyelectrolytes in solutions are surrounded by an
electrical double layer which is composed of counterions and co-ions. The double
layer has a lower energy and a lower entropy than for a random mixing. When two
oppositely charged polyelectrolytes form a complex, this double layer is destroyed
and the counterions are released by forming a salt solution. This complex formation
is represented in Figure 1.6.

; ; ; ; Release of
Polyanion/Cation + Polycation/Anion —————> Polyelectrolyte complex
counterions

Figure 1.6: Schematic representation of the formation of a polyelectrolyte complex by mixing a
polyanion and a polycation solutions.

This formation of complexes changes the enthalpy and entropy of the system
and both vary with the salt concentration. The effect of the salt concentration is
shown in Figure 1.7. We can see an increase of the Coulombic energy, AE, with
the increase of the salt concentration. At low salt concentration, the energy of the
system decreases upon complexation, due to a stronger decrease of energy coming
from the interpolyelectrolyte ion pairing than the increase of energy originated from
the release of counterions. The complexation is exothermic (AE < 0). The increase
of the salt concentration causes a decrease of the Debye length, the screening of the
polyelectrolyte charges. So at high salt concentration, the energy gained from the
formation of ion pairs between ionic groups of polyanions and polycations decreases.
The increase of energy by counterion release is therefore bigger than the energy de-
crease due to polyelectrolyte charge pairing. The complexation is endothermic (AE
>0). In this case, the interactions polyelectrolyte-counterion are favored over the
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interactions polyelectrolyte-polyelectrolyte. The entropy of complexation is always
positive, but for very high ionic strength, AE > AS (the free energy of the system,
AF, is positive), so there is no complexation.

endo-
thermic

no
complexes

exo-
thermic

Figure 1.7: Schematic picture showing the influence of the salt cconcentration on the free energy
of complexation, AF, on the Coulomb energy, AE, and on the counterion release entropy, -TAS.
Reproduced from reference [17].

1.1.4.2 Structure of polyelectrolyte complexes

Two models of polyelectrolyte complex structure are considered : the ladder
model and the scrambled-egg model [60-62]. These models are represented in Figure
1.8.

(A) (B)

Figure 1.8: Schematic structures of polyelectrolyte complexes, the ladder model, (A), and the
scrambled-egg model, (B). Polyanions are represented in blue and polycations in red.

In the ladder model, polyanions and polycations form complexes on a molecular
levels, with polyelectrolytes parallel to each other. The complexes are organized
in such manner that all oppositely charged groups of the two polyelectrolytes are
situated facing each other and form ion pairs. In the scrambled-egg model, the
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monomer units of oppositely charged polyelectrolytes are randomly mixed and the
charges are statistically compensated by the opposite charges. These two models
are the extremes and polyelectrolyte complex structures are usually a combination
of the two models. These structures depend on different parameters, as the ionic
strength [63] and the pH of the solutions.

At low ionic strength, the increase of the salt concentration leads to a decrease
of the amount of aggregation, due to more flexible chains. At high ionic strength,
the repulsion between the primary particles is screened, leading to secondary ag-
gregations between the particles and macroscopic flocculation. These aggregations
increase with the increase of salt concentration.

As already mentioned, the pH of the solutions has an effect on the degree of
ionization of weak polyelectrolytes, so on the energy due to the polyelectrolyte
charge pairing. This means that the pH of the solutions has an influence on the
formation of complexes for weak polyelectrolytes and on their structure. However,
as the pH has no effect on the degree of ionization of strong polyelctrolytes, it
has no effect on the formation and the structure of complexes formed by strong
polyelectrolytes.

The polyelectrolyte complexation can lead to soluble complexes or to a phase
separation between a solvent rich phase and a polymer-rich phase [57,60,64]. Figure
1.9 shows the schematic phase diagram for a polyelectrolyte complexation depend-
ing on the fraction of polycations, and on the salt concentration. At very high salt
concentration, no complexation occurs. Complexation occurs for low salt concentra-
tion and two cases can be distinguish. For high excess of polyanion (small fraction
of polycation) or polycation (high fraction of polycation), the complexes are soluble
in the solvent. These complexes are negatively charged for an excess of polyanion
and positively charged for an excess of polycation. The complexes become insoluble
when the amount of polycations and polyanions are closer and the solution is com-
posed of a solvent-rich phase and a polymer-rich phase. The phase diagram can be
different for other parameters.
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Figure 1.9: Schematic phase diagram of polyelectrolyte complexation. On the vertical axis, the
ionic strength or salt concentration. On the horizontal axis, the fraction of polycation.

1.1.5 Complexation at interfaces - The Layer-by-Layer as-
sembly

In the 1980’s, Gero Decher discovered the Layer-by-Layer (LbL) technique [1,65,
66], which is a "bottom-up" approach for the build-up of thin multimaterial films
on surfaces. It is based on a simple concept, attractive intermolecular interactions,
mainly electrostatic, lead to an easy experimental implication and thus low cost and
an environmental friendliness (low pollution). This explains the important use of
this technique all over the world (in 2010, 3 publications per day) and its versatility
allows to use this technique in a broad range of domains.

1.1.5.1 The Layer-by-Layer assembly

The Layer-by-Layer deposition is a bottom-up technique consisting of consecu-
tive depositions of various components. As shown in Figure 1.10, it usually starts
with a charged surface, for example positively charged, put in contact with the
oppositely charged polyelectrolyte solution, in our example a polyanion, which ad-
sorbed on the surface due to electrostatic interactions. The deposition is followed
by a rinsing of the sample to remove the excess of polyelectrolytes, then it is put in
contact with the polycation solution, and after the deposition, is rinsed again. Then
the procedure is performed several times to have a film with the desired number of
layers and the desired thickness. Of course this is not limited to two compounds
and specific films can be built up by deposition of several compounds in different
sequences.

The representation of the Layer-by-Layer assembly shown in Figure 1.10 is a
simplified picture. In fact, multilayer films are not composed of distinct layers sep-
arated by well defined interfaces, as represented on the left in Figure 1.11, but the
polyelectrolytes interpenetrate within the neighbouring layers to have a charge com-
pensation on the microscopic scale for stoechiometric films. There is a complexation
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1) Polyanion
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Substrate

Figure 1.10: Schematic representation of a multilayer film build-up using the Layer-by-Layer
process. Counterions are omitted and conformation of polyelectrolyte as well as interpenetration
are ideal cases.

at the interfaces. This is illustrated by the relative concentration profils of a polyan-
ion and a polycation in a multilayer film shown on the right in Figure 1.11. We
can see the overlap of the two polyelectrolytes at the interfaces of the layers. The
relative concentration of the polyanion and the polycation is 1 at any position in
the film. The green dots in the figure correspond to deuterated polyanion layers and
the concentration profil shows that these layers can be resolved as single layers only
if they are separated by at least one non-deuterated layer pair.

v

Polyelectrolyte relative concentration

Figure 1.11: Structure of polyelectrolyte multilayer film with a linear growth regime, as deter-
mined by X-ray and neutron reflectometry measurements. Polyanion is represented in blue and
polycation in red. Adapted from reference [18].

The multilayer films prepared by the Layer-by-Layer assembly can be deposited
by three methods : dipping, spraying and spin-assisted LbL assembly, as shown in

36



Figure 1.12.

Figure 1.12: Schematic representations of the build-up of multilayer films by dipping (top left),
spin-assisted LbL assembly (top right) and spraying (bottom).

The dipping deposition consists of immersing the substrate into the polyelec-
trolyte solutions for typically 15 min to 20 min, with intermediate rinsing steps of
few minutes to remove the non-adsorbed polyelectrolytes [1,65]. The deposition
by spraying |67, 68] is much quicker than the dipping deposition, it usually takes
10 s to 20 s per layer, including the rinsing step, which means that it allows
to build up multilayer films with a high number of layers rapidly, for example
100 to 150 layers per day. It is even possible to skip the rinsing steps. Usually,
the multilayer films prepared by spraying are thinner than the ones prepared
by dipping 2,69, 70], but more solution is used and there is a bigger amount of
waste. It is also possible to spray the two solutions of oppositely charged materials
simultaneously on the surface to build up a non-stratified film of complex formed
with the two materials [71]. Finally, it is also possible to prepare multilayer films by
dropping the solutions and water onto the rotating substrate with the spin-assisted
LbL assembly [3,72]. This method is quick, 20 s to 30 s for the deposition of one
layer, but contrary to the spray deposition, consumes a small amount of solution,
that is less waste. Unfortunately, the multilayer films are not homogeneous over
the surface, the thickness depends on the distance from the center of rotation, and
this deposition is not suitable for the coating of large surfaces.

The reason of these differences are not well known, especially the differences
between dippping and spraying. An explanation is that the adsorption mechanism
is different for dipping (thermodynamic diffusion) and spraying (kinetic diffusion).
Another point of view, a difference of solution temperature due to cooling by
evaporation during spraying is discussed in Paragraph 2.5.

In addition to the different methods of deposition, a large number of parameters
(the conditions of preparation) play a role in the build-up process. We will give
here some examples of the influence of the preparation conditions. An important
parameter is the salt concentration. Whereas an increase of the salt concentration
in polyelectrolyte solutions leads to the decrease of the polyelectrolyte chain size in
solution, the increase of the salt concentration of the polyelectrolyte solutions leads
to the inverse behaviour in the multilayer films, that is an increase of the thickness
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and the roughness of the films [73,74]. K. Biischer et al. [45] showed that the nature
of the salt has also an influence on the thickness of multilayer films, with thicker
films prepared from solutions containing KCl than NaCl for example, and C. C.
Buron et al. [74] determined that the nature of salt has an effect on the roughness
at the surface of the films. The polyelectrolyte charge density also plays a role on
the film structure, as it changes the electrostatic interactions which induce the film
deposition [43,75,76]. For example, U. Voigt et al. showed the case of multilayer films
composed of poly(styrene sulfonate) and poly(diallyl-dimethyl-ammoniumchloride-
stat-N-methyl-N-vinylacetamide) (P(DADMAC-stat-NMVA)), for which the charge
density can be tuned by changing the amount of NMVA in the polycation ; in this
case, they showed for example that the maximum thickness of the films is achieved
for a degree of charge of the polycation included between 75% and 89% depending
on the concentration of the polyelectrolyte solutions. An influence of the pH of
the polyelectrolytes solutions was also observed for weak polyelectrolytes on the
films thickness and roughness [44,77], as a change of the pH causes a change of the
charge density of weak polyelectrolytes and hence, the electrostatic interactions. All
the parameters given above are parameters of the solutions, but the conditions of
deposition have an influence on the multilayer films, too. For example, the increase
of the temperature of the solutions leads to an increase of the thickness of the
films [45,78] and the use of a drying step after the polyelectrolyte depositions has
an effect on the surface morphology compared to film build-up without intermediate
drying steps [79,80]. A. Izquierdo et al. [2] showed time dependency of the multilayer
films thickness for sprayed films, the thickness increases with time until it reaches an
equilibrium (the same behaviour is observed also for films prepared by dipping), as
well as an effect of repeating depositions of one polyelectrolyte several times before
depositing the oppositely charged polyelectrolyte. These parameters are given as
examples, but all the deposition conditions have a more or less pronounced effect
on the film build-up.

1.1.5.2 Different growth regimes

Two different growth regimes of the multilayer films can be observed : the linear
regime and the superlinear regime.

The linear regime corresponds to films with a linear increase of the thickness
per layer pair [1,65]. A typical system exhibiting a linear growth is multilayer
films composed of PSS and PAH. An example of a linear growth is shown in Figure
1.13, where the thickness is drawn as a function of the layer pair number, measured
by ellipsometry. The film was prepared by dipping a silicon wafer coated with a
poly(ethyleneimine) (PEI) layer into solutions of 3 x 107® monomol /L of PSS and
PAH dissolved in 0.5 M NaCl solutions, with three rinsing steps in pure MilliQ)
water. A total number of ten layer pairs was deposited.

The thickness per layer pair determined from the fit of the experimental curve
was 28.76 A. This corresponds to the typical range of thicknesses observed with
the linear regime, which are in the order of few nanometers per layer pair. The
thickness per layer pair is smaller than the size of a polyelectrolyte in solution and

38



300 -
Experimental data
Linear fit

250

200

150 y =28.8"x-3.5

Thickness (A)

100

50

0 ’ ’ . r . Y
0 2 4 6 8 10

Number of layer pairs

Figure 1.13: Thickness growth of a dipped (PSS-PAH) film with the number of layer pairs.

the polyelectrolyte are fixed in the film, we talk about trapped polyelectrolytes.

The superlinear regime, also called exponential regime, corresponds to films
which exhibit an exponential increase of the thickness for the first layers, followed
by a linear growth [19, 81].

In Figure 1.14, the thickness growth of a multilayer film composed of PSS and
poly(diallyldimethylammonium chloride) with the number of layer pairs measured
by ellipsometry is shown. The film was prepared by dipping a silicon wafer coated
with a PET layer into solutions with a concentration of 1 x 1072 monomol /T, of PSS
and PDADMAC, dissolved in a buffer acetate of 50 mM, 0.2 M NaCl and pH=5.6,
with rinsing steps in pure MilliQQ water.

We can observe the exponential regime for the six first layer pairs, and the
linear regime starting from the seventh layer pair with a thickness increase of
115.36 A per layer pair. In multilayer films exhibiting a superlinear growth the
polyelectrolyte chains are mobile. L. Xu et al. showed also the possibility to change
the growth regime from linear to superlinear and vice versa by changing the pH
of the polyelectrolyte solutions for films composed of poly(2-(dimethylamino)ethyl
methacrylate) (PDMA) and poly(methacrylic acid) (PMAA). E. Hiibsch et al.
showed the same change of the growth regime, but by changing the composition
of polyelectrolyte mixures. Indeed, they studied multilayer films composed of a
mixure of PSS with poly(L-glutamic acid) (PGA) and PAH. By changing the
proportion of PSS and PGA, they could build up films with a linear regime for a
majority of PSS (films composed of PSS and PAH exhibit a linear growth) and
films with a superlinear regime for a majority of PGA (films composed of PGA and
PAH exhibit a superlinear growth).

A model for the superlinear growth of multilayer films composed of poly(L-lysine)
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Figure 1.14: Thickness growth of a dipped (PSS-PDADMAC) film with the number of layer
pairs.

(PLL) and poly(L-glutamic acid) (PGA) was described by P. Lavalle et al. [19] and is
represented in Figure 1.15. Tt was suggested that two kinds of polyelectrolytes consti-
tute the film, strongly adsorbed polyelectrolytes which form the multilayer network
and weakly bound polyelectrolytes present in the film. During the deposition of one
polyelectrolyte, for example the PGA, this polyelectrolyte adsorb strongly to the
film at the surface. Furthermore, the oppositely charged polyelectrolyte, the PLL,
which is weakly bound diffuse in the film to the surface, forming complexes with
the PGA and leading to an increase of the thickness bigger than just the increase
due to the adsorption at the surface. At this time, PGA chains diffuse into the film.
With the increase of the thickness, more free polyelectrolytes are contained in the
film and can diffuse to form complexes, so we observe an increase of the thickness
growth with the number of layers. For a certain thickness, the increase of thickness
becomes stable, due to a limitation of the diffusion distance, and so the thickness
growth becomes linear. C. Picart et al. [81] observed this effect by studying the
diffusion of labelled poly(L-lysine) (PLL) in multilayer films composed of PLL and
hyaluronan (HA) by fluorescence.
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Figure 1.15: Schematic drawing of the build-up mechanism of (PGA-PLL) multilayer films.
(A) Beginning of the contact between a (PGA-PLL); multilayer film with a PGA solution. (B)
Diffusion of PGA chains into the film once all the mobile PLL chains have diffuse out of it. (C) End
of step B resulting in a negative charge overcompensation on the film. (D) Beginning of the contact
between a (PGA-PLL);/PGA multilayer film with a PLL solution. (E) Diffusion of PLL chains
into the film once all the mobile PGA chains have diffuse out of it. (F) End of step E resulting in
a positive charge overcompensation of the (PGA-PLL), ; film. Reproduced from reference [19].
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1.1.5.3 Thermodynamics and kinetics of polyelectrolyte multilayer film
formation

The thermodynamics and kinetics of multilayer film formation is a complex
subject |18, 21, 82-87]. Whereas polyelectrolyte multilayer film formation can
be compared to polyelectrolyte complex formation on some aspects, there are
important differences also.

The fact that a couple of polyelectrolytes forms a film which grows linearly
or superlinearly seems to depend on the energy of complexation [88]. If the
complexation is endothermic, the superlinear growth of the multilayer film is
favored, whereas a film grows linearly with an exothermic complexation. As for
polyelectrolyte complexes, ionic strength, pH and polyelectrolyte charge density
have an influence on multilayer film formation.

41



The ionic strength, or salt concentration, of the polyelectrolyte solutions has an
effect on the thickness of polyelectrolyte multilayer films [73,89]. As already men-
tioned, the ionic strength of the polyelectrolyte solutions influences the conformation
of the polyelectrolyte chains. At low salt concentration, there is a high repulsion
between the polyelectrolyte charges, inducing a stretched conformation. So, when
the polyelectrolytes adsorb on a surface, they lie on the surface with a small out-of-
plane size, forming layers with a small thickness, as represented in Figure 1.16 (A).
Increasing the ionic strength leads to increase the screening of the polyelectrolyte
charges. At high ionic strength the conformation is therefore a coil. When adsorb-
ing on a surface the polyelectrolyte chains have a bigger out-of-plane size, forming
thicker layer, as represented in Figure 1.16 (A).

(B)

(A)

ESNAS

Substrate Substrate

Figure 1.16: Oversimplified representation of polyelectrolyte chain conformation in multiayer
films depending on the ionic strength, (A) at low ionic strength and (B) at high ionic strength.

Not only the salt conncentration has an influence on multilayer film build-up, but
also the salt nature [20,82,90]. Indeed, the ions are sourrounded by a shell composed
of water molecules, called hydration shell, which depends on the nature of the ions,
and especially on their electric field. For small ions, the electric field is high and
the ions have a large hydration shell. Thus, the ions have a low interaction with
the polyelectrolytes. We are in the same case than for a low salt concentration, the
repulsion between the polyelectrolyte charges is high, the chains are in a stretched
conformation and the adsorbed polyelectrolytes form thin layers. For large ions the
hydration shell is small due to a weak electric field and the ions interact highly with
the polyelectrolytes. The screening of the polyelectrolyte charges is high and the
conformation is a coil. So, the polyelectrolytes form thicker layers. The effect of the
counterions nature on the thickness of (PSS-PDADMAC) multilayer films is shown
in Figure 1.17.

For strong polyelectrolytes, the pH of the solutions has no effect on the
multilayer film build-up, since strong polyelectrolytes are fully ionized and are not
influenced by the pH. But when working with weak polyelectrolytes, the pH plays
an important role on the build-up of multilayer films [91-93|. First, we already
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Figure 1.17: Thickness evolution of (PSS-PDADMAC) films versus the number of layers as
determined by ellipsometry, for different counterion species. Reproduced from reference [20].

said that the pH of polyelectrolyte solutions has an effect on the conformation
of the polymer chains. As for the ionic strength, this has an effect on the layer
thickness. But the degree of ionization of the polyelectrolytes has also an influence
on their adsorption. If the degree of ionization of a polyelectrolyte decreases,
its incorporation in multilayer films increases. Indeed, the number of charges on
weak polyelectrolytes depends on its degree of ionization, and so on the pH. By
decreasing the degree of ionization of one of the polyelectrolytes (polyelectrolyte
A) composing a film without changing the degree of ionization of the second
polyelectrolyte (polyelectrolyte B), the number of charges on polyelectrolyte A
decreases whereas the number of charges of polyelectrolyte B remains the same.
So, to compensate the charges of polyelectrolyte B more polyelectrolyte A is
needed in the multilayer film. Of course, the effect of the pH on multilayer film
growth is more complex, especially if the weak polyelectrolytes used have different
pK,. The pH can also change the growth regime of the multilayer film from a
linear to a superlinear growth depending on the pH, as studied by P. Bieker et al. [92].

As for the formation of polyelectrolyte complexes in solution, it is possible to
draw a phase diagram to represent the different cases as a function of the param-
eters [21]. Figure 1.18 shows the schematic phase diagram for the formation of a
polyelectrolyte multilayer film depending on the fraction of polycations and on the
salt concentration. As for the polyelectrolyte complexes, no complexation occurs at
very high salt concentration (region S). At lower salt concentration, for an excess
of polyanion or polycation, soluble polyelectrolyte complexes are formed (regions C
and C’). For closer proportion of polyanions and polycations, polyelectrolyte multi-
layer films are formed and two cases can be distinguished. The region L corresponds
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to a multilayer in a liquid state, i.e. when polyelectrolytes can diffuse in the multi-
layer films, leading to the superlinear growth regime. At very low salt concentration,
multilayer films are in a glassy state, i.e. the polyelectrolytes are immobile in the
film. Of course, like for polyelectrolyte complexation, the phase diagram can be
dependent on other parameters than the salt concentration, like the pH.
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Figure 1.18: Schematic phase diagram of a polyelectrolyte multilayer film adsorption. On the
vertical axis, the ionic strength or salt concentration. On the horizontal axis, the fraction of
polycation. The L region indicates a multilayer in a liquid state and the G region a multilayer in
a glassy state. The C and C’ regions corresponds to soluble polyelectrolyte complexes and the S
region to a solution with no complexation. Reproduced from reference [21].

1.1.5.4 Polyelectrolyte multilayer film structure

The internal structure of polyelectrolyte multilayer films is not homogeneous
but is generally represented by the model of the three zones [94]. This model is
represented in Figure 1.19 and takes into account the effect of the substrate and of
the environment on the film.

Zone I corresponds to the first layers deposited, which are close to the substrate.
The structure of these layers is dependent on the substrate surface, the charge
density and the roughness of the surface. Zone III is composed of the last layers,
which are close to the surface of the film and are dependent on the environment (air,
solution). These two zones are limited in thickness, corresponding to the distance of
influence of the substrate and of the environment on the multilayer film. As shown
in the figure, for a few number of layers, both the substrate and the environment
have an effect on the whole film and zone I and zone III are mixed. By increasing the
number of layers, and the thickness of the film, zone I and zone III are defined sep-
arately and their thicknesses increase, until their maximal thicknesses are reached.
Usually the influence of the substrate and the environment is visible within few
layers, that is several nanometers. When zone I and zone III reach their maximal
thicknesses, a new zone appear, zone II, which is not influenced by the substrate and
the environment. This zone is also named "bulk film". The thickness of zone II in-
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Figure 1.19: Schematic representation of the internal structure of polyelectrolyte multilayer films
described by the model of the three zones. Adapted from reference [18].

creases with further layer deposition and, for thick films, is the main part of the film.

The use of this structure or of an homogeneous structure for the analysis of
neutron reflectivity is discussed in Paragraph 4.2.

1.1.5.5 A versatile technique

The most common interaction used for the Layer-by-Layer assembly process
is the electrostatic interaction. But it is also possible to build up multi-
layer films of uncharged materials using other kind of interactions, as the
hydrogen-bounding [95-97|, the covalent bound [98-101] or the Van der Waals
interactions [102-105]. For example, W. B. Stockton et al. [96] studied the build-up
by hydrogen-bounding of multilayer films composed of polyaniline (PA) and several
other polymers, like PSS and poly(ethylene oxide), and T. Serizawa et al. [102] pre-
pared films with isotactic and syndiotactic PMMA using Van der Waals interactions.

These different interactions allow to deposit a broad range of compounds on
surfaces to build up a multilayer film. The most common materials used are the
polyelectrolytes [1,65,66,106,107], which are the first compounds used for the prepa-
ration of multilayer films assembled by the Layer-by-Layer process. Nanoparticles
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can also be incorporated into the multilayer films, as metallic particles (gold [108],
iron oxide [109], titanium oxide [110], ...), clay platelets [111], silica particles [112],
cellulose nanofibrils [113] or luminescent rare-earth particles [114].  Another
kind of materials deposited in multilayer films are biological compounds, for the
development of biomedical devices for example, like viruses [115], DNA [116, 117]
or proteins [116,118].

The multilayer films can be deposited on a variety of different surfaces, with
different compositions, shapes (the solutions can go everywhere) or sizes, from
square centimeters to square meters. For the characterization of the films, plane
surfaces are usually used, composed of gold [107|, quartz [119] or silicon [77| for
example. But the films can also be deposited on nanoparticles 109,120, 121] or on
textile [122] for example.

Due to this broad range of materials and supports which are available for the
formation of multilayer films deposited by the Layer-by-Layer assembly, the prop-
erties that multilayer films can present are varied and the Layer-by-Layer process
is studied and used in a large number of scientific domains. Some examples of
properties and potential applications which can be obtained with multilayer films
are membrane formation or membrane efficiency enhancement [123-126|, coatings of
surfaces, like anticorrosion coatings [127], repellent coatings [112], flame-retardant
coatings [122] or bioactive coatings [128], formation of fuel cells [129], of capsules
for biomedical purpose (drug delivery, ...) [130], of responsive systems under exter-
nal stimuli (sensors, ...) [101,131,132] or of systems presenting specific mechanical
properties [126,132].

1.2 Neutron scattering

Neutrons were discovered in 1932 by James Chadwick and were used in condensed
matter since their discovery. They are a perfect probe for the study of the atomic
and molecular structure as well as the dynamics of materials. Neutrons interact
with the nuclei through the strong interaction.

1.2.1 Neutron radiation

Neutrons are elementary particles which form the nuclei of atoms with the pro-
tons. They are electrically neutral and their fundamental properties are listed in
Table 1.1.

The lifetime of a free neutron is 886 4+ 10 s and a neutron decays into a proton,
an electron and an antineutrino. The neutron penetrates deeply into matter as it
is electrically neutral. The only potential experienced by a neutron in scattering
experiments is the strong interaction with the nuclei and the magnetic interaction
due to the spin. So, neutrons are good probes to study the matter.

Neutrons used for scientific research are produced in reactors by fission of
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Mass M, = 1.675 x 10727 kg
Spin s=-h/2

Magnetic moment p = -9.649 x 10727 J/T
Lifetime (S-decay) 7 = 886 s

Electric charge Q=0

Table 1.1: Neutron properties [7]. h is related to the Plank constant h — 27h.

Uranium-235 or in spallation sources by bombarding a target with particles of high
energy produced by an accelerator. Then neutrons are cooled in a moderator to
obtain the desired energy for the neutron scattering experiments.

1.2.2 Neutron scattering theory

Neutron scattering consists of illuminating a sample with an incoming neutron
beam of a certain momentum, and to measure the intensity of the scattered beam,
as shown in Figure 1.20.

Figure 1.20: Geometry of a scattering experiment. k?; and k_} correspond to the incoming and
the outgoing (scattered) wave vectors and ¢ to the momentum transfer or scattering vector.

The scattering is described by the momentum transfer, or scattering vector, 7
which is calculated by substracting the incoming wave vector from the outgoing
wave vector :

— =
T =k —k (1.31)
With k; = ky = k = 27/X and a scattering angle of 26, the value of s :

4
g = 2ksinf = 7” sin (1.32)

The scattering can be either elastic or inelastic, but we consider no energy trans-
fer between the scattered neutrons and the samples during our studies, so we consider
only elastic scattering. This approximation is valid for small momentum transfers
and static samples.

Possible inelastic contributions of single particle excitations, like diffusion, lead
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to even scattering in all directions (incoherent) and are modeled as a constant back-
ground. We can suppose that the quantity measured is the differential elastic cross

section
do d*o
— = [ ———dF 1.

s / dQdE; ! (1.33)

which gives the proportion of the wave intensity with an incident wave number k;
= 27 /) and an energy E; scattered into the solid angle d€.

As neutrons interact through the strong interaction, which has a typical range
of femtometers, the nuclei of the atoms composing the samples can be considered
as points. The total scattering strength of a single nucleus can be described by the
scattering length b :

do 9
o= b (1.34)

The scattering length can be positive and negative, which corresponds to a re-
pulsive or an attractive potential, depending on the isotopes and is in the order of
femtometers. Two quantum-mechanical interactions between the neutrons and the
nucleus have to be considered in addition to the scattering, the absorption and the
spin interactions.

The absorption of neutrons by nuclei depends on the energy of neutrons and
is strong if the compound energy of the neutron and the nucleus corresponds to a
resonance energy. For cold or thermal neutrons, only few isotopes show resonance
absorption of neutrons, and the elements used in our studies have a negligibly small
absorption.

The spin interaction comes from the fact that neutrons have a spin of -1/2. The
overall spin system, which consists of the neutron spin and the nuclear angular mo-
ment j, can have two total spin states j - i/2 or j + h/2, with a probability factor
g™ and g~ respectively. Each of this spin combinations corresponds to a scattering
length b™ and b~. The average scattering length <b> for one isotope is equal to :

<b>=g"b"+g b =0, (1.35)

with b, called coherent scattering length. The standard variation of the scattering
length

V<> — <b>2 =0 (1.36)
is called the incoherent scattering length. For a distribution of different isotopes in
the material studied, an additional distribution of effective scattering lengths has to

be considered.
So, the total cross section oy, can be divided into three parts

d
Crotal = / %dﬂ = A7h? = 4mb. + A7b; + Oups = Teoh + Tine + Tabs (1.37)

with o.on, Oine and o4 the coherent, incoherent and absorption cross sections re-
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spectively. The scattering lengths and the cross sections for some elements and their
isotopes are listed in Table 1.2 [7,133].

Table 1.2: Scattering lengths and cross sections for some elements and their isotopes. Z is the
atomic number and A the mass number. The absorption cross section is given for a neutron energy
of 25.3 meV. The half lifetime T/, of unstable nuclei is given.

The scattering lengths may differ significantly, even between two isotopes of the
same element. This allows selective isotope replacement in a sample leading to ad-
ditional contrast for neutron scattering measurements. In particular, the scattering
lengths of hydrogen and deuterium differ a lot, which makes neutron scattering a
powerful technique for the study of polymer systems [134-136]. But various other
materials can be probed by neutron scattering, too. For example, it is possible to
characterize the magnetic order and the influence of external conditions on this order
in metallic films by neutron diffraction or inelastic neutron scattering, with polarized
neutrons [137-139], or to determine the effect of shear stress at the solid/liquid inter-
face (polymer films and different solvent [140,141], aqueous solutions of micelles near
silicon wafers [142], etc.). SANS (Small Angle Neutron Scattering) allows for exam-
ple to measure the persistence length and the radius of gyration of polyelectrolytes
in solution [27,39,143,144] or to determine the orientation of nanometric objects in
films, like clay platelets [145,146]. Dynamic studies can also be performed [147], as
well as studies of the structure of lipid bilayers [148] or of lipid/DNA complexes [149].
These are some examples of the possibilities offered by neutron measurements.
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1.2.3 Neutron reflectometry and Grazing Incidence Small
Angle Neutron Scattering

In a grazing incidence scattering experiment, a well collimated incident beam
arrives on a surface at a small angle. In this case, the approximation that the
incident wave is not changed by the sample is not valid anymore. Moreover, as the
momentum transfers in scattering experiments at small angle are small, we cannot
observe the interferences from individual atoms and the potential describing the
interaction between the incident beam and the sample is a mean field of scatterers
VO-

Assuming a step potential <V(7>)> which is equal to 0 for negative z values and
to Vy for positive z, the Schrédinger equation describing the scattering experiment
is :

2m

V(7)) + k(7)) =0 with k% = -

(E— < V(7)>) (1.38)

This equation resembles the Helmholtz equation, which describes the propaga-
tion of an electromagnetic wave in classical optics [150]. The solution of the equation
is the following :

(1.39)

— —
aie”“i? + afe”'“f7 for z<0
a'et T for z>0

— = —
The wave vectors k;, ky and k' correspond to the wave vectors of the incoming,
the reflected and the transmitted waves. The potential in this case is a Fermi
pseudopotentials with an average atomic density py :

2 h? 2 h?
Vo= T bpp = =N, (1.40)
m m

N, is called the scattering length density (SLD) and corresponds to the average
coherent nuclear scattering length density po<b.,>. Due to the similarity with
optics, one can define the refractive index n :

2 1% A2
n2:F=1—E°=1—?Nb (1.41)
0

If we take into account the absorption :

A2 A2 A
2=1-"Ny+il =1-2 N, +ilu (1.42)
T ko T 2w

with the absorption coefficient © = po(< oaps > + < Tine >). The term A;Nb is on
the order of 1075, the refractive index is close to one and the absorption is usually
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smaller. So we can approximate :

2

A A
~1——N, ) — 1.43
n o b+@47TM ( )

1.2.3.1 Neutron reflectometry

Specular reflectivity |7, 8]

In a neutron reflectometry measurement, the intensity of a neutron wave reflected
from the surface of a sample is measured. In a simplified case, just the specular
reflectivity is detected, i.e. the incident angle 6; is equal to the reflected angle 6
(§; = ; = 6). In this case, the momentum transfer vector ¢ is normal to the
surface as shown in Figure 1.21. The amplitudes follow the equations :

— — —
ajk; +arky =ad'k' (1.45)
z
~
A~
—
q

P A

Y

n2

Y

Figure 1.21: Geometry of the reflection and transmission (refraction) of a neutron wave on a
plane surface.

. — = . . —
If we consider k = |k;| = |ks| in vacuum and in the material nk = ||, thus
n; = 1 and ny = n, we have :

a;kcos + ask cos @ = a'nk cos ¢’ (1.46)
(a; —ay)ksin® = a'nksin ¢’ (1.47)

The projection perpendicular to the surface gives the amplitude of the reflectivity
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r and the transmittivity t :

_— a5 __ sinf—nsinf’

r= a;  sinf+nsin’ (148)
—a _ 2sin 0

t= a;  sinf+nsin’ (149)

With the Snell-Descartes law (sin = nsinf’) we get :

T_Sine—\/HQ—COSZQ (1.50)
sin @ 4+ v/n2 — cos? 60 .

If we consider only small angles and absorption :

A2 A A
~1—2"—N, —2i—pu=1-0>—i— 1.51
n? 5 Vo = 2i—p 6 il (1.51)
with the critical angle 6. = A . So, for small angles, the reflection amplitude is :

0—\/02 2_ A
9+\/92 62 —

The angles can be converted into momentum transfers q and q., and the reflected
intensity is equal to :

(1.52)

2
) q—\/QQ—QZ—i%”u
Re = |r]? = (1.53)

g+/a — g2 — %

which is the reflectivity of a sharp interface known as the Fresnel reflectivity. For
large momentum transfer q > q. :

q
1644

For a stratified sample consisting of N slabs with thicknesses d; and refractive
indexes n;, as shown in Figure 1.22, the momentum transfer is still normal to the
surface and the z-component of the wave has to be considered recursively. The wave
function can be written as a superposition of an upwards and downwards traveling
wave :

P(z) = a+6zk2 % 4 aj_e_ikzﬂ'z (1.55)

with k. ; = kn;sin6; the projection of the incident wave vector projected perpen-
dicularly to the interface. As there is a continuity of ¢ and diy/dz at the depth
z;j+1 between the phases j and j+1, we can define the boundary conditions at every
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interface :

+ ik 241 — ik 21— ot ks 1241 — ks 1241
aje z,§ %5+ —i—aje 2,j%j+ 7@],4_1@ z,j+1%5+ +aj+1€ 2,j+1%5+ (156)
(ke iz = ik 21 — L b ik 1241 = ks 1241
k. j(aje™=a% ay e M=iitt) =k, g (a €=ttt —ary e it 1.57)
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A
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Figure 1.22: Representation of a stratified medium and the reflection geometry.

By combining these two equations, we can write the following matrices :

+ ik i1 L. L. + ik 12541
( 4Ge. ) _ ( Pig+1 Mgl ) x < A (1.58)
T e Wz, %41 .. .. - —UWRz,j+1%5+1 :
a] e z,7%] m]7]+1 p]7]+1 aj+16 = ’
with p; g = t2itkzitt and o = B2 kaiet  The matrix composed of p; . and
Pjj+1 = 2k, ; 3,J+1 — 2k, ; . P Pj,j+1

m; ;41 is called refraction matrix R; ;1 and transforms the wave amplitudes from
the medium j to the medium j+1. Furthermore there is a phase shift due to the
thickness d; of the layer and this can be presented in matrix form as well :

axjeikz’jzj efik’z,jdj O ajeikz’jszrl 1 59
aj—ef’ikz’jzj' - 0 eikz’jdj X aj—efikz’jz,’]url ( ‘ )

ik, ;d; ik, jd;

The matrix composed of e and e~ is called transition matrix 7;. By
combining the two matrices, it is possible to calculate the wave amplitude at the
surface (z = z1) out of the amplitude at the substrate interface (z = z) :

ag etk=0%1 at etkzszs
— S
—iks 021 = RoaTi--TNRny,s X D ik gz (1.60)

ag e age

. M11 M12 % (ljeikz’szs
M21 M22 a;eﬂkz,sZS
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with the resulting matrix called the transfer matrix. The reflection coefficient is :

aa_eZkz’Ozl Mlla;l-elkz,szs + M]-Qa,s—e—lkz,szs
age_ikz,021 M21a;f‘€7;kz,szs _I_ M22a8_6_ikz,szs

T =

(1.61)

With a thick one side roughened substrate (>0.1 mm), there is no reflection from
the backside of the substrate, and we can assume :

afek=% =0 (1.62)
and the reflectivity is :
M, |
R=|r>=|+= 1.63
= |5 (1.63)

In Figure 1.23 are shown the reflectivity curves and the SLD profiles of one
multilayer film fully protonated, which can be considered as one layer on a substrate,
and of one multlilayer film composed of a sequence of deuterated and protonated
layers, which can be considered as a stratified film. Kiessig fringes and Bragg peaks
can be observed, coming from the interference minima due to the layered structure.

10*
Stratified sample
10*
Stratified sample
2 L
= @
= (=]
=
8 =
% Q
[v2 |
w 2 |Si wafer
Monolayer sample
1
0.02 0.04 0.06 0.08 9 / : : J :
: -400 0 400 800 1200 1600
8
q, (A") Thickness (A)

Figure 1.23: Neutron reflectivity curves (left) of a fully protonated (PSS-PAH) multilayer film
(monolayer sample) and a (PSS-PAH) film with deuterated layers every six layer pairs (stratified
sample). On the right, the SLD profiles corresponding to the fits. The curves are shifted for clarity.

For now, we have assumed perfectly sharp interfaces. But in real samples, this is,
of course, not the case and we have to assume rough or diffuse interfaces, as shown
in Figure 1.24. In this case, for large momentum transfer (q, > q.), the reflectivity
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from a graded interface is :

R(Qz) = RF(QZ) (164)

0o 2
/ ﬁeiqzzdz
0 dz

with the interfacial density function f(z), which is shown in Figure 1.24 (left).

h(x.y) C

.

o

X,y

L
P Diffusion Roughness

Figure 1.24: Diffuse (middle) and rough (right) interfaces. o is the Gaussian width of the error
function plotted on the left, h(x,y) the height function and ¢ the lateral correlation length.

If we assume a Gaussian distribution between two phases, the interfacial density
function is an error function erf(z) :

f(z)=erf (\/-O> (1.65)

with o the Gaussian width. The reflected intensity for a statistical interface is then

R(Qz) = RF(QZ)G_quZ (166)

It causes a sharp decrease of the reflectivity. The equation above is valid only
if the lateral correlation length ¢ is much larger than the corresponding coherence
length of the impinging wave, that is the maximal distance within the beam with
a well-defined phase relation. For ¢ much smaller than the correlation length, the
roughness leads to a slightly different reflectivity :

R(q.) = Rp(g.)e %" (1.67)

Off-specular reflectivity

We considered above the reflectivity in specular conditions, i.e. when the incident
and reflected angles are the same, so when the momentum transfer is normal to the
surface. This is valid if no density correlations parallel to the surface are present,
but if we consider a rough interface as shown in Figure 1.24 on the right, there are
lateral correlations on some length scale (. So, there is some non-vanishing signal in
the off-specular directions, which is also called diffuse scattering. In this case, the
differential cross section is :

do (AN, igz[h(x.y)—h(2" )] pige (z—2') Sigy (y—y') !
m_( ) // dxdx’dydy’ (1.68)
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with AN, the difference of SLD between two adjacent layers and h(x,y) the height
function. By assuming that the height function is symmetric and depends only
on the distance (x-x’,y-y’) between two points on the surface, the equation can be
simplified :

d AN\ A ‘ ,
d_g = ( . b) 7 /S < ¢14:[h(0,0)=h(zy)] 5 e’(%“qyy)d:pdy (1.69)

with A the illuminated area of the sample surface and the angular brackets denote
an ensemble average. If we assume that the statistics of the height variations are
Gaussian :

2
do _ (ANy\" A / ¢~ <00 R P> /2 s+ 401) g iy (1.70)
ds2 q- sinf Jq

< [1(0,0) — h(x,y)]* > can be written as :

< [n(0,0) = h(z,y))* > = 2<h*>—-2<h(0,0) - h(z,y) > (1.71)
= 207 —2C(z,y)

with C(x,y) the height-height correlation function. So, the scattering cross section
can be divided into two parts, the specular and the diffuse part :

do ( do ) ( do )
— = (= x [ — (1.72)
ds? d§) spec ds? diff

2
_ AN, A o120 /quC(x,y)ei(qwnquy)dxdy
q- sin ¢ S

1.2.3.2 Grazing Incidence Small Angle Neutron Scattering

To investigate samples in the direction parallel to the surface, Grazing Incidence
Small Angle Neutron Scattering (GISANS) is used [9]. GISANS is performed with
the same geometry as reflectometry with a shallow incident angle 6; < 1°, and a 2D
detector is used to measure the whole scattering pattern as a function of the angles
0; and 0;,,, as shown in Figure 1.25.

The surface sensitivity in this kind of measurements is given by the penetration
depth of the incident beam into the sample. The z-projection of the transmitted
wave t(z) is given by :

t(z) = o e~/ OE-0t—izn (1.73)

The intensity of the transmitted wave is equal to :

T(Z) _ ’t(2)|2 _ |aj—|2€*ik2%\/ (02-02)2+(3 )2 —(02-062) (1.74)
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Figure 1.25: Grazing incidence scattering set-up. 6; is the incidence ange, 65 the outgoing angle

and 6;,, the in-plane angle.

We can identify the penetration depth in z-direction z; . as :

. %\/ e e o - @2 - ) (175

The momentum transfers for a monochromatic incident wave of wavelength A

are given by :

2

(e = —W(cosefcosﬁm—cosﬁi) (1.76)
2

qQ = ;(cosﬁfcos&n) (1.77)
2

1= = ;(sin9¢+sin0f) (1.78)

For typical incident and outgoing angles in the order of one degree and wave-
lengths of several Angstroms, the observable structure in the y-direction and in the
z-direction are between 1 nm to 1,000 nm. The form factor F(q,y) for a simple

object located on a solid support can be calculated by :

F(Gy) = F(ay, ¢=) + R(i) F(qay, p2) + R(0t) F(ay, —p-) (1.79)
+R(ai)R(ai)F(Qva _QZ> (180)

57



- =
with p. = (ki + kf)z, @oy = (¢2 + ¢2)"/? and the Fresnel reflection coefficients of the
substrate R(c;) and R(ay). The differential cross section for diffuse scattering can
be approximated for small roughnesses (oq, < 1) by the effective surface approach

do Am?
— = —— (1 —n®)?|T;)*|Ty)*P 1.81
(3), =St memEp) (181
with A the illuminated surface area, T; and T the Fresnel transmission functions
and P(77) the diffuse scattering factor, which contains the morphological informa-
tiomn.

1.2.4 Neutron scattering and multilayer films

Neutron scattering measurements are of great interest for the study of polymers,
due to the possibility to exchange hydrogen by deuterium in the polymers, which
allows to study the internal structure of polymer films without changing their
structure or chemistry.

Especially, the multilayer films of polyelectrolytes assembled by the Layer-
by-Layer process are suitable for measurements of the structure perpendicular to
the surface by neutron reflectometry, due to their stratified structure. Indeed, by
using deuterated polyelectrolytes inside specific layers, it is possible to observe
the alternation of the layers and to determine their structural properties, that
is their thicknesses, SLDs and roughnesses (composed of the roughness and the
interpenetration of the polyelectrolytes into the neighbouring layers). Several
neutron reflectometry measurements were already performed on different multilayer
films to study their structure and the effect of different parameters by analysing
the specular reflectivity. The first neutron reflectometry measurements were
performed by J. Schmitt et al. in 1993 |4] on films composed of PSS and PAH,
and this study allowed them to demonstrate that the films prepared with the
Layer-by-Layer process are stratified as assumed and are not composed of a
mixture of the polyelectrolytes deposited. They have also shown that it is not
possible to differentiate the PSS and PAH layers by neutron scattering, due to the
interpenetration of the polyelectrolytes. Since then, various studies were carried
out using neutron reflectometry on multilayer films with different compositions.
Two kinds of studies were particularly interesting : the study of the influence
of the build-up conditions and the influence of external stimuli on the deposited
films. For example, M. Kolasinska et al. [69] studied the difference of structure of
(PSS-PAH) films when prepared by dipping and by spraying, as well as the effect
of the pH of the polyelectrolyte solutions. They also observed the difference of
swelling when measuring the films at different humidity between the sprayed and
dipped films. To give other examples, studies were also performed on the effect on
(PSS-PAH) films of the polyelectrolyte solutions buffer [72], of the temperature of
the solutions during the preparation of the films [78], of the salt concentration of the
polyelectrolyte solutions 73] or of the dipping time [151]. Studies of the response
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of multilayer films to the change of the external conditions were also carried out,
like the effect of the increase of temperature on the structure of films composed of
PSS and different polycations [152,153] or the swelling of films depending on the
humidity or in solutions [76,119]. H. W. Jomaa et al. [5] studied for example the
influence of the dipping of (PSS-PDADMAC) films into salt solutions (annealing)
to observe the change of the structure with the time of annealing. Whereas the
thickness of the films is slightly different, it was observed that the intensity of the
Bragg peaks, present on the reflectivity curve of the film before the annealing due
to the sequence of deuterated and non-deuterated layers, decreases with the time of
annealing. This indicated an increase of the interpenetration of the polyelectrolytes
into the neighbouring layers and so a reorganization of the polyelectrolytes in the
films and a change of conformation of the chains.

No GISANS measurements on multilayer films assembled with the Layer-by-
Layer process were performed until now to study the structure parallel to the surface.
The most common studies performed on polymer films were studies of the general
structure in the direction parallel to the surface, like the periodicity of patterns, the
spacing between domains, for different materials, for example homopolymers [154]
or diblock [155,156] and triblock [157] copolymer films. The only study of the
conformation of a polymer chain in a single film we found was reported by J. Kraus
et al. [158]. They showed that it is possible to determine the radius of gyration
in the direction parallel to the surface of a polystyrene chain in a polystyrene film
of 300 nm thickness by performing GISANS measurements. So, it is possible to
determine the conformation of a polymer, or a polyelectrolyte chain, in a multilayer
film by combining GISANS (in-plane information) and neutron reflectometry, which
allows to determine an average size of the polyelectrolyte chains in the direction
perpendicular to the surface for multilayer films with a sequence of deuterated and
protonated layers.
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Chapter 2

Materials and methods

2.1 Materials

All products were used as received unless stated otherwise.

2.1.1 Polyelectrolytes

The chemical structures of the polyelectrolytes used for the build-up of the
studied multilayer films are shown in Figure 2.1.

The following polyelectrolytes were purchased from Sigma-Aldrich (Saint-Louis,
USA) : non-deuterated poly(styrene sulfonate) sodium salt (PSS;7, M, = 70,000
g/mol) and poly(allylamine hydrochloride) (PAH, M,, = 56,000 g/mol and M,, =
58,000 g/mol).

Deuterated poly(styrene sulfonate) sodium salt (PSS47, M,, = 80,800g/mol - PdI
< 1.20 and M,, = 78,300g/mol - PdIl < 1.20) was purchased from Polymer Standard
Service (Mainz, Germany).

Branched poly(ethyleneimine) (PEI, Lupasol HF, M,, = 21,000 g/mol) was
purchased from BASF (Ludwigshafen am Rhein, Germany).

PSSz, PSSy47 are polyanions and PEI, PAH are polycations.
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Figure 2.1: Chemical structures of the polyelectrolytes used for the build-up of LbL films.

2.1.2 Chemicals

Potassium chloride (KCl, > 99% pure) was purchased from Sigma-Aldrich (Saint-
Louis, USA).

Sodium chloride (NaCl, > 99.9% pure) was purchased from Carl Roth GmbH
(Karlsruhe, Germany).

The solutions and buffers were prepared with ultrapure water, MilliQQ water
(Milli-Q system, Millipore), with a resistivity of at least 18.2 MQ.cm.

2.1.3 Substrates

Substrates used for the deposition of the multilayer films were silicon wafers
with an orientation (100) and a thickness of 700-775 pm. They were purchased from
Wafernet Inc. (San Jose, USA).

Before the deposition of the films, all silicon wafers were rinsed with ethanol
and MilliQQ water, followed by a drying step under compressed air. Then, they were
treated with plasma in a plasma cleaner (PDC-002, Harrick Plasma, Ithaca, USA)
for 3 min, to activate the surface. The activated wafers were used within hours.

2.2 Polyelectrolyte multilayer film build-up

All the films were deposited on silicon wafers activated by plasma, with a first
PEI layer adsorbed on the surface by dipping the substrate into a 1 mg/mL (3 x
1073 monomol/L) PEI solution for 15 min, followed by three rinsing steps of 2 min
into pure MilliQQ water, and dried under compressed air after the rinsing. Monomol
corresponds to moles of the monomer repeat unit.
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The films were prepared from solutions of 0.6 mg/mL (3 x 107® monomol /L)
PSSy7 or PSSy; and 0.27 mg/mL (3 x 1072 monomol/T) PAH dissolved in MilliQ
water containing 0.5 M NaCl, 2 M NaCl or 2 M KCI.

The films were deposited on the substrates by dipping, spraying or using the
spin-assisted LbL assembly, as described below.

2.2.1 Deposition by dipping

The films prepared by dipping were deposited either by manual dipping, for the
growth studies, or automated robot dipping, for neutron scattering studies.

The manual dipping process was the same for all samples. The silicon wafers
covered with a PEI layer were immersed into the polyelectrolyte solutions for 15
min, followed by three rinsing steps of 2 min into pure MilliQQ water. Every layer was
dried under compressed air after the rinsing, to perform ellipsometry measurements.

Films build-up with the dipping robot (picture of the robot in Figure 2.2) were
prepared by immersion of the substrates in the polyelectrolyte solutions for 12 min,
with a lifting up of the samples out of the solutions every two minutes immediately
followed by an immersion into the same solutions. This was done to induce a slight
mixing of the solutions in order to improve the adsorption of the polyelectrolytes
on the surface. The dipping in the polyelectrolyte solutions was followed by three
rinsing steps of 2 min into pure MilliQQ water. After one minute of dipping, a
lifting up and down was also done for each rinsing step, to have a better rinsing.
The samples were dried under compressed air every layer pair (after the polycation
deposition) with an automated drying tool included on the robot.
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Figure 2.2: Picture of the dipping robot used for the automated dipping.

2.2.2 Deposition by spraying

The films prepared by spraying deposition were built-up by three different
methods : the manual spray with Air-boy cans, the automated spray with
Aztek airbrushes and the automated spray with a grazing incidence angle using
stainless steel nozzles. The three methods are used by our team, the Air-boy
cans and the Aztek airbrushes are used for spraying perpendicular to the sur-
face, and the stainless teel nozzles are used for spraying at a grazing incidence
angle with the surface, for orientation and alignment of nanoparticles like nanowires.

Air-boy cans were purchased from Carl Roth GmbH (Karlsruhe, Germany) and
consist of containers with a manual pump to induce a pressure inside the solution
chamber, allowing the spraying of the solutions. The nozzle has an internal diameter
of 0.4 mm. Four different cans were used : one for the non-deuterated polyanions,
one for the deuterated polyanions, one for the polycations and one for the water
used to rinse the samples. A picture of an Air-boy can is shown in Figure 2.3.

The film deposition was performed at a distance of roughly 10 cm. Solutions
were sprayed for 5 s, followed by a waiting time of 15 s. Then, the surfaces were
rinsed with pure MilliQQ water sprayed for 5 s, also followed by a waiting time of 15
s. The samples were dried under compressed air either every layer for ellipsometry
measurements (thickness evolution studies) or at the end of the build-up of the films
(neutron scattering measurements). As the pressure inside the cans was decreasing
during the spraying, the cans were pumped every 2-3 spraying steps to keep a rather
similar pressure during the whole build-up.
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Figure 2.3: Picture of an Air-boy can.

Aztek airbrushes (model A4809) were purchased from Kit Discount
(Roquebrune-sur-Argens, France) and are composed of a solution inlet, a gas inlet
and different nozzles with different internal diameters. The solutions were injected
with pumps, and the gas and solution flux were controlled. Three different pumps
and airbrushes were used for the polyanions, the polycations and the rinsing water.
Figure 2.4 shows an Aztek airbrush.

The solutions were sprayed at a flux of 15 mL/min with a gas flux of 10 L/min
or 20 L/min perpendicularly on a vertical substrate. The gas used was compressed
air and the spray was done at a distance of roughly 10 cm. The nozzle had a internal
diameter of 0.3 mm. The spraying was done in the same conditions than the spray
with Airboy cans : 5 s of spraying of the solutions followed by a waiting time of
15 s, then a rinsing step of 5 s with 15 s of waiting. The samples were dried under
compressed air either every layer for ellipsometry measurements (thickness evolution
studies), or at the end of the film build-up (neutron scattering measurements).

Solution inlet

Figure 2.4: Picture of an Aztek airbrush.

Stainless steel nozzles (model 1/4J-31654-SU26-316SS) were purchased from
Spraying Systems Co. (Wheaton, USA) and consist of a solution inlet, a gas in-
let and a nozzle with a fixed internal diameter. The solutions were injected with
pumps, and the gas and solution flux were controlled, with the same device as for the
Aztek airbrushes. Three different pumps and airbrushes were used for the polyan-
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ions, the polycations and the rinsing water. A picture of a stainless steel nozzle is
shown in Figure 2.5

The solutions were sprayed at a flux of 5 mL/min, with a gas compressed air
flux of 30 L/min on a vertical subtrate. The polyanion solution was sprayed at a
distance of 2 cm with an angle of 15° between the surface of the samples and the
spraying direction. The polycation solutions and the MilliQQ water for the rinsing
were sprayed at a distance of roughly 10 ¢cm perpendicularly to the surface. The
spraying was done as followed : 20 s of spraying of the solutions followed by a wait-
ing time of 15 s, then a rinsing step of 20 s with 15 s of waiting. The samples were
dried under compressed air either every layer for ellipsometry measurements (thick-
ness evolution studies) or at the end of the build-up of the films (neutron scattering
measurements).

Solution inlet

Figure 2.5: Picture of a stainless steel nozzle.

2.2.3 Deposition by using the spin-assisted LbL assembly

The spin-assisted LbL assembly was performed on a spin-coater WS-650-8B (pic-
ture in Figure 2.6) purchased from Laurell Technologie Corporation (North Wales,
USA). The spin-assisted LbL assembly was carried out at a rotation speed of 4,000
rpm (rotation per minute) or 8,000 rpm. The films were built-up by depositing
ten drops of the solutions with a pipette on the rotating substrates, immediately
followed by a rinsing step with 1 mL of pure MilliQ) water. Before the deposition of
a new layer, the samples were left rotating until the removal of the solvent.
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Figure 2.6: Picture of the spin-coater used for the films build-up by using the spin-assisted LbL
assembly.

2.3 Instrumentation

2.3.1 Neutron scattering

Neutron scattering experiments (reflectometry and GISANS) were performed
at several neutron institutions : the Institut Laue-Langevin (ILL) [159], Grenoble,
France and the Forschungs-Neutronenquelle Heinz Maier-Leibnitz (FRMII) [160],
Garching, Germany, which are neutron reactor sources.

The instruments used are described below and the setups are summarized in
Table 2.1.
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Table 2.1: Setups used for the neutron reflectometry and GISANS measurements.

2.3.1.1 D17

D17 [22, 161], located at ILL, uses neutron reflection with a vertical sample
surface geometry designed to study the surface structures at solid and solid/liquid
interfaces. In time-of-flight mode it can access a wavelength range from 2 A to 27 A.
A high flux of 9.6 x 10° n/s/cm? and a low background allow to measure reflectivi-
ties down to 10~7. The wide angle multidetector, with a size of 30 x 48 cm?, allows
the simultaneous measurement of background and off-specular scattering, spanning
from 4° at sample-detector distance of 3.1 m to 13° at 1.1 m. The detector resolu-
tion is 2.2 x 4.8 mm? and the detector allows specular and off-specular reflectivity
measurements. Figure 2.3.1.1 shows a schematic drawing of the reflectometer.

We performed neutron reflectometry on D17, with the setups D17-1 and D17-2.
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Figure 2.7: Schematic layout of the D17 reflectometer. Reproduced from reference [22].

2.3.1.2 FIGARO

FIGARO [23,162] (Fluid Interfaces Grazing Angles ReflectOmter) is located at
ILL and designed for the study of horizontal surfaces like liquid/air or liquid/liquid
interfaces. It is a time-of-flight reflectometer and can access a wavelength band
between 2 A and 30 A, and incoming angles between 0.62° and 3.8°(for free liquid
surfaces), which allows to achieve a g-range from 0.0045 A1 t0 042 A-1. A two
dimensional multitube detector allows the measurement of specular and off-specular
reflectivity, as well as the carrying out of GISANS measurements. The detector has
a size of 30 x 48 cm? and a resolution of 2.2 x 4.8 mm?. Figure 2.3.1.2 shows a
schematic drawing of the reflectometer.

We used Figaro to perform neutron reflectometry and GISANS measurements,

with the setups FIGARO-1, FIGARO-2 and FIGARO-3.
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Figure 2.8: Schematic layout of the FIGARO reflectometer. Reprinted from reference [23].

2.3.1.3 N-REX-+

N-REX+ [24]| (Neutron reflectometer with X-ray option) is an angle dispersive
fixed wavelength (4.4 A) reflectometer located at FRMIT with an horizontal sample
surface geometry. It is optimized for structural and magnetic properties character-
ization of surfaces, interfaces and thin films. Neutrons are detected with a 20 x 20
cm? position sensitive or a pencil detector, with a lateral resolution of 3 mm. Spec-
ular and off-specular reflectivity are measured on this instrument. Figure 2.3.1.3
shows a schematic drawing of the reflectometer.

We carried out neutron reflectometry on N-REX-, with the setup N-REX+-.

@

==
@ Monochromator @ Analyzer
=i @ Beryllium filter @ Shielding
@ Slits (#@ Detector
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@ Spin flipper @ X-ray detector
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Figure 2.9: Schematic layout of the N-REX+ reflectometer. Reprinted from reference [24].
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2.3.1.4 SuperADAM

SuperADAM [25,163] (Advanced Reflectometer for the Analysis of Materials)
is an angle dispersive reflectometer at a fixed wavelength of 4.4 A with a vertical
sample surface geometry, located at ILL. It can access scattering angles up to 85°
which correspond to q values up to 2.1 A~', useful to probe small length scales.
The flexibility of the instrument permits the variation of the sample-detector and
sample-monochromator distances in order to accomodate the specific requirements
for incident and outgoing resolutions. The two dimensional position sensitive detec-
tor has an active area of 30 x 30 cm? and a resolution of 2.8 mm, and allows specular
and off-specular reflectivity measurements. Figure 2.3.1.4 shows a schematic draw-
ing of the reflectometer.

We performed neutron reflectometry on SuperADAM, with the setup Super-
ADAM.

Berillium filter

.. ~~ Diaphvagms | Sompl | | Beam sop

— Il
)1

Manitor

Monochromaters |

filter

Figure 2.10: Schematic layout of the SuperADAM reflectometer. Reprinted from reference [25].

2.3.2 Ellipsometry

Ellipsometry is a non-destructive technique measuring the changes in the polar-
ization of light after reflection on a surface and used to analyse and characterize
thin films. This technique allows especially the determination of the thickness and
refractive index of layers.

Principle [164]

The most common polarization of light is the elliptical polarization. Light is el-
liptically polarized when the electric field describes an elliptic trajectory in a plane
perpendicular to the direction of propagation, as shown in Figure 2.11. It is char-
acterized by the two angles ¢ and A.
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For monochromatic light wave travelling along the positive direction of the z axis
of a Cartesian right-handed coordinate system (the z axis points to the reader in
Figure 2.11), the electric vector is perpendicular to z and the components in x and
y directions are given by :

E, = X cos(—wt + ;)
E, =Y cos(—wt + 0,)

with w the angular frequency, X and Y the amplitudes of the components in x and
y directions, d, and d, the absolute phases in x and y directions at the initial time
t=0.

Figure 2.11: Elliptical polarization and parameters.

The ratio between the amplitudes of the electric field in the x direction (p direc-
tion) and the y direction (s direction), named respectively X and Y, is given by the
following equation :

™

tan,, = ; (UNS (O, 5) (2.3)

At the initial time t = tq, the electric field in the y direction is maximal (dashed
arrow in Figure 2.11) and the electric field in the x direction is maximal at t = tg
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+ A/w (dotted arrow). The phase shift A is defined by :

Ay =0, —0, A€ (—mm) (2.4)

Let us consider the incidence of a monochromatic optical plane wave on a planar
interface between two semi-infinite media with an incident angle of ;. The two
media have two different complex refractive index N; and N5. As shown in Figure
2.12, the light beam can be reflected with an angle ¢; or transmitted with an angle

9.

Medium 1 : N1 =nq + ikq
Erp
1
Medium 2 : N2 = n2 + iko
()
E Etp
vZ

Figure 2.12: Interaction of a monochromatic electromagnetic wave with a planar interface be-
tween two media. E;, E,. and E; correspond to the components of the electric field vectors of the
incident, reflected and transmitted light respectively.

The reflection coefficients in s and p directions are defined by the Fresnel equa-
tions :

E.s  Nicospp — Naycos g

— 2.5
E;s  Njcosgi + Nscos s (2:5)

E,., B N cos g — Ny cos py

= = 2.6
Ei,  Njcos s+ Ny cos g (2:6)

With the Snell-Descartes law (N;sing; = Nysings), we obtain the following
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equations, which depend only on ¢y, N; and Ny :

sin (@2 — 1) Nycospy — /N3 — NEcos? o

ry = — = 2.7
sin (w2 +@1) Ny cos g + \/N22 — N7 cos? py (2.7)
= tanige®s
p = = )
tan (2 + 1) N1/ cospy + Ng/\/]. — (N1 /N,)? sin? ¢y
= tang/)pemp

The multilayer films of polyelectrolytes correspond to a substrate-film-air system,
with a homogeneous layer of thickness d; and refractive index N; placed between
two semi-infinite media, the air with a refractive index n, and the substrate with
a refractive index Ny, as represented in Figure 2.13. In this case, the reflection
coefficient is :

. 12 + T10€Z20

— 0 2.9
1+ T217"10€’29 ( )

with 6 the phase shift of multiple reflected waves given by :

2 2 N, Sin 2
9 = leNl COS Y1 = leNl\/]. — (TIQPZ)

During measurements by ellipsometry, the reflected /incident angle ¢ is known,
as well as the refractive index of air, n,, and the wavelength of the light beam. So
the phase shift 6 is only dependent on the thickness d; and the refractive index N;

N

ds

Medium 2

Medium 1 _
Film o
N1 :

Medium 0
Substrate
No

Figure 2.13: Interaction of an electromagnetic wave with a substrate-film-air system.

Ellipsometers

Two ellipsometers were used for our studies, a monochromatic ellipsometer (SD

74



2300, Plasmos) and a spectrometric ellipsometer (SENpro, SENTECH Instrument
GmbH). The multilayer films of polyelectrolytes were considered as one layer for the
ellipsometry measurements, as the refractive indexes of the polyelectrolytes used
were similar. So, the thicknesses measured are the total thicknesses of the films
deposited.

The monowavelength ellipsometer operated at a laser wavelength of 632.8 nm
and a fixed angle of 70°, and the measurements were carried out on ten points to
determine an average thickness of the films all over the surface and the standard
devation. With fixed wavelength and angle, it is not possible to determine both the
refractive index and the thickness of a film. Furthermore, for the multilayer films the
refractive index is not constant over few hundreds of nanometers. So, the refractive
index of the films was assumed to be equal to the refractive index of the silicon oxide
layer, which is equal to 1.465 and is close to the refractive index of polymers, and only
the thickness of the films was measured. Even if this assumption leads to slightly
incorrect values of the thicknesses, this allows to perform quick measurements of
the relative thicknesses and to compare the different films. This refractive index of
1.465 was used for the growth studies of the films, with measurements every layer.
However, more accurate total film thicknesses were needed for the multilayer films
measured by neutron scattering, to have good starting values of the thicknesses
for the analysis of the reflectivity curves. Actually, the films were measured by
ellipsometry after the build-up of the whole film to verify that the depositions were
done correctly. We needed also a first average layer pair thickness to use for the
analysis of the neutron reflectivities. So, for this films, a first measurement was
done with the spectrometric ellipsometer to determine the average refractive index
of each film. Then, the measurements of the thicknesses were performed on the
monochromatic ellipsometer with the refractive indexes measured.

The spectrometric ellipsometer operated at a fixed angle of 70° and a wavelength
range of 370 nm - 1050 nm, which allowed to determine the refractive indexes and
the thicknesses of the films. The measurements were done on one point in the center
of the samples.

2.3.3 X-ray Photoelectron Spectrometry (XPS)

X-ray Photoelectron Spectrometry (XPS) is a technique based on the measure-
ment of the kinetic energy of electrons emitted by a sample under X-ray irradiation.
This technique allows the determination of the composition of the surface of a
material.

Principle [165, 166]

Upon irradiation with photons (light) of sufficient energy, any material emits
electrons called photoelectrons. Since the energy levels of electrons of an atom are
quantified, the kinetic energy of the photoelectrons emitted upon irradiation with
monochromatic light (in our case X-ray) is also quantified. Each atom emits a set of
photoelectrons with specific energies (the kinetic energy of the electron is equal to the
energy of the photon received minus the energy of the orbital). So, each element has
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a defined XPS spectrum. XPS looks at the core electrons of the elements, because
of the high energy of X-rays. The energy of the photoelectrons emitted is therefore
primarily defined by the nature of the element (large difference between the peaks
of different elements). The chemical environment of the element also influences the
position of the peaks, but the variations are small and often lead to convoluted peaks.
While elemental analysis using XPS is straightforward, the identification of the
different environments requires more practice. To summarize, XPS is a quantitative
analysis technique that gives information about the composition, chemical state
and electronic state of the elements at the surface of a material. While X-ray can
easily go through the material, the photoelectrons emitted are quickly diffracted and
absorbed by the material. Most of the electrons at the surface of the sample reach
the detector, whereas at 10 nm of depth the electrons do not escape the material
and cannot be analyzed (at 3 nm depth, the detection is already limited). XPS is
therefore only sensitive and quantitative to the surface of the sample. In layered
materials, the composition of the surface layer is over-represented compared to the
other layers. Rough and porous surfaces are also difficult to analyze because the
electrons in the holes may not reach the detector.

A schematic representation of the experimental setup of an XPS mesurement is
shown in Figure 2.14. Typically an X-ray source shines monochromatic X-rays on
a sample placed in ultra high vacuum. The photoelectrons emitted by the sample
are collected, passed through an electron energy analyser and detected. An energy
scan of the analyser provides via the electron detector an XPS spectrum.

Electron

Sample

Figure 2.14: Schematic representation of an XPS measurement setup.

Spectrometer

The XPS measurements and analyses were carried out by Dr. Vasiliki Pa-
paefthimiou in the Institut de Chimie et Procédés pour I’Energie, ’Environnement
et la Santé (ICPEES) in Strasbourg.

The XPS measurements were carried out on a MULTILAB 2000 (THERMO VG)
setup equipped with an AlK« X-ray source (hv=1486.6 eV). The CASA XPS pro-
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gram with a Gaussian-Lorentzian mix function and Shirley background subtraction
was employed to deconvolute the XP spectra. The % atomic ratios were calculated
by the XPS core level peaks, properly normalized to the photoemission cross section
and assuming a homogeneous distribution arrangement model.

2.4 Neutron scattering data analysis

Neutron scattering data were analysed with IgorPro 6 [167] and Motofit
3.2 [168,169|, which is a package of IgorPro.

The specular neutron reflectivity data were fitted using Motofit, which is designed
for the analysis of neutron and X-ray reflectivity. This corresponds well to our
multilayer films.

For the fitting of the reflectivity, we used a box model to describe our films,
in which each box (slab or layer) was described by three structural parameters :
the thickness, the SLD and the roughness. The iSLD correspond to the imaginary
SLD, but it was neglected. Figure 2.15 shows the window where the structure of
the film and the environment are described. We can differentiate three parts : the
environment parameters, which described the media below the film (the substrate)
and on top of the fiilm (in our case, it is air) ; the multilayer description, when the
film is composed of a repetition of a sequence of layers with the same parameter
values ; the individual layer description, for layers which are not repeated.

The environment was the same for all the multilayer films we studied. The films
where deposited on a silicon wafer ("base") with a SLD of 2.07 x 10~® A~2, which
is the common value of the silicon crystal SLD, and a roughness ("baserough") of
4 A, the common value used. The measurements were done in air, "top" medium,
with a SLD of 0 A=2. The top and base media are considered as infinite by Motofit.
The neutron background is described in the "bkg" box. Usually, a measurement
of the background is done and removed from the reflectivity of the films, but some
background may be still present and the background value is adjusted to optimize
the fit. The layer value corresponds to the number of individual layers and the scale
factor is used to correct the experimental data and normalize to total reflection of
1.

In all the films of polyelectrolytes measured by neutron reflectometry, two layers
are on the silicon crystal : a silicon oxide layer (SiOj layer) and a PEI layer. The
thicknesses of both layers were determined by ellipsometry and the thickness of the
Si0, layer were adjusted to have a better fit, but with a maximum variation of 2-3 A
from the value determined by ellipsometry. The SLD and the roughness were fixed
at 3.15 x 1076 A-2 and 4 A respectively, which are the common values used for the
SiOs layer for this type of samples [11]. The SLD of the PEI layer was assumed to be
identical to the SLD of the layer deposited on it, and was fitted with it. As there is
no difference between the SLDs of the PEI layer and the layer above, the roughness
of the PEI layer, which corresponds to the interface between the two layers, has no
infuence on the fit and cannot be fitted. So it was fixed at 9 A, as done previously
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Figure 2.15: Motofit reflectivity panel, the window where the sample and the environment are
described.

by our team [11]. In some films, other individual layers were described.

The "multilayer panel" corresponds to the description of the repeated layers of
the films. In this part, two layers were described in each film, a layer corresponding
to the deuterated layers and a layer describing the stacks of non-deuterated layers
separating the deuterated layers. The parameter "Append to stack to layer No." cor-
responds to the position of the multilayer part in the film. The number correponds
to the individual layer under which the multilayer is placed. The air corresponds
to layer 0, the layer on the top of the "individual layers" is layer 1, and so on. For
example, if the parameter "Append to stack to layer No." is set to 1, the multilayer
part is placed between layer 1 and layer 2.

The starting values for the SLDs and roughnesses were determined from the
average values found in the previous neutron reflectometry measurements on
(PSS-PAH) films and the starting thicknesses were determined from measurements
of the film thicknesses by ellipsometry. Then, the parameters were fitted manually,
followed by a numerical fit using the Levenberg-Marquardt algorithm. Errors for
non-fixed parameters were calculated using the "create local chi2map for requested
parameter" option of Motofit. 2D Chi? maps were created for two correlated param-
eters (each non-fixed parameter was correlated to at least one other parameter) and
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the maximal /minimal values for each parameter were determined for a 5% increase
in Chi2. Errors were the differences between the parameter values as determined
by the fit and the maximal/minimal values determined from the 2D Chi* maps.

The GISANS data were analysed with the "Curve fitting" function of IgorPro.
The equations used were entered manually and are described later in the thesis.

2.5 Influence of the temperature on the film growth
- Comparison between dipping and spraying

Before the study of the internal structure of multilayer films by neutron scat-
tering, we wanted to determine the influence of the temperature on the growth of
our films. Indeed, it was already shown that the temperature of the polyelectrolyte
solutions has an influence on the thickness of some films [45,170,171]. As the temper-
ature was not controlled during the preparation of our films and room temperature
measurements performed in the laboratories during one year showed a difference of
about 10°C between the minimal and maximal temperatures, we decided to study
the effect of the temperature on the thickness growth of our films, to know if the
difference of the structure of the multilayer films could be due to the temperature
or to the parameters studied.

Another interest of this study was to compare the dipping and spraying process.
Actually, it is well known that there are differences between sprayed and dipped
films (thickness, roughness, ...) [2,172-174], but the reason of this difference was
not determined yet. An idea we had is that the sprayed droplets of the solutions
have a different temperature than the solutions at room temperature, which could
be the cause of the difference of thickness. Hence we carried out temperature mea-
surements of the solutions in both deposition processes and a comparison of dipped
films at different temperatures and sprayed films.

2.5.1 Temperature measurements

Measurements of the room temperature, the temperature of static MilliQ) wa-
ter (dipping) and the temperature of MilliQQ water droplets during spraying were
measured with an alcohol thermometer with a precision of 1°C. The measurements
where done the same day, in the same laboratory. Measurements of the tempera-
ture were done for the three spraying methods and were performed by spraying the
water on the thermometer at a distance of 10 cm, with a water flux of 10 mL/min
for the automated spray and different gas pressure (compressed air). The results
are summarized in Table 2.2. The room temperature was 21°C.

We could see that the temperature of the water used for dipping is the same than
the room temperature, as we could expect. We also observed that our assumption
was true, the dynamic water (sprayed droplets) had a different temperature than
the static water, and the sprayed droplets are 3°C to 7°C colder than the initial
water. This cooling could be due to an evaporation of water of the droplets during
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Table 2.2: Temperature of MilliQ water measured in different conditions.

the spray.

At this point, a study of the thickness evolution of dipped multilayer films with
the temperature of the solutions was carried out to determine the influence of the
temperature.

2.5.2 Temperature influence on multilayer films prepared by
dipping

Multilayer films were prepared by dipping in PSS,; solutions of concentration
of 0.6 mg/mL and PAH solutions of concentration of 0.27 mg/mL. Both polyelec-
trolytes were dissolved in 0.5 M NaCl solutions. The films were built-up on silicon
wafers coated with a first PEI layer deposited by immersion in a solution of con-
centration of 1 mg/mL of PEI for 15 min, followed by three rinsing steps in pure
MilliQ water for 2 min and drying under compressed air. The PSS;; and PAH layers
were deposited by dipping in the polyelectrolyte solutions for 15 min, followed by
three rinsing steps in pure MilliQQ water for 2 min and drying under compressed
air. Twenty (PSSy7-PAH) layer pairs were deposited, and the films were prepared at
different temperatures. This was done by putting all the polyelectrolyte and MilliQ)
water solutions to the right temperature using a polystat (Fisher Bioblock Scientific,
lkirch, France). Figure 2.16 shows the total thickness evolution of multilayer films
composed of twenty (PSS,7-PAH) layer pairs as a function of the temperature mea-
sured by ellipsometry on the monochromatic ellipsometer with a refractive index of
1.465.

We observed a linear increase with the temperature of 4.2 A per degree for 20
layer pairs, which means an increase of 0.21 A per degree for one layer pair. This
corresponds to 0.67% of the thickness of a layer pair at 21°C (31.18 A per layer pair).
These differences are lower or in the order of the standard deviations measured with
the ellipsometer for these samples for the deposition of 20 layer pairs or one layer
pair. This effect can be neglected for a small room temperature variation (2-3°C)
but can be important for higher variations, as the 10°C variation measured in our
laboratory. This could explain the small differences in thickness which can be seen
by neutron scattering for films prepared exactly in the same build-up conditions. We
will explain further in this thesis how to minimize this effect of the temperature by
fitting together reflectivity curves of several films prepared in the same conditions
to determine average values of the structural parameters, using the "Global Fit"
process of Motofit.
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Figure 2.16: Evolution of the thickness of multilayer films composed of 20 layer pairs (PSSj7-
PAH) as a function of the temperature of preparation. The line corresponds to the linear fit of the
curve.

2.5.3 Difference between dipped and sprayed films

To determine the exact influence of the temperature in the thickness difference
between sprayed and dipped samples, seven multilayer films composed of PSS;7 and
PAH were prepared and the thicknesses were measured every layer by ellipsometry
(n = 1.465, on the monochromatic ellipsometer). These films were three dipped
films prepared at 15°C (temperature of the droplets for the spray with Airboy cans),
18°C (temperature of the droplets for the spray with the Aztek airbrushes) and
21°C (room temperature), three sprayed films built-up with Aztek airbrushes at gas
pressures of 1 bar, 3 bars and 5 bars, and one sprayed film with Airboy cans. The
room temperature was 21°C for every sample. The increase of thickness with the
number of layer pairs is shown in Figure 2.17 for the seven films.

All films were deposited on silicon wafers coated with a first PEI layer deposited
as described before and the polyelectrolyte solutions were prepared in the same way.

The dipped films were prepared as described in the part above concerning the
temperature influence study, with solution temperatures of 15°C, 18°C and 21°C.

The sprayed films prepared with Aztek airbrushes were built-up at a distance
of 10 cm, on vertical substrates perpendicularly to the surface. The solutions were
sprayed for 10 s at a flux of 10 mL/min, followed by a rinsing step with pure MilliQ
water for 10 s. The pressures of the spraying gas (compressed air) were 1 bar, 3 bars
and 5 bars, and the internal diameter of the nozzles was 0.7 mm. The preparation of
the film prepared with Airboy cans was also done at a distance of 10 cm on a vertical
substrate with spray perpendicular to the surface. The films were dried every layer
under compressed air.

We observed that the three dipped films have the quicker film growth. The
dipped films prepared at 15°C and 18°C had nearly the same thickness growth (29.67
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Figure 2.17: Evolution of the thickness of multilayer films composed of 20 layer pairs (PSS;,7-
PAH) as a function of the number of layer pairs. Films prepared by dipping at different temperature
and by spraying at different gas pressure are shown. Lines correspond to linear fits of the curves.

A and 29.64 A per layer pair) and the difference with the dipped film prepared at
21°C is of the order of 1.50 A per layer pair. The film prepared by spraying with
Airboy cans showed the smallest thickness increase and a bigger pressure for spraying
with Aztek airbrushes gives a thicker film. We can see that the thickness differences
between the dipped sample at room temperature (21°C) and the sprayed films,
which is of the order of 3.00 A to 9.20 A per layer pair, are more important than
the differences with the dipped films at the droplets temperatures (2 to 6.1 bigger
difference in thickness). This means that, even if the temperature of preparation has
an influence on the thickness of multilayer films, it is not the main parameter which
causes the difference in structure between sprayed and dipped films. This difference
is probably due to specific hydrodynamic effects that occur while spraying on a
surface, which could explain the increase of thickness with the increase of the gas
pressure of the spraying process.

2.5.4 Conclusions

We have seen that the thickness of multilayer films of polyelectrolytes prepared
by dipping increases with the temperature of the solutions, but the thickness increase
is small for a difference of 2-3°C. We have also observed a difference in temperature
of the droplets of solutions during the spraying process, the temperature is 3°C to
7°C smaller than the room temperature. Nevertheless, even if the temperature of
the solutions has an influence on the thickness of the films, it is negligible compared
to the thickness difference between dipped and sprayed films. The increase of the
thickness of sprayed films with the gas pressure of the spraying process would suggest
that this difference is due to specific hydrodynamic effects that occur on the surface
during the spraying.
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Chapter 3

What 1s the structural evolution of
multilayer films with time 7

Due to its general use for organic, polymeric, inorganic and biological mate-
rials and due to their simplicity of use, the multilayer films built-up by the LbL
technique are studied in applied research in many domains, as biomedicine (tis-
sue engineering, functionalization of implants, drug/gene delivery, biosensing, ...),
electronics (conductivity, electroluminescent devices, lithium-ion-batteries), optics
(anti-reflective coatings), corrosion protection, catalysis, microreactors, functional-
ization of nanoparticles [110,175-180]. Several applications using LbL assembled
films are developed or are already commercialized, and an important parameter is
the life-time of the devices, their evolution with time. We studied the multilayer
film ageing not for an industrial interest, but for a fondamental point of view to
observe the evolution of the internal structure with time. This should give us an es-
timation of the time a film can be stored without changing the result of a structural
measurement (in our case, using neutron scattering).

As far as we know, no studies of the ageing of multilayer films of polyelectrolytes
are availablle, except one structural study done on (PSS-PAH) films by our team.
Indeed, a first structural analysis was done on multilayer films by neutron reflec-
tometry at Risp National Laboratory, Denmark, in 1993 [4] and a second set of
neutron reflectometry measurements was performed at Dubna, Russian Federation,
in 1995 [181], one of the samples having been measured in both studies. This sample
is Sample B in reference [4] and the Sample 2 in reference [181], and has the fol-
lowing structure : [(PSS,7-PAH)/(PSS47-PAH)|s. The thickness values, determined
from the fit of the specular neutron reflectivity, are summed up in Table 3.1. The
thickness was determined in two ways. The total thickness was determined from
the Kiessig fringes and the thickness of a repeat unit [(PSS,;-PAH)/(PSS.-PAH)]
was calculated from the Bragg peaks, and both thickness are given for a better com-
parison. We observe that the total thickness determined from the Kiessig fringes is
1.09 times thicker after 2 years of storage, whereas the thickness of a repeat unit
determined from the Bragg peaks is 1.05 thinner after 2 years. So, we can see a
slight change in thickness for the multilayer film after 2 years, but unfortunately,
the two ways of determining the thickness give contradictory results. We just know
that, after 2 years, we have a change of thickness lower than 10.0%, but we do not
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know if we have an increase or a decrease of the size. Thus, a new study of the effect
of the storage on multilayer film structure has to be performed.

Table 3.1: Structural parameters determined from the fits of the specular reflectivities, measured
after preparation of the film and after 2 years of storage.

As mentioned in the motivation paragraph at the beginning of this thesis, the
effect of water during the storage was observed by M. Losche et al. [10] on a multi-
layer film composed of PSS and PAH. This film was prepared by dipping during two
days, and was stored in water during the night (around 12 h). Neutron reflectometry
measurements showed that the three last layer pairs deposited before the storage in
water were thinner than the other layers. This is shown on the scattering length
density (SLD) profile of the film in Figure 3.1. This change of thickness is due to a
plastification, a relaxation of the polyelectrolytes due to the water. We may assume
a change of conformation of the polyelectrolyte chains.
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Figure 3.1: Scattering length density profile of a dipped multilayer film of PSS and PAH. The
storage in water is indicated. Adapted from reference [10].

The films studied in this chapter being stored in the air, we can assume a similar
evolution of their structures due to the humidity in the air, but at a lower propor-
tion and for a longer time. These films are divided in two groups, the first one is
constituted of multilayer films measured by neutron reflectometry at Risg National
Laboratory, Denmark, in 1998 [10], and the second group is composed of films pre-
pared and measured by neutron reflectometry at Laboratoire Léon Brillouin (LLB),
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in Paris, France, in 2007 [11]. A part of these films were measured again at ILL
in 2012-2013, which means 14-15 and 5-6 years after preparation, respectively. By
comparing the internal structure of the films, we can determine their evolution with
time.

3.1 Evolution of (PSS-PAH) films after 15 years

Nine multilayer films of polyelectrolytes were built up and measured at Risg
National Laboratory in 1998 by our team [10]. Three of these films, Sample A1, A2
and A3 were stored to be measured again at ILL in 2012-2013, i.e. 14-15 years after
their preparation.

3.1.1 Multilayer films preparation

As described in reference [10], the three films were composed of PSSy (M, —
84,000 g/mol, M, /M, < 1.1), PSS4 (M, = 168,000 g/mol, M,,/M, < 1.1) and
PAH (M, = 50,000 - 65,000 g/mol). The films were deposited on silicon wafers
cleaned in HoO/Hy05/NHjy (5:1:1 v/v/v) at 80°C for 15 min, followed by rinsing
with MilliQ water. The substrates were washed with methanol, methanol/toluene
(1:1 v/v) and toluene and then a first layer of 4-Aminobutyldimethylmethoxysilane
(ABS) was deposited on it from a 1 vol % solution of ABS for 16h. After the
deposition, the substrates were washed with toluene, methanol/toluene (1:1 v/v)
and methanol. The multilayer films were deposited by manual dipping alternately
into deuterated or protonated PSS (3 x 1073 monomol/L, 3 mM HCIl and 2 M
NaCl) and PAH solutions (3 x 1073 monomol /I, 3 mM HCIl and 2 M NaCl) for
20 min, followed by three rinsing steps into MilliQQ water for 1 min. After the
deposition of the whole film, the samples were dried under either a N, gas stream
or a stream of pressurized, filtered air.

The three films were the following :

e Sample Al : [(PSS,-PAH)/(PSS47-PAH)|s
® Sample A2: [(PSSh7—PAH)2/(PSSd7—PAH)]8
e Sample A3 : (PSS;7-PAH)10

In Figures 3.2 are shown the representations of the structure of the multilayer
films corresponding to the layer sequence deposition.
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Figure 3.2: Layer sequences for Sample A1, A2 and A3. The proportions of the layer thicknesses
are not kept.

3.1.2 Analysis of the measurements performed at Risg Na-
tional Laboratory

The measurements were performed on the TAS7 reflectometer with a vertical
scattering plane, at a fixed wavelength of 4.64 A and varying angles, at ambient
conditions.

The experimental data were not available, so we used the theoretical model
described in the publication for our study. The analysis of the specular reflectivity
curves was done by using a layer model and considering a homogeneity of the films
in the direction perpendicular to the surface. The curves corresponding to the
theoretical models are shown in Figure 3.3. Thicknesses of 20 A and 30 A and
roughnesses of 5 A and 9 A were used for the SiO, and ABS layers respectively, the
SLD of the SiOs layer was set to 3.15 x 1076 A=2. As for the PEI layer, the SLD of
the ABS layer was considered to be the same than the SLD of the layer adsorbed
on it. The structural parameter values determined by the theoretical models are
summarized in Table 3.2.

Table 3.2: Layer pair thicknesses, SLDs and roughnesses determined from the specular reflectivity
fits of the Sample A1, A2 and A3 measured at Risg National Laboratory in 1998.

Sample A1 had a thickness per layer pair of 51.4 A, Sample A2 a thickness per
layer pair of 51.0 A and Sample A3 a thickness per layer pair of 47.5 A. Sample A3
had layer pairs 1.1 times thinner than Sample A1, which corresponds to 3.9 A. The
deuterated and non-deuterated SLDs were the same for Sample Al and Sample
A2, 3.10 x 1079 A-! and 0.87 x 107% A~1, but the SLD of Sample A3, which was
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Figure 3.3: On the left, the theoretical models corresponding to the fit of the specular reflectivity
curves of Sample A1, A2 and A3 measured at Risp National Laboratory in 1998. On the right, the
SLD profiles extracted from the fits. The curves are shifted for clarity.

fully deuterated, was 1.07 times smaller, with a value of 2.90 x 1076 A~!, that is a
difference of 0.20 x 1076 A~ with Sample Al and Sample A2. Even if the thickness
is smallest for Sample A3, its SLD is not bigger, but similar to the ones of Sample A1l
and Sample A2. The roughnesses of Sample A1l and Sample A2 were similar, with
respective values of 20.0 A and 19.0 A. The roughness at the surface was 13.0 A for
Sample A3, 1.5 times smaller than the roughness of Sample A1 (a difference of 7.0 A).

The three films were then stored and measured at ILL in 2012-2013, that is 14-15
years later.

3.1.3 Structural evolution after 15 years

The three multilayer films were stored in non-controlled conditions, in an office
where the variations of temperature and humidity were important. The box con-
taining the samples was found opened, with dust inside, so contamination of the
films may have occured.

Sample Al and Sample A2 were measured on D17 with the setup D17-2 and
Sample A3 on FIGARO with the setup FIGARO-1 (the setups are described in
Part 2.3.1). The reflectivity curves of the three films are shown in Figure 3.4.

We can first see a difference of the gap between the Kiessig fringes depending
on the films. As we know, the gap between two neighbouring fringes is dependent
on the thickness and especially a smaller gap means a bigger thickness.
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Figure 3.4: Specular reflectivity curves of Sample A1, A2 and A3 measured at ILL in 2012-2013
The curves are shifted for clarity.

To have a first idea of the changes undergone by the films, ellipsometry measure-
ments were performed on the three films to have a first comparison of the thicknesses
with the initial ones. The measurements were carried out with the monochromatic
ellipsometer using refractive indexes measured with the spectroscopic elllipsometer.
Table 3.3 gathers the refractive indexes and the thicknesses measured by ellipsome-
try as well as the total thicknesses of the films determined by neutron reflectometry
in 1998.

Table 3.3: Total thicknesses of the three films measured by ellipsometry and the refractive

indexes used for the measurements. On the right column are indicated the total thicknesses of the
multilayer films as measured by neutron reflectometry at Risg National Laboratory in 1998.

The thicknesses of the films increased from 2.0 times to 3.3 times the initial

thicknesses. This is a large increase, and we can see that the three films did not
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thicken in the same proportions. The thickest film, Sample A2, thickened less than
the thinnest film, Sample A3.

Initially, data were fitted using the same structural parameters values for the
Si04 and PEI layers and the same structures than the ones determined in 1998, and
only the values of the parameters of the (PSS-PAH) films were varied. We rapidly
saw that the intial structures did not correspond to the structures after 15 years. So
we decided to use different structures than the initial ones by making the following
assumptions :

e An oxidation of the silicon substrate close to the silicon oxide layer, leading to
a change of the SiO, layer parameters.

e An increase of interpenetration significant enoough to change the deuter-
ated/protonated layered structure of Sample A1 by a monolayer (box) struc-
ture.

e An inhomogeneous change of the structure of the films in the direction per-
pendicular to the surface, leading to the transition from a one layer structure
to a several layers structure for Sample A1l and Sample A3.

Figure 3.5 shows the specular reflectivity curves measured at ILL for Sample Al
and Sample A2, with the best fits we found, as well as the theoretical reflectivities
determined in 1998 and the corresponding SLD profiles. The values of the structural
parameters are summarized in Table 3.4. The thickness and roughness of the SiO,
layer of Sample A3 were fixed to 55.0 A and 35.0 A respectively (similar to the values
for the SiO, layer of Sample A1), because the numerical fit gave a really small value
for the thickness (less than few angstroms) and a really big value of the roughness
(more than 100 A).

We can first see that our assumption concerning an oxidation of the silicon
substrate was correct. Indeed, the thickness of the SiO, layer increased from 20.0 A
t0 55.8 A for Sample A1 and from 20.0 A to 55.0 A for Sample A2, which corresponds
to differences of 35.8 A and 35.0 A, and ratios of 2.8. This thickness increase went
along with a decrease of the SLD from 3.15 x 1075 A~2 t0 2.91 x 107% A~2 for Sample
Al or 2.65 x 107% A2 for Sample A3. The SLD is 1.08 times bigger for Sample
Al and 1.20 times bigger for Sample A3. This is probably due to an appearence
of porosity in the layer. Finally, the roughness was 7.0 times bigger for Sample A1l
(from 5.0 A to 35.2 A) and 7.0 times bigger for Sample A3 (from 5.0 A to 35.0 A)
than the initial roughness.

Then we observed an increase of the total thicknesses of the two films, from 852.4
A t0 1619.3 A for Sample A1 (1.9 times bigger) and from 505.0 A to 1538.2 A for
Sample A3 (3.0 times bigger). We can see that the change of thickness was not the
same for the two films. This is in agreement with the ellipsometry measurements.
Furthermore, the change in the films was not homogeneous, as assumed. We had a
two layers structure instead of a one layer structure for both films. This manifested
as a first small layer, which include the ABS layer, and a second larger. For Sample
A1, the first layer had a thickness of 220.8 A, which corresponds to 13.6% of the total
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Figure 3.5: On the left, the experimental specular reflectivity curves (points) of Sample Al
and Sample A3 measured at Risp National Laboratory in 1998 and ILL in 2012-2013 and the
corresponding theoretical models (line). On the right, the SLD profiles extracted from the fits.
The curves are shifted for clarity.

Table 3.4: Layer thicknesses, SLDs and roughnesses determined from the specular relfectivity
fits of Sample A1 and Sample A3 measured at Risg National Laboratory in 1998 (top table) and
at ILL in 2012-2013 (bottom table).

thickness of the film, and the second layer a thickness of 1398.5 A, that is say 86.4%
of the thickness. For Sample A3, the thickness of the first layer was 91.4 A, 5.9%

90



of the total thickness, and the thickness of the second layer was 1446.8 A, 94.1% of
the total thickness. This increase went along with a decrease of the SLLD for the top
layer of the films, the SLD of the first layer being similar to the average SLD of the
initial films. For Sample A1, the initial SLDs were 0.87 x 107% A2 and 3.1 x 106
A~2, we can assume an average value of 1.99 x 1076 A2 for the initial film with a
homogeneous mixture of the deuterated and protonated polyelectrolytes inside the
films and the same thickness. The SLD of the first layer of Sample Al was similar
to this value with 2.20 x 1076 A2, which corresponds to a 1.11 times bigger SLD.
However, the SLD of the second layer was 1.38 times smaller than the initial average
value, going from 1.99 x 1076 A2 to 1.44 x 107° A~2. Sample A3 had a similar
behaviour : a first layer with a SLD similar to the initial one, 1.02 times smaller
(from 2.90 x 1076 A=2 t0 2.84 x 1070 A~2), and a second layer with a SLD 1.90
times smaller than the initial SLD, going from 2.90 x 1076 A~2 to0 1.53 x 1076 A2,
This decrease of the SLDs is in agreement with the increase of the thicknesses, if we
consider a decrease of the density. But, as the proportions of the thickness increases
and SLDs decreases are not the same, we may have also a change of composition
of the film. An assumption is an oxidation of the polyelectrolytes, a contamination
of the films or a water uptake from the humidity in the ambient air with the time.
The difference between the two layers is probably due to the proximity of the silicon
wafer next to the first layer, which may have a protective effect on the bottom of
the film. Indeed, it is possible that the change of the films began at the top and
went deeper in the film with time. The large roughnesses between the two layers,
135.4 A for Sample Al and 297.0 A for Sample A2, would suggest a large interface
between the top and the bottom layers where the structure changed partially.

We were not able to fit the specular reflectivity curve for Sample A2, but we can
see a Bragg peak on the reflectivity curve shown in Figure 3.6, at a position q =
0.0330 AL, This indicates that we still have a layered structure as for the initial
films, but the film had probably undergone an inhomogeneous change depending on
the depth inside the film, as observed for Sample Al and Sample A3. Finally, the
increase of the polyelectrolyte interpenetration was limited in distance after 15 years
of storage and even with a non-controlled storage, the film still exhibited a layered
structure.

The neutron reflectometry measurements gave us the off-specular reflectivity
signals of the films in addition to the specular reflectivity. Figure 3.7 shows the 2D
pictures of the off-specular reflectivity signals of Sample A1 and Sample A2 after
treatment and normalization.

The pictures are composed of two signals interesting for us : the specular reflec-
tivities and the Bragg sheets. The specular reflectivities correspond to the vertical
signal on which we can see the Kiessig fringes and the Bragg peak of Sample A2.
This signal is the one we fit to determine the internal structure of the multilayer
films. The second signal, the Bragg sheets, corresponds to the inclined signal, which
crosses the specular reflectivity signal at the Bragg peaks. We did not perform
a quantitative analysis of the off-specular reflectivities, but some conclusions may
be drawn by observing the 2D pictures. First of all, the presence of Bragg sheets
indicated that there was some correlation between the roughness profiles at the in-
terfaces inside the films. This is possible only for several interfaces, if the films have a
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Figure 3.6: Experimental specular reflectivity curve of Sample A2 measured at ILL in 2012-2013.
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Figure 3.7: 2D pictures of the off-specular reflectivity signals for Sample A1 (on the left) and
Sample A2 (on the right) measured at ILL in 2013-2014.

multilayered structure (in our case, an alternation of deuterated and non-deuterated
stacks). For Sample A2, we already saw the Bragg peak on the specular reflectivity
curve, indicating a multilayered structure. For Sample Al, we did not expect the
presence of Bragg sheets, as we observed a two boxes structure. But as we also see a
Bragg sheet on the 2D picture, this means there were interfaces inside the film, with
a multilayered structure. The intersection between the specular reflectivity and the
Bragg sheet corresponds to a wavelength of A = 4.56 A, that is q = 0.0337 A~!, from
which we can deduce that the peak circled on the reflectivity curve drawn in Figure
3.8 is a Bragg peak. But the intensity of the peak is very low and even not captured
by the fit. A possibility is that there were inhomogeneous thickness increases of
the films depending on the positions on the surfaces, i.e. there were spots where
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the thickness increased more or less, giving inclined interfaces, which smear out the
specular reflectivity signal but not the off-specular signal.

10° -
- "

10 ‘A
2 .
S o2 .
g Y 4
o il
— 5
& 10° :

10"

fiaiian: . 3

T d d T T
0,01 0,02 0,03 0,04
-
q, (A”)

Figure 3.8: Experimental specular reflectivity curve of Sample A1 measured at ILL in 2012-2013.

3.1.4 Conclusion

To conclude, we have seen that after 15 years, the three multilayer films showed
an important structural change. The films had a thickness which is at least twice
the initial thickness and exhibited a decrease of the SLDs. This change of structure
was inhomogeneous in the direction perpendicular to the surface. Despite this big
changes, there is still a residue of the typical signal of a multilayered structure. We
have here reached the limit of interpretation of the reflectivity curve analysis. These
changes may be due to an oxidation of the polyelectrolytes, a contamination of the
films, a water uptake from the humidity in the ambient air or a rearrangement of
the polyelectrolytes in the films with time.

After 15 years, we have reach the limit of storage of multilayer films. So, we have
studied the evolution of the multilayer film structure for a lower time of storage, that
is b years.

3.2 Evolution of (PSS-PAH) films after 5 years

Eighteen samples were prepared in 2007 by our team and were measured by
neutron reflectometry at LLB the same year [11]. We decided to measured again
six of these samples, the ones described in the publication, by neutron reflectometry
at ILL in 2012 and 2013 to observe the evolution of the internal structure after 5-6
years of storage.
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3.2.1 Multilayer films preparation

A detailed description of the sample preparation is available in reference [11],
and we will give here a summary of what is written in the publication.

Mutlilayer films composed of deuterated as well as non-deuterated PSS (M, =
80,800 g/mol and M,, = 70,000 g/mol respectively) and PAH (M,, = 70,000 g/mol)
were deposited on silicon wafers cleaned by a 30 min long immersion in a mixed
solution of methanol and hydrochloric acid (1:1, v/v) followed by a storage in a
concentrated sulfuric acid solution for at least one night. Then the wafers were
rinsed in Milli-Q water and used the same day for the film buid-up. A first layer
of PEI (M,, = 25,000 g/mol) was deposited by dipping the wafers in a solution
with a concentration of 1 mg/mL (in pure MilliQQ water) during 5 min, then rinsed
in MilliQQ water and dried under nitrogen. Then, the films were deposited on the
substrates either by manual spraying (Air-boy cans) or by dipping. The deposition
by spraying was carried out by spraying the polyelectrolyte solutions during 5 s,
with a contact time of 15 s following the spraying, then by rinsing with pure MilliQ
water during 5 s and by waiting 15 s before depositing the next layer. The dipping
deposition was done by dipping the substrate in the solution for 20 min, followed by
three rinsing steps of 100 s, 100 s and 120 s. The solutions used for all the films were
the same, the concentrations of PSSy7 and PSS,; being 0.6 mg/mL, the one of PAH
was 0.27 mg/mL and all the polyelectrolytes were dissolved in 0.5 M NaCl solutions.

The eighteen multilayer films prepared were differentiated by the deposition
method (dipping or spraying) and by the layer sequence, as described below (for
easier comparison with the publication, the names of the samples were kept the
same) :

e Sample A : (PSS;;-PAH);( by spraying

e Sample B : (PSS,-PAH), by spraying

e Sample C : [(PSSy7-PAH);3/(PSS47-PAH) |6/ (PSS,7-PAH);3 by spraying

e Sample D : [(PSS;,7-PAH);/(PSS47-PAH)|¢/ (PSS,7-PAH)5 by spraying

e Sample E : [(PSS,7-PAH),/(PSS47-PAH)|s/(PSS,7-PAH), by spraying

e Sample F : [(PSS,7-PAH),/(PSS47-PAH)|s/(PSS,7-PAH), by dipping

e Sample G : [(PSS,7-PAH),/(PSS47-PAH)s|6/(PSSp7-PAH), by spraying

e Sample H : [(PSS,7-PAH);/(PSS4r-PAH);ls/ (PSSs7-PAH)3 by spraying

e Sample I : [(PSS,7-PAH)s/(PSS47-PAH),|¢/ (PSSy7-PAH), by spraying

e Sample J : [(PSS,7-PAH)/(PSS47-PAH)56/(PSS,7-PAH) by spraying

e Sample K : [(PSS;7-PAH)5/(PSS,7-PAH)|/[(PSSk7-PAH)5/(PSS47-PAH) 4/
(PSSy7-PAH); or (PSS,7-PAH)11/|(PSSa7-PAH) /(PSS,7-PAH)5|4 by spraying
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Figure 3.9: Layer sequences for Sample A, B, C, D, E, F, G, H, I, J, Q and R. The proportions
of the layer thicknesses are not kept.

® Sample L: [(PSSh7—PAH)5/(PSSd7—PAH)]/[(PSSh7—PAH)5/(PSSh7—PAH)]4/
(PSSh7—PAH)5 or <PSSh7—PAH>5/<PSSd7—PAH)/(Pssh7—PAH>29 by spraying

® Sample M : [(PSSh7—PAH)5/(PSSd7—PAH)]g/[(PSSh7—PAH)5/(PSSh7—PAH)]/
[(PSSh-PAH); /(PSSur-PAH)|s/ (PSSr-PAH)5 or [(PSSyr-PAH)s/ (PSSqs-
PAH)]Q/(PSSh7—PAH)11/[(PSSd7—PAH)/(PSSh7—PAH)5]2 by spraymg

® Sample N: [(PSSh7—PAH)5/(PSSh7—PAH)]2/[(PSSh7—PAH)5/(PSSd7—PAH)]/
[(PSSh7—PAH)5/(PSSh7—PAH)]2/(PSSh7—PAH)5 or (PSSh7—PAH)17/(PSSd7—
PAH)/(PSS7-PAH),; by spraying

® Sample O: [(PSSh7—PAH)5/(PSSd7—PAH)]4/[(PSSh7—PAH)5/(PSSh7—PAH)]/
(PSSh7—PAH)5 or [(PSS]ﬁ-PAH)g,/(PSSd7—PAH)]4/(PSSh7—PAH)11 by spraying

® Sample P [(PSSh7—PAH)5/(PSSh7—PAH)]4/[(PSSh7—PAH)5/(PSSd7—PAH)]/
(PSSp7-PAH); or (PSS,7-PAH)q9/(PSS47-PAH) /(PSS,7-PAH)5 by spraying

95



-—~ (PSSw-PAH)s (N (PSSy-PAH) I (PSSe-PAH)

e a | [ e a | [
Sample K Sample L Sample M Sample O Sample P

Figure 3.10: Layer sequences for Sample K, L, M, N, O and P. The proportions of the layer
thicknesses are not kept.

e Sample Q : [(PSS,7-PAH)s/(PSS47-PAH)|s/(PSS,7-PAH)g by spraying
e Sample R : [(PSS,7-PAH);3/(PSS47-PAH)|s/(PSS,7-PAH)3 by dipping

Figures 3.9 and 3.10 show the schematic representations of the structure of the
multilayer films corresponding to the layer sequence deposition.

3.2.2 Analysis of the LLB measurements

Neutron reflectometry measurements were performed at LLB in 2007 on the
eighteen multilayer films described above and the analysis of six of the samples
(Sample A to Sample F) was reported in reference [11]. The measurements were
carried out on the TOF reflectometer EROS. The measurements were done at a
fixed angle of 0.93° with wavelengths from 2.5 A to 25 A and a wavelength resolution
dA\/X = 0.025. Collimation slits of 2 mm and 1 mm were used, leading to an angular
resolution of df/6 = 0.045.

The analysis of the obtained specular reflectivity curves, done with Motofit by
O. Félix et al. was carried out by considering that the structural parameters are
the same for different films prepared in the same conditions, i.e., in our case, the
sprayed films have the same structural parameters and the dipped films have the
same parameters, because the solutions are the same for all samples. They also
considered a homogeneity of the structure inside the films, that means that the layer
thickness, the SLDs, as well as the roughness are constant in the films, whatever
the position of the layers in the multilayer films is. They determined the layer
thickness, the SLDs of the protonated and deuterated parts, and the roughness of
the sprayed films from Sample A and Sample B, to 25.4 A, 1.11 x 107 A2, 2.75
x 1076 A=2 and 13.0 A, respectively. However, they noticed slightly thicker layers
for Sample E, with a value of 26.2 A per layer, and this was attributed to the fact
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that this sample was prepared several months after the build-up of the other films.
Indeed, ambient conditions are not controlled and can be different in the laboratory
depending on the period of the year. Finally, the layer thickness and the roughness
of dipped samples were determined from Sample F, the SLDs beeing kept the same
like the ones determined for sprayed samples. The layer thickness was calculated
by multiplying the layer thickness of Sample E by 1.321, the proportion between
the thicknesses of the two samples determined by ellipsometry, and was equal to
34.6 A. The roughness was calculated with the fit and was 18.0 A.

For the ageing study, we decided to fit again the specular reflectivities of the
samples, but by doing individual fits for all the samples. The reason for this is to
have exact values for all the structural parameters fo each sample, to be able to
compare accurately the "old" and "new" structures.

Analysis was performed on the specular reflectivity curves by using Motofit. The
two first layers, the SiO5 and the PEI layers, had fixed thicknesses, determined by
O. Félix et al. by ellipsometry, namely 12.5 A and 11.5 A, respectively. The SLD
of the SiO, layer was set to 3.15 x 1075 A=2 and the roughness at the interface
SiO,/PEI to 4.0 A. The SLD of the PEI layer was assumed to be identical to the
SLD of the layer deposited on it and the roughness of the PEI layer was fixed at 9.0
A, as it was done by O. Feélix and al.et al. This roughness has no influence on the
fitting process, due to the fact that the SLD of the PEI layer is the same as that of
the above layer one, which means that the layers cannot be differenciate and their
is no interface between the two layers a seen by neutrons. This is why this value
was not changed. Finally, the resolution dq/q was set to 5%. As O. Félix et al.
did, we considered that the film is homogeneous in the direction perpendicular to
the surface, i.e. the layer thicknesses, the protonated and deuterated SLDs and the
roughnesses at the interfaces of each film are identical. In Figures 3.11, 3.12 and 3.13
are shown the experimental specular curves with the corresponding fitting curves,
as well as the SLD profiles extracted from the fits. The structural parameters values
of the films (thickness, SLD, roughness) are summarized in Table 3.5. During the
fit, the roughnesses of Sample H and Sample R went down to zero, which, on one
hand, is not physically possible as we have interpenetration and, on the other hand,
causes some errors in Motofit stopping the fit. For this reason, the roughnesses of
these two films were fixed at 10 A (as indicated in Table 3.5), a value for which the
fit is good. Omne average error estimation of each parameter was calculated for all
the films.

We noticed a big difference in the SLDs of Sample R compared to the others :
the SLD of the deuterated layers is < 1.9 x 1076 A2 whereas it is > 2.4 x 1076 A2
for the other samples. We saw a similar behavior for the SLD of the non-deuterated
layers, the SLD beeing lower in this case. It is possible that there was a problem
during the preparation of Sample R, as for example a contamination of the film,
that could explain the difference of structure.

We observed a similar layer pair thickness for the sixteen samples prepared by
spraying, going from 24.3 A to 27.4 A per layer pair, corresponding to a difference
of 3.1 A and a proportion of 1.1. Even if the samples were prepared with the same
solutions and in the same spraying conditions, some parameters were not controlled.
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Figure 3.11: On the left, the experimental specular reflectivity curves (points) measured at LLB
in 2007 and the corresponding theoretical models (line). On the right, the SLD profiles extracted
from the fits. Data for Sample A, B, C, D, E, F, G and H are shown. The curves are shifted for
clarity.

We already mentioned that the temperature during the build-up has an influence on
the thickness of the mutilayer films of polyelectrolytes and we observed variations
of the ambient temperature in the laboratories depending on the seasons and the
weather, which could explain the difference observed for the layer pair thickness. Of
course, the thicknesses of Sample F' and Sample R are larger as these two samples
were prepared by dipping, but there is also a difference in thickness between these
dipped samples, in the order of 4.6 A per layer pair. Except for Sample R, the
SLDs are quite similar, with an interval of 0.27 x 1076 A=2 (from 1.02 x 107°
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Figure 3.12: On the left, the experimental specular reflectivity curves (points) measured at LLB
in 2007 and the corresponding theoretical models (line). On the right, the SLD profiles extracted
from the fits. Data for Sample I, J, K, L, M, N and O are shown. The curves are shifted for clarity.

A2 t0 1.29 x 1076 A=?) for the SLDs of the protonated parts and an interval of
0.44 x 1076 A=2 (from 2.46 x 107% A~2 to 2.90 x 1076 A~?) for the deuterated
fractions. This corresponds to a proportion of 1.25 for the protonated SLDs and
1.18 for the deuterated SLDs. As the SLD is dependent on the composition and the
density of the layers, and as a change of the composition was not expected since
the polyelectrolyte solutions were the same, we expect a difference in density in the
same proportion than the difference in thickness. Finally, we observed roughnesses
from 10 A to 24.8 A, which means a difference of 14.8 A and a proportion of 2.5.
If we compare the films to each other in detail, we can see that the proportions
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Figure 3.13: On the left, the experimental specular reflectivity curves (points) measured at LLB
in 2007 and the corresponding theoretical models (line). On the right, the SLD profiles extracted
from the fits. Data for Sample P, Q and R are shown. The curves are shifted for clarity.

Table 3.5: Layer pair thicknesses, SLDs and roughnesses determined from the specular reflectivity
fits of the eighteen films measured at LLB in 2007.

between the thicknesses, the SLDs and the roughnesses are not the same. Let us
take an example, comparing Sample C and Sample I. Sample T had 1.03 times
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thicker layer pairs than Sample C, so we could expect smaller SLDs for Sample 1
than for Sample C. But the protonated SLD of Sample I is 1.05 times bigger than
the one of Sample C and the deuterated SLD of Sample I 1.04 times bigger. So
we can conclude not only that the SLDs are higher for the thicker film, but also
that the proportion between the non-deuterated SLDs of Sample C and Sample I
and the proportion between the deuterated SLDs of the two films are not the same.
And yet, we would have expected a homogeneous change in SLDs, and therefore in
density, in the whole films. Finally, we observe a 1.3 times smaller roughness for
Sample I. We see similar behaviours for the other films, the proportions are not the
same and we cannot determine a clear trend for the differences of the structural
parameters between the eighteen multilayer films.

Surely, all parameters deduced from the fitting of experimental curves have a
certain error. Indeed, the values calculated by fitting the experimental reflectivities
are adjusted to have the best accordance (minimal chi*2) between the experimental
and theoretical reflectivities. Moreover, the reflectivities included some errors
coming from the scattering measurements and the fitting. We can assume that
the thicknesses determined are accurate, the differences being due to the change
in the non-controlled parameters. The differences of SLDs are probably due to
fitting errors. Contrary, to what we supposed above, the differences of thicknesses
probably do not have to be linked to a modification of density (so SLD), but a
change of the adsorbed amount of polyelectrolyte. Concerning the roughness, we
could expect similar values for films prepared in the same conditions, the values
found are also probably not accurate, even if their are certainly rather correct. It
seems that the roughness is the parameter which is the most adjusted to improve the
fit by the numerical process, what would explain the large range of values for films
prepared in the same conditions, and which have thickness per layer pair which are
very similar. For this reason, an assumption is that the SLDs and the roughnesses
should be the same or similar for the sixteen films prepared by spraying. A tool to
determine if we could use exactly the same structural parameters for films prepared
in the same way and to calculate the values of these parameters is the "Global Fit"
process of Motofit. This is a function which allows to fit several specular reflectivity
curves at the same time and to link parameters from the different films together.
So we can fit, for example, the specular reflectivity by asking the "Global Fit" to
have the same SLDs for all the films. This work is described in Part 4.1.

Finally, Sample F, prepared by dipping, had thicker layer pairs than the other
films, prepared by spraying. But we can see that the SLDs of Sample F, 1.20 x
1076 A=2 for the protonated SLD and 2.62 x 1076 A2 for the deuterated SLD,
are in the range of the SLDs of the sprayed films. This would mean that the
SLDs for dipped and sprayed multilayer films are close to each other or even the
same. So, we could deduce that the change of thickness is due to a change of
adsorbed amount of polyelectrolytes adsorbed and not due to a density change.
We can also observe that the roughness of Sample F is in the range of the
roughnesses of the sprayed films, what would mean that the interpenetration is
similar for dippped and sprayed films, while, due to the charge compensation inside
the film, we could assume an increase of the roughness with the increase of thickness.
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Then, the films were stored during several years and measured again by neutron
reflectometry to study the evolution of the multilayer films of polyelectrolytes with
time.

3.2.3 Structural evolution after 5 years

The eighteen films prepared and measured in 2007 were stored in a laboratory
without controlling the environment parameters (temperature, humidity, ...) in
closed boxes. We could assume rather stable ambient parameters and no contami-
nation.

Six multilayer films of the eighteen were measured by neutron reflectometry at
ILL, in 2012 and 2013, that is 5-6 years after their preparation. These films were
Sample A and Sample C measured on D17 with the setup D17-1, Sample B, D and F
on D17 with the setup D17-2 and Sample E on FIGARO with the setup FIGARO-1
(the setups are described in Part 2.3.1). The specular reflectivity curves obtained
are shown in Figures 3.14 and 3.15 with the corresponding fits and the SLD profiles
extracted from the fits. For comparison, the specular reflectivity curves, fits and
SLD profiles of the neutron reflectometry measurements of Samples A, B, C, D, E
and F performed at LLB in 2007 are drawn on the figures.

We can immediately observe on the graphics a shift of the Kiessig fringes and
Bragg peaks of the specular reflectivity curves to higher q values in respect to the
measurements carried out in 2007. This indicates a decrease of the thicknesses, an
it is confirmed by the SLD profiles. This behaviour is observed for the six films.
The structural parameters determined from the fits of the measurements done at
ILL are summarized in Table 3.6.

Table 3.6: Layer pair thicknesses, SLDs and roughnesses determined from the specular reflectivity
fits of Sample A, B, C, D, E and F measured at LLB in 2007 and at ILL in 2012-2013.

The structural parmaters of the SiO, and PEI layers were kept the same than
for the fits of the reflectivities measured at LLB. That is a thickness of 12.5 A, a
SLD of 3.15 x 1075 A~2 and a roughness of 4 A for the SiO, layer, and a thickness
of 11.5 A and a roughness of 9 .0A for the PEI layer, the SLD was determined by
the fits, as we assumed, like before, the same SLD as for the following layer.
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Figure 3.14: On the left, the experimental specular reflectivity curves (points) of Sample A, B,
C and D measured at LLB in 2007 and ILL in 2012-2013 and the corresponding theoretical models
(line). On the right, the SLD profiles extracted from the fits. The curves are shifted for clarity.

If we compare the structure of the films measured at ILL, we can observe
that the parameters are similar for the five sprayed samples, as seen for the
measurements at LLB. For the LLB measurements, the thinnest layer pair was 1.04
times thinner than the thickest one, the smallest protonated SLD was 1.09 times
lower than the bigger one, the proportion was 1.06 for the deuterated SLDs and
the smallest roughness was 2.1 times smaller than the highest roughness. These
proportions are similar for the measurements performed in 2012-2013, except for
the roughness. For the ILL measurements, the thinnest layer pair was 1.03 times
thinner than the thickest one, the lower protonated SLD was 1.07 times smaller
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F measured at LLB in 2007 and ILL in 2012-2013 and the corresponding theoretical models (line).
On the right, the SLD profiles extracted from the fits. The curves are shifted for clarity.

than the higher one, this proportion was 1.10 for the deuterated SLDs and the
smallest roughness was 1.3 times smaller than the bigger one. As observed above,
the SLDs and the roughness of the dipped film were similar to the ones of the
sprayed films for the measurements at LLB as well as for the ones at ILL.

After 5 years, there was a decrease of the thicknesses, the films were 1.03 to 1.1
times thinner than the initial films. The initial thicknesses were from 25.4 A to
26.3 A per layer pair and after 5 years from 23.9 A to 24.7 A per layer pair for the
sprayed films. This decrease of thickness went along with an increase of the SLDs,
which were 1.02 to 1.12 times bigger for the protonated SLDs (1.12 x 107° A2 to
1.22 x 107 A=2 in 2007 and 1.22 x 107 A=2 to 1.31 x 10-% A= in 2012-2013) and
1.08 to 1.25 times bigger for the deuterated SLDs (2.62 x 1076 A2 to 2.77 x 107°
A=%in 2007 and 2.97 x 107% A2 t0 3.27 x 107 A~2 in 2012-2013). These values
are similar to those found for the thicknesses, even if the deuterated SLDs had
increased more. As we did not expect a contamination or a change in composition,
we can deduce that the density increased with the decrease of the thickness. The
more important change in the deuterated SLDs compared to the protonated SLDs
may be due to mathematical errors of the fits. Finally, we see a decrease of the
roughnesses, which are 1.1 to 1.9 times smaller than the initial ones (10.2 A to 13.2
A at ILL compared to the initial one, from 12.0 A to 24.8 A), except for Sample D,
for which the thickness was 1.05 times larger than the one determined in 2007.

Concerning the dipped sample, Sample F, there was a decrease of 2.7 A in
thickness per layer pair, from 35.0 A t0 32.7 A, i.e. Sample F was 1.1 times thinner
in 2012-2013 than in 2007. At the same time, the SLDs increased of 0.07 x 1076
A2 for the protonated layers (from 1.20 x 1076 A=2 t0 1.27 x 1076 A~2) and 0.24
x 107 A2 for the deuterated layers (from 2.62 x 107¢ A=2 t0 2.86 x 1070 A~2),

104



which means they were 1.06 times and 1.09 times bigger than the initial SL.Ds. And
again, we observe a decrease of the roughness, from 18.3 A to 15.6 A, a difference of
2.7 A and a proportion of 1.2. These proportions are similar to the ones calculated
for the sprayed films, what indicates that the dipped and sprayed films change in a
similar way.

We could see that the proportion of the changes of the parameters after 5 years
are similar for all the parameters : there was an decrease of thicknesses per layer
pair and roughnesses of 1.03 to 1.1 times and 1.1 to 1.9 times respectively, and an
increase of the SLDs of 1.02 to 1.12 times for the protonated layers and 1.08 to
1.25 times for the deuterated layers. Even if there are small differences between the
proportions, we can assume that the change of the parameters were correlated, as
the differences could be due to fitting uncertainties. These changes indicate a shrink
of the films, which could be due to a slight rearrangement of the polyelectrolytes in-
side the films due to internal forces or an evaporation of remaining solvent with time.

In addition to the six samples measured by neutron reflectometry, we decided to
measure the thicknesses of all the films by ellipsometry to compare them with the
initial thicknesses. The measurements were done in 2014, 1-2 years after the neu-
tron reflectometry measurements at ILL. The measurements were carried out on the
monochromatic ellipsometer with a refractive index measured on the spectroscopic
ellipsometer for each film, as explained in Part 2.3.2. The total thicknesses measured
with the corresponding refractive indexes are summarized in Table 3.7. The thick-
nesses are the total thicknesses measured by ellipsometry, that is the thicknesses of
the films with the PEI and the SiO, layers. For comparison, the total thicknesses,
including the PET and SiO, layers, determined by neutron reflectometry at LLB in
2007 are also shown.

As we can see in Table 3.7, all the films were thinner in 2014 than in 2007,
except for Sample R. The thicknesses were 1.02 to 1.1 times smaller compared to
the initial thicknesses. These proportions are similar for the films measured at ILL
in 2012-2013 and the other films, we could probably assume that the changes in
structure observed at ILL are the same for all the samples, in similar proportions,
that is a decrease of thicknesses and roughnesses, and an increase of SLDs. The
only exception was Sample R, for which the thickness measured in 2014 was 1.08
times bigger than the one determined by reflectometry in 2007. As we already
mentioned, this films had very different SLDs compared to the seventeen other
films. It is possible that there was a problem during the preparation of this film,
a contamination for example, which could explain this increase instead of a decrease.
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Table 3.7: Total thicknesses of the eighteen samples measured by ellipsometry in 2014 and
the refractive indexes used for the measurements. On the right column are indicated the total
thicknesses of the multilayer films as measured by neutron reflectometry at LLB in 2007.

3.2.4 Conclusion

To conclude, we observed a slight change of the films after 5 years, a shrink,
which presented as a decrease of the thicknesses and roughnesses, and an increase
of the SLDs of the films. This could be due to a slight relaxation, plastification of
the polyelectrolytes in the films due to the humidity in the air.

3.2.5 Effect of the temperature and the humidity

It was already shown that the temperature and the humidity have an effect
on the multilayer films of polyelectrolytes [152, 182-185|, and especially on the
thickness of the films. So we can wonder whether the slight changes observed for the
eighteen films could be due to a difference of the ambient conditions, particularly
a difference of temperature and humidity, for the measurements performed in 2007
and in 2012-2013. Indeed, even if the ambient conditions are rather stable in the
neutron guide halls, they are not strictly controlled and there are variations of
this conditions. What should be done, to be sure to measure the samples at the
same conditions, would be to use an environmental chamber, where the conditions
can be controlled. Both at the LLB and at the ILL measurements were done at
ambient conditions, i.e. without control of temperature and humidity. We did not
perform a systematic study of the influence of the temperature and the humidity
on the films we studied to know their exact effects, but we observed the influence of
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the natural variations of the temperature and the humidity during one measurement.

A multilayer film composed of PSS,7, PSS;7 and PAH was built up by alternation
of dipping with the dipping robot into solutions of 0.6 mg/mL for the two PSS and
0.27 mg/mL for PAH dissolved in 2M NaCl solutions, for 12 min. Three rinsing
steps of 2 min in pure MilliQ) water were done after each polyelectrolyte deposition
and the film was dried every two layers (after the PAH deposition steps). The film
was deposited on a silicon wafer with a first layer of PEI. The structure of the film
was three (PSS;7-PAH) layer pairs alternated with one (PSS,7-PAH) layer pair, this
stack repeated six times : Si/SiOs/PEI/[(PSSu-PAH)3/(PSS47-PAH)|g. This film
was measured by neutron reflectometry on SuperADAM with the setup described
in Part 2.3.1 and the specular reflectivity was measured twice for the q range from
0.0055 A=! to 0.057" during the same day, once in the morning and once in the
afternoon. The two specular reflectivity curves are show in Figure 3.16.
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Figure 3.16: Experimental specular reflectivity curve of the dipped film (described above) mea-
sured at ILL in the morning and in the afternoon.

We immediately saw that there was a slight shift of the specular reflectivity
curve measured in the afternoon to higher q values, what indicates a slight decrease
of the film. The conditions were of lower temperature and higher humidity in the
morning as compared to the afternoon, but the exact values of the parameters were
not noted. In Figure 3.17 are shown the two specular reflectivity curves with the
corresponding fits, as well as the SLD profils determined from the fits. The stuctural
parameter values are summarized in Table 3.8.

The fits were done by considering a homogeneity of the film along the direction
perpendicular to the surface of the sample, i.e. we considered the same thickness
per layer pair in the whole film, the same SLD for the protonated layers, the
same SLD for the deuterated layers and the same roughness at the interfaces. The
thickness of the SiOy and PEI layers were measured by ellipsometry and fixed at 8
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Figure 3.17: On the left, the experimental specular reflectivity curves (points) of the dipped film
measured at ILL in the morning and in the afternoon and the corresponding theoretical models
(line). On the right, the SLD profiles extracted from the fits. The curves are shifted for clarity.

Table 3.8: Layer pair thicknesses, SLDs and roughnesses determined from the fit of the specular
reflectivities measured at ILL in the morning and in the afternoon.

A for the PEI layer and 25 A for the SiO, layer, after a slight adjustment of a few
Angstroms of the measured value of the silicon oxide thickness to improve the fits.
The SLD and the roughness of the SiO, layer and the roughness of the PEI layer
were set at the common values of 3.15 x 1076 A=2 4 A and 9 A respectively. The
values of all these parameters were the same for both fits. The SLD of the PEI
layer was considered as the same of the layer adsorbed on it and was fitted with
the other parameters.

As determined above, the film was thinner for the measurement done in the
afternoon. The thickness per layer pair was 60.5 A during the morning and 59.8
A during the afternoon, i.e. the film was 1.01 times thinner during the afternoon.
This corresponds to a loss of thickness of 1.1% from the morning to the afternoon.
The roughness also changed from 12.4 A in the morning to 7.3 A in the afternoon,
the film had 1.7 times rougher interfaces during the afternoon, which means a
decrease of 41.1% of the roughness. This percentage is much higher than the
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one for the thickness, but we can’t really distinguish the effect of roughness in
this limited g-range. The protonated SLD was 1.03 times higher in the afternoon
(an increase from 1.63 x 1076 A=2 to 1.67 x 107 A~2), which corresponds to an
increase of 2.5% of the SLD from the morning to the afternoon, and the deuterated
SLD was 1.02 times lower in the afternoon (a decrease from 3.10 x 1076 A=2 to
3.05 x 1079 A=2), which means a decrease of 1.6% of the SLD from the morning
to the afternoon. With a decrease of the thickness, we could expect an increase of
the SLDs due to an increase of the density, which was the case for the protonated
SLD but the inverse behaviour happened for the deuterated SLD. The theoretical
models does not correspond perfectly to the experimental specular reflectivity
curves. In Part 4.2, we describe how we can improve the fits by considering more
complex structures while the uncertainty in SLDs and roughness is too high to
allow definite conclusions. The thicknesses, which are determined from the gap
between the Kiessig fringes and the Bragg peaks, can be considered as accurate
since the fringes and peaks of the experimental specular reflectivity curves and the
theoretical models are aligned.

To conclude, we have seen that just the change of weather (temperature and
humidity) had an influence on the structure determined by fitting the specular re-
flectivity of the multilayer films of polyelectrolytes. A slight decrease of the thickness
was observed between two measurements of the same film at different moments. So,
at least a part of the difference observed between the films measured at 5 years inter-
val is probably due to a difference of ambient environments during the measurements
performed at LLB in 2007 and at ILL in 2012-2013. To have an accurate compar-
ison of the structure of the films, an environmental chamber, where the ambient
conditions are strictly controlled, should be used to carry out neutron reflectometry
measurements on multilayer films of polyelectrolytes. Although these chambers are
available at the ILL, the size of the substrates was not adapted to the dimensions
of the chamber.

3.3 General conclusion

We have seen that after 15 years, multilayer films showed an important structural
change, a thickness increase and a SLDs decrease, which was inhomogeneous in the
direction perpendicular to the surface. Despite this big changes, there is still a
residue of the typical signal of a multilayered structure. We have here reached the
limit of interpretation of the reflectivity curve analysis. One explanation of this
expansion is an oxydation of the polyelectrolytes. To have a first estimation of this
possibility, we performed XPS measurements on three (PSS-PAH) films, 6 months,
5 years and 15 years after their preparation. The measurements and the analysis of
the data were carried out by Dr. Vasiliki Papaefthimiou. The proportions of carbon,
nitrogen and oxygen in the films are shown in Table 3.9.

The decrease of carbon and nitrogen, and the increase of oxygen after 15 years
seems to indicate an oxydation of the polyelectrolytes. As the XPS measurements
probe only the surface of the films (a deepth of several nanometers), this trend may
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Table 3.9: Proportions of carbon, nitrogen and oxygen in 6 months, 5 years and 15 years old
multilayer films, as measured by XPS.

not be present in the whole film. But this preliminary result indicates that it is a
possibility and other mesurements of the composition of the film, not limited to
the surface, have to be carried out to have a better understanding of the structural
change after 15 years. Contamination and water uptake in addition to oxydation
are not, excluded.

We have also observe that a storage of 5 years causes a slight shrink of the
films. This is due to a plastification of the polyelectrolytes in the films caused by
the humidity in the aire. The structral change is so low that we can consider no
change of multilayer films after several months. So we were able to measure the
conformation of polyelectrolyte chains in multilayer films even after several months
of storage.
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Chapter 4

Neutron reflectometry analysis -
Global fit and non-homogeneous
structures

In this chapter, we describe the "Global Fit" process of Motofit [169], a way
to determine average thicknesses, SLDs and roughnesses of several multilayer films
prepared in the same conditions. We show the advantages and drawbacks of this
process compared to individual fits of the specular reflectivities and we analyse the
reproducibility of the films.

We also compare multilayer films prepared in different conditions and determine
the structural features of both homogeneous and non-homogeneous structures.

4.1 Global fit

In Part 3.2, we saw that multilayer films prepared exactly in the same condi-
tions with the same solutions have slightly different structural parameter values.
We assumed that these differences can come from the non-controlled preparation
conditions, as temperature, and from mathematical uncertainties of the fitting pro-
cess. In order to determine whether films prepared in the same conditions lead to
the same structure and to study the reproducibility of the film build-up, we decided
to use the "Global Fit" process of Motofit. O. Félix et al. [11] already investigated
this idea by determining the structural parameter values from two films either fully
deuterated or fully protonated. They observed that it is possible to use structural
values of some other films prepared in the same conditions, but not for all them.
In our case, we went further by using the "Global Fit" process, which allows to fit
several reflectivity curves at the same time, with the possibility to link the parame-
ters of the different films together, so that one value of the parameters is calculated
for all the films. For example, it is possible to determine one value of the thickness
per layer pair for all the films. Then, by comparing the global fit results with the
individual fits, it is possible to determine if the parameters are the same for all the
films or not.
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For this study, we analysed the specular reflectivity curves measured at LLB in
2007 for the sixteen multilayer films prepared by spraying in the same conditions :

e Sample A : (PSS;-PAH) o by spraying
e Sample B : (PSS,7-PAH)qo by spraying
e Sample C : [(PSS,7-PAH);3/(PSS47-PAH)|s/(PSS,7-PAH)3 by spraying
e Sample D : [(PSS,7-PAH)5/
( )

( )
(PSS47-PAH)|6/(PSS,7-PAH);5 by spraying
PSSM PAH 4/(PSSd7—PAH)]8/(PSSh7—PAH)4 by spraying

e Sample E : |
PSSh7 PAH)4/(PSSd7—PAH)2]6/(PSSh7—PAH)4 by spraying
e Sample H : |[(PSS,7-PAH);/(PSS47-PAH)s|6/(PSS,7-PAH)3 by spraying

e Sample G : |

e Sample I : [(PSSp7-PAH)s/(PSSa7-PAH)4|¢/ (PSSy7-PAH), by spraying
e Sample J : [(PSS,7-PAH) /(PSSy7-PAH);56/(PSS,7-PAH) by spraying

L Sample K: [(PSSh7—PAH)5/(PSS;ﬁ-PAH)]/[(PSSh7—PAH)5/(Pssd7—PAH)]4/
(PSSh7—PAH)5 or (PSSh7—PAH)11/[(PSSd7—PAH)/(PSSh7—PAH)5]4 by spraying

® Sample L: [(PSSh7—PAH)5/(PSSd7—PAH)]/[(PSSh7—PAH)5/(PSS]ﬂ-PAH)h/
(PSSh7—PAH)5 or (PSSh7—PAH)5/(PSSd7—PAH)/(PSSh7—PAH)29 by spraying

® Sample M : [(PSSh7—PAH)5/(PSSd7—PAH)]2/[(PSSh7—PAH)5/(PSSh7—PAH)]/
[(PSSh7—PAH)5/(PSSd7—PAH)]2/(PSSh7—PAH)5 or [(PSSh7—PAH)5/(PSSd7—
PAH)|s/(PSS,7-PAH) 1 /[(PSSa7-PAH) /(PSS,7-PAH)5|2 by spraying

® Sample N: [(PSSh7—PAH)5/(PSSh7—PAH)]2/[(PSSh7—PAH)5/(PSSd7—PAH)]/
[(PSSh7—PAH)5/(PSSh7—PAH)]2/(PSSh7—PAH)5 or (PSSh7—PAH)17/(PSSd7—
PAH)/(PSSy7-PAH),; by spraying

L Sample O: [(PSSh7—PAH)5/(PSSd7—PAH)]4/[(PSSh7—PAH)5/(PSSh7—PAH)]/
(PSS]ﬁ-PAH 5 OT [(PSS]ﬁ-PAH)5/(PSSd7—PAH)]4/(PSS]ﬂ-PAH)11 by spraying

)
® Sample P [(PSSh7—PAH)5/(PSSh7—PAH)]4/[(PSSW—PAH)5/(PSSd7—PAH)]/
(PSSh7—PAH)5 or (PSSh7—PAH)29/(PSSd7—PAH)/(PSSh7—PAH)5 by spraying

e Sample Q : [(PSS,7-PAH)g/(PSS47-PAH)|s/(PSSu7-PAH)g by spraying

The individual fits are described in Part 3.2, the structural parameters are sum-
marized in Table 4.1 below.

We performed three different global fits, by considering that only one of the
parameters is the same for all the samples (thickness, SLDs or roughness). One
average error estimation of each parameter was calculated for all the films and for
the three global fits.
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Table 4.1: Layer pair thicknesses, SLDs and roughnesses determined from the specular reflectivity
fits of the sixteen sprayed films measured at LLB in 2007.

4.1.1 Effect on the thickness per layer pair

In this part, we carried out a global fit by linking the thicknesses per layer pair so
that they are the same for all the films. The SLDs and roughnesses were kept inde-
pendent. The initial parameters were set to the values calculated by the individual
fits except for the layer pair thickness, which was set to 25.4 A for all the films as
a first guess (value determined for Sample A and Sample B by individual fitting).
Five consecutive numerical fits were done using a Levenberg-Marquardt algorithm,
without changing the values between the fits, to obtain more accurate values. For
Sample L, G and H, the fitting routine was not sensitive to their roughnesses after
the first fit for Sample L and after the second fit for Sample G and H. So the rough-
ness values were kept constant at the values determined when the problem occured,
that is 0.9 A for Sample L, 2.6 A for Sample G and 0.1 A for Sample H.

The experimental reflectivity curves and the theoretical models determined after
the fifth fit are shown in Figures 4.1 and 4.2. The values of the structural parameters
extracted from the fits are summarized in Table 4.2.

We can observe that in some cases, the experimental specular reflectivity curve
and the theoretical model are shifted, the Kiessig fringes and the Bragg peaks being
not well aligned. This is due to the differences between the thicknesses per layer
pair calculated with the global fit and the ones determined with the individual fits.
We have calculated a thickness of 26.3 A per layer pair with the global fit, whereas
the minimum thickness determined by the individual fits was 24.3 A per layer pair
(Sample L) and the maximum thickness was 27.4 A per layer pair (Sample M). This
corresponds to a difference of 7.6% (2 A per layer pair) from 26.3 A to 24.3 A and
4,2% (1.1 A per layer pair) from 26.3 A to 27.4 A. We observe that the structure
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Figure 4.1: On the left, the experimental specular reflectivity curves (points) measured at LLB
in 2007 and the corresponding theoretical models (line). On the right, the SLD profiles extracted
from the fits. Data for Sample A, B, C, D, E, G, H and I are shown. The curves are shifted for
clarity.

of Sample L was not kept, the deuterated layers had an SLD of 1.35 x 1076 A2
instead of 2.84 x 1076 A~2 and the protonated layers a SLD of 1.62 x 10~% A2
instead of 1.29 x 10~% A~2. The deuterated SLD is really low, the value corresponds
to the average value of the protonated SLDs, and is smaller than the protonated
SLD of Sample L. As there is no Bragg peak, this difference of SLD does not have
a particularly visible effect on the reflectivity curve, but does not correspond to the
real structure. Except for Sample L, the protonated SLDs had values from 0.95
x 1076 A2 t0 1.41 x 1075 A2 and the deuterated SLDs had values from 2.35 x

114



12

Sample M
Si wafer

10 -

8 - Si wafer JN Sample L

Sample K

p

Sample M

Reflectivity

Si wafer

SLD (x10° A%)

10°

10°9 Sample J
2 - Si wafer

10*

s

300 600 200
Thickness (A)

o -

124 Sample Q

Si wafer

10 -

8 - Si wafer

Sample P
Sample P

'}

Si wafer

Reflectivity
SLD (x10° A%)

it

Sample O
SampleO i T

2 | Si wafer
o .Sample N Sample N

T u T v U ¥ - Ll u
0.02 0.04 0.06 0.08

U T
400 800 1200 1600

2

a, (A" Thickness (A)

Figure 4.2: On the left, the experimental specular reflectivity curves (points) measured at LLB
in 2007 and the corresponding theoretical models (line). On the right, the SLD profiles extracted
from the fits. Data for Sample J, K, L, M, N, O, P and Q are shown. The curves are shifted for
clarity.

1076 A2 t0 2.93 x 107% A~2. These values are similar to those calculated with the
individual fits (from 1.02 x 1076 A=2 to 1.29 x 1075 A2 for the protonated SLDs
and from 2.46 x 1070 A2 t0 2.90 x 1076 A=2 for the deuterated SLDs). Finally,
the roughnesses determined with the global fit, from 0.1 A to 26.8 A, have maximal
values similar to those determined by individual fitting, 24.8 A, but have a much
smaller minimal value than that from the individual fits, 10.0 A. These differences
of SLDs and roughnesses values between the global fits and the individual fits are
due to a compensation of the errors induced by the differences of thicknesses per
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Table 4.2: Layer pair thicknesses, SLDs and roughnesses determined from the specular reflectivity
fits of the sixteen sprayed films measured at LLB in 2007.

layer pair.

The values of the thicknesses determined by individual fitting are close to those
determined by global fitting, but we can see a visible difference on the fits. This
suggests that the thickness differences determined by the individual fits of the spec-
ular reflectivity curves are not due to the uncertainty of the fitting routine, but this
difference is probably a real difference of thickness due to non-controlled parameters
during the preparation of the films.

4.1.2 Effect on the SLDs

In this part, we carried out a global fit by linking the SLDs (deuterated and
protonated) so that they have the same value for all the films. The thicknesses and
roughnesses were kept independent. The initial parameters were set to the values
calculated by the individual fits except for the SLDs, which were set to 1.12 x 1076
A~2 for the protonated SLDs and 2.77 x 10~% A2 for the deuterated SLDs for all the
films (values determined for Sample A and Sample B). Five consecutive numerical
fits were done using a Levenberg-Marquardt algorithm, without changing the values
between the fits, to obtain more accurate values.

The experimental reflectivity curves and the theoretical models determined after
the fifth fit are shown in Figures 4.3 and 4.4. The values of the structural parameters
extracted from the fits are summarized in Table 4.3.

We can see that the theoretical models produce good fits for the specular re-
flectivity curves, which indicates that the values determined for the protonated and
deuterated SLDs, which are the same for the sixteen films, are accurate values for
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Figure 4.3: On the left, the experimental specular reflectivity curves (points) measured at LLB
in 2007 and the corresponding theoretical models (line). On the right, the SLD profiles extracted
from the fits. Data for Sample A, B, C, D, E, G, H and I are shown. The curves are shifted for
clarity.

the structure of the films. This indicates that the differences between the SLDs
calculated individually are due to mathematical errors and we can assume that the
SLDs, and the densities, are the same for multilayer films prepared in the same
conditions, even if differences of thicknesses are observed. This indicates that the
thickness differences are going along with a difference of polyelectrolyte quantity
adsorbed and not a difference of density. The protonated SLD had a value of 1.18
x 1075 A2, which gives a difference of 13.6% (0.16 x 1075 A=2) with the minimal
value of 1.02 x 107% A2 determined by individual fitting and a difference of 9.3%
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Figure 4.4: On the left, the experimental specular reflectivity curves (points) measured at LLB
in 2007 and the corresponding theoretical models (line). On the right, the SLD profiles extracted
from the fits. Data for Sample J, K, L, M, N, O, P and Q are shown. The curves are shifted for
clarity.

(0,11 x 107% A~?) with the maximal value of 1.29 x 107 A=2. The deuterated SLD
was 2.73 x 1076 A=2, which corresponds to a difference of 9.9% (0.27 x 1076 A-2)
with the minimal value of 2.46 x 10 A=2 and 6.2% (0.17 x 1075 A=?) with the
maximal value of 2.90 x 1076 A2, The thicknesses calculated by global fitting were
similar to those determined by individual fitting, with a range of 24.1 A to 27.4 A
instead of 24.3 A to 27.4 A. We observe the same behaviour for the roughnesses with
values from 9.3 A to 25.2 A for the global fit compared to 10.0 A to 24.8 A for the
individual fits.
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Table 4.3: Layer pair thicknesses, SLDs and roughnesses determined from the specular reflectivity
fits of the sixteen sprayed films measured at LLB in 2007.

Finally, we can consider the same SLDs for multilayer films prepared in the same
conditions, the differences observed by fitting individually are probaby within the
error of the fit. We also determined that the differences of thickness go along with
a difference of amount of polyelectrolytes adsorbed and not a difference of density.

4.1.3 Effect on the roughness

In this part, we carried out a global fit by linking the roughnesses so that they
are the same for all the films. The thicknesses and SLDs were kept independent.
The initial parameters were set to the values calculated by the individual fits except
for the roughnesses, which were set to 14.9 A, the average value of the roughnesses.
Five consecutive numerical fits were done using a Levenberg-Marquardt algorithm,
without changing the values between the fits, to obtain more accurate values.

The experimental reflectivity curves and the theoretical models determined after
the fifth fit are shown in Figures 4.5 and 4.6. The values of the structural parameters
extracted from the fits are summarized in Table 4.4.

As for the SLDs, the theoretical models fit nicely the specular reflectivity
curves when we consider the same roughness for the sixteen sprayed films. So, the
value of roughness calculated by global fitting is very likely the real roughness at
the interfaces even if there are differences with the individual fits. Like for the
SLDs, these differences are probably due to fitting uncertainties and not to a real
difference in roughness. The roughness value was 13.8 A for the global fitting
and 10.0 A for the minimal roughness determined by individual fitting, that is a
difference of 27.5% (3.8 A), and 24.8 A for the maximal roughness, which means a
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Figure 4.5: On the left, the experimental specular reflectivity curves (points) measured at LLB
in 2007 and the corresponding theoretical models (line). On the right, the SLD profiles extracted
from the fits. Data for Sample A, B, C, D, E, G, H and I are shown. The curves are shifted for
clarity.

difference of 79.7% (11.0 A). The thicknesses were the same or nearly the same for
the global fit and the individual fits, with a range of 24.3 A to 27.4 A calculated
by global fitting and by individual fitting. The protonated SLDs were from 1.02 x
1076 A=2 t0 1.35 x 1076 A2 for the global fit and from 1.02 x 107% A~2 to 1.29 x
1076 A=2 for the individual fits, while values for the deuterated SLD were included
in the ranges 2.53 x 107® A2 t0 2.88 x 1076 A2 calculated by global fitting and
2.46 x 1076 A2 t0 2.90 x 1076 A2 determined by individual fitting. The values
are also close to each other.
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Like for the SLDs, we can conclude that the roughnesses are the same for
multilayer films prepared in the same conditions and the differences observed with
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Table 4.4: Layer pair thicknesses, SLDs and roughnesses determined from the specular reflectivity
fits of the sixteen sprayed films measured at LLB in 2007.

4.1.4 Conclusion

To conclude, we have seen that we have the same values of SLDs and roughness
for multilayer films prepared in the same conditions and that we can determine an
average value by using the global fit process. The differences of the values calculated
by individual fitting are due to uncertainties of the fitting process. However, the dif-
ferences of thickness observed with the individual fits are real. We already assumed
that these differences of thickness are probably due to non-controlled parameters
during the build-up of the films, as the temperature.

4.2 Non-homogeneous structures

Nine multilayer films composed of PSS and PAH were built up in different con-
ditions and measured by neutron reflectometry to compare their structures. We
observed that considering a homogeneous structure does not give the best fit and
that we have to use non-homogeneous structures.

4.2.1 Multilayer films build-up

Nine multilayer films were prepared by alternating PSS, PSS;; and PAH depo-
sitions and had the same layer sequence, an alternation of three layer pairs (PSSp7-
PAH) with one layer pair (PSS;7-PAH), repeated six times : [(PSS,7-PAH)3/(PSSar-
PAH)|g. The films were deposited on silicon wafers coated with a first PEI layer,
as explained in Paragraph 2.2. Seven of these films were prepared from solutions of
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PSSy7 or PSS,; with a concentration of 0.6 mg/ml and of PAH with a concentra-
tion of 0.27 mg/mL, dissolved in 2 M NaCl solutions. The deposition was done by
dipping, spraying or using the spin-assisted LbL assembly. The films were :

e Dip-2MNaCL prepared by dipping

e Spin-4000 prepared by using the spin-assisted LbLL assembly at a rotation
speed of 4,000 rpm

e Spin-8000 prepared by using the spin-assisted LbLL assembly at a rotation
speed of 8,000 rpm

e Spray-Air-boy prepared by spraying with Air-boy cans

e Spray-10 prepared by spraying with Aztek airbrushes at an air flux of 10
L /min

e Spray-20 prepared by spraying with Aztek airbrushes at an air flux of 20
L /min

e Spray-Grazing prepared by spraying with stainless steel nozzles at a grazing
incidence angle

Two other films were prepared by dipping in solutions of 0.6 mg/mL of PSS;7 or
PSS47 and of 0.27 mg/mL of PAH, dissolved in 0.5 M NaCl or 2 M KCI solutions.
The films were :

e Dip-0.5MNaCL prepared by dipping in solutions with 0.5 M NaCl

e Dip-2MKCL prepared by dipping in solutions with 2 M KCI

The build-up processes are described in Paragraph 2.2. The dipped films were
prepared with the automated dipping robot with 12 min of dipping into the polyelec-
trolyte solutions, rinsing into pure MilliQQ water and drying steps every two layers
(after the PAH deposition). The films prepared by spin coating were deposited on
silicon wafers rotating at speeds of 4,000 rpm or 8,000 rpm. The films sprayed with
Aztek airbrushes were deposited with an air flux of 10 L/min or 20 L/min.

4.2.2 Analysis of the structure of the films

The films were measured by neutron reflectometry on N-REX+ at FRMII with
the setup N-REX+ and on FIGARO at ILL with the setup FIGARO-2 for the
sample Spray-Grazing.

We first fitted the specular reflectivity curves by considering a homogeneous
structure of the films along the direction perpendicular to the surface, that is the
layer pairs have the same thickness, the SLDs of the protonated layers are the same,
the SLDs of the deuterated layers are the same and the interfaces have the same
roughness in each films. The SLD and roughness of the SiO, layers were set to 3.15
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x 1076 A=1 and 4 A respectively and the roughness of the PEI layer was fixed at 9
A. The SLD of the PEI layer was considered the same as the layer deposited on it,
the thicknesses of the SiOy and PEI layers were measured by ellipsometry and are
summarized in Table 4.5. The specular reflectivity curves with the corresponding
fits as well as the SLD profiles are shown in Figure 4.7. The structural parameter
values are summarized in Table 4.6. During the fit, the roughnesses of the films
Spray-Air-boy and Spray-Grazing increased a lot, which had the effect to remove
the Kiessig fringes and Bragg peaks. For this reason, the roughnesses of these two
films were fixed at 30.0 A and 20.0 A respectively (as indicated in Table 3.5), values
for which the fits look good.

Table 4.5: Thicknesses of the SiO, and PEI layers used for the fit of the specular reflectivities of
the nine films measured at FRMII and ILL.

Table 4.6: Layer pair thicknesses, SLDs and roughnesses determined from the specular reflectivity
fits of the nine films measured at FRMII and ILL with a homogeneous structure.

We can immediately see that the experimental and theoretical thickness oscil-
lations are rather well aligned, but the intensity and the width of the fringes and
the peaks are not the same for experimental and theoretical curves, except for the
films Dip-0.5MNaCl and Dip-2MNaCl, for which the theoretical curves give a good
match with the experimental curves. This indicates that the calculated thicknesses
are quite accurate but the SLDs and the roughnesses contain some errors.

To improve the fits, we decided to make the assumption that the structural pa-
rameters are different for the layers next to the substrate and the ones next to the
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Figure 4.7: On the left, the experimental specular reflectivity curves (points) of the nine mul-
tilayer films measured at FRMII and ILL with the corresponding theoretical models (line) for a
homogeneous structure. On the right, the SLD profiles extracted from the fits. The curves are
shifted for clarity.

surface, due to a difference of environment. Indeed, it was already observed that
the three to four first layer pairs, the layers next to the silicon wafer, show a slightly
lower growth than the layers above. This is probably due to the proximity of the
strong, inorganic wafer which changes the environment around the polyelectrolytes
compared to the "bulk" layers, where the environment is only composed of polyelec-
trolytes. This probably results in a slightly different structure of the polyelectrolytes,
and then a different thickness of the layers, compared to the layers in bulk. This
trend is shown in Figure 4.8, where the thickness growth of three films is drawn.
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These films were built up from solutions of 0.6 mg/mL of PSS;7 and 0.27 mg/mL
of PAH, dissolved in 2 M NaCl, and were deposited by using the spin-assisted LbL
assembly at a rotation speed of 8,000 rpm, spraying with Air-boy cans or spraying
with Aztek airbrushes at an air flux of 20 L/min. The thicknesses were measured
by ellipsometry with the monochromatic ellipsometer at a fixed refractive index of
1.465. We also assume that the presence of air at the surface of the films has an
effect on the structure of the layers at the top of the films.
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300
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Figure 4.8: Evolution of the thickness of multilayer films composed of 10 layer pairs (PSSy,7-
PAH) as a function of the number of layer pairs. Films prepared by using the spin-assisted LbL
assembly, spraying with Air-boy cans and spraying with Aztek airbrushes are shown. The curves
are shifted for clarity and the linear lines are used as guidelines.

We performed new fits of the specular reflectivity curves by considering an in-
homogeneous structure, by separating the films in three parts, the "bottom layers"
next to the silicon substrate, the "top layers" next to the surface and the "bulk
layers" in the middle of the films. The bottom layers part of the films is composed
of the three first (PSS,7-PAH) layer pairs, deposited on the PEI layer. We assumed
that these layers have a smaller thickness per layer pair than the bulk layers and
a smaller roughness at the interfaces. The top layers part is composed of the last
(PSS47-PAH) layer pair. The bulk layer part is composed of the rest of the film,
that is [(PSS47-PAH) /(PSS,,7-PAH)|5. The structure is considered homogeneous in
the direction perpendicular to the surface in this bulk layers part, which means
that the thickness per layer pairs, the SLDs and the roughnesses are the same for
all the layers. The structural parameters of the SiO, and PEI layers are the same
than those used for the fits with a homogeneous structure, summarized in Table 4.5.
Figure 4.9 shows the specular reflectivity curves of the nine films with the best fits
we found by considering an inhomogeneous structure composed of three parts. The
corresponding SLD profils are also drawn and the structural parameter values used
are summarized in Table 4.7 and 4.8. During the fit, the bottom layer roughness of
the film Spin-4000 went down to zero, which caused some errors in Motofit stopping
the fit. For this reason, the roughness of this film was fixed at 0.1 A(as indicated in
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Table 3.5).

10
10°
. Spin-8000
10’
10° __ Spin-4000
>
TS
=4
o . .
<@ : . Dip-2MKCI
B 10
©
10" Dip-2MNaCl
10°
Dip-0.5MNaCl
10°
107 T T T T T
0.03 0.06 0.09 0.12 0.15
-1
q, (A7)
10°
10° Spray-Grazing

Reflectivity

q, (A7)

Figure 4.9: On the left, the experimental specular reflectivity curves (points) of the nine mul-
tilayer films measured at FRMII and ILL with the corresponding theoretical models (line) for an
inhomogeneous structure. On the right, the SLD profiles extracted from the fits. The curves are

shifted for clarity.

We can immediately see an improvement of the fits, there is a better match
between the experimental and theoretical curves with the inhomogeneous structure.
As for the homogeneous structure, the fringes and peaks of the experimental and
theoretical curves are well aligned, but contrary to the homogeneous structure, the
intensity and width of the fringes and peaks of the theoretical curves have a good
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match with the ones of the experimental curves.

If we compare the different parts composing the films, we can see that the
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Table 4.7: Layer pair thicknesses, SLDs and roughnesses determined from the specular reflectivity
fits of the dipped and spin-coated films measured at FRMII and ILL with an inhomogeneous
structure.

Table 4.8: Layer pair thicknesses, SLDs and roughnesses determined from the specular reflectivity
fits of the sprayed films measured at FRMII and ILL with an inhomogeneous structure.

bottom layers are thinner than the bulk layers, as expected. The biggest difference
in layer pair thickness is observed for the sample Spin-8000, for which the bottom
layer pairs are 2.5 times thinner than the bulk layer pairs, and the sample Spray-10
has the smallest difference with bottom layer pairs 1.4 times thinner than the
bulk layer pairs. There is one exception : the sample Dip-2MNaCl shows the
same thickness per layer pair for the bottom and the bulk layers. This difference
of proportion of thickness between the bottom and bulk layers depending on the
films could be due to an effect of the build-up conditions, each set of preparation
conditions would show a different proportion of thickness between the bottom and
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bulk layers. It may also be due to fit effects as observed for the multilayer films
measured at LLB in 2007, the parameters are mathematically the best for the
fits but are not physically completely accurate. Except for the samples Spin-8000
and Spray-Air-boy, the protonated SLDs of the bottom and bulk layers are rather
similar, and we could probably assume that the SLDs are the same, the differences
being again due to fitting errors. This suggests that the densities of the bottom and
bulk layers are the same and that the difference of thickness is due to a difference
of amount of polyelectrolytes adsorbed. For the film Spin-8000, the protonated
SLD of the bottom layers is 1.8 times smaller than the bulk layers one and is 1.9
time bigger for the film Spray-Air-boy. The protonated SLDs of the bulk layer are
particularly low for the sample Spray-Air-boy and high for the sample Spin-8000.
This could be due to particularly bigger mathematical uncertainties compared to
the other films or to a lower quality of the films. But we could certainly assume
the same trend for the nine films. Finally, the roughnesses of the bottom and bulk
layers are the same for the samples Dip-0.5MNaCl, Dip-2MNaCl, Dip-2MKCl and
Spin-8000, and are 1.5 to 3.0 times smaller for the films Spray-Air-boy, Spray-10
and Spray-20. The roughnesses of the films Spin-4000 and Spray-Grazing are
clearly too small and are not physical. At this point of the studies, it is not possible
to determine if the roughnesses of the bottom layers are the same or smaller than
those of the bulk layers.

Concerning the top layers, we observe a thickness per layer pair which is 1.1
to 3.5 times bigger than the thickness per layer pair of the bulk layers, except for
the film Dip-2MNaCl for which the thickness per layer pair of the top layers is
5.1 times smaller than the one of the bulk layers and for the film Spray-Air-boy
for which the thickness per layer pair of the top layer is 80.4 times smaller than
the one of the bulk layers. This difference of thickness of the top layers was
not observed by ellipsometry and the differences are too big. These values are
probably not physically true. The SLDs of the top layers are 1.0 to 9.9 times
bigger than the deuterated SLDs of the samples Dip-0.5MNaCl, Dip-2MNaCl,
Spin-8000 and Spray-Air-boy, 1.1 to 1.3 times smaller for the films Dip-2MKCI,
Spin-4000, Spray-20 and Spray-Grazing, or the same for the film Spray-10. As
there is less polyelectrolytes for interpenetration for the top layers, since there is
no layer above, we could expect a lower density, hence a smaller SLD for the top
layers. Again, the fact that there is bigger and smaller SLDs is certainly due to
mathematical uncertainties of the fits, but the values are not accurate. Finally, the
roughnesses are 1.0 to 4.8 times bigger for the top layers than for the bulk layers,
except for the film Spray-Air-boy, for which the roughnesses are the same. We can
probably assume that the roughness at the surface is bigger than the one inside
the film, but the values may not be accurate as we already mentioned that the
roughness is the parameter which is the most adjusted to improve the fits. What
could be interesting to do is to perform neutron reflectometry on several films for
each build-up conditions to carry out a global fit on the specular reflectivities and
to have average values of the parameters which are more accurate. We can also
probably assume that the structure we used is not the best, and structures with
more layers on the top and the bottom parts may be more accurate.

Finally, if we compare the parameters of the bulk layers with the parameters
of the homogeneous structure, we can see that the values are similar in most
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cases. The thicknesses per layer pair are very close ; the protonated SLDs for the
inhomogeneous structures are up to 1.2 times lower or higher and the deuterated
SLDs up to 1.2 times lower or higher, whic is rather similar, except for the film
Spray-Air-boy for which the protonated SLD is 2.0 times smaller and the deuterated
one 1.5 times bigger for the inhomogeneous structure. Finally, the roughnesses are
1.1 to 1.6 times bigger or smaller for the inhomogeneous structure compared to
the homogeneous structure. As the parameters are similar for both structures, the
fits with a homogeneous structure are good enough to determine the values of the
structural parameters for the bulk part, which corresponds to the most part of the
films.

Let us compare the film structures to see the influence of the preparation
conditions. The comparison is done on the basis of the structural parameters of the
bulk layers. We can first observe the influence of the salt nature and concentration
on dipped films. The thickness per layer pair for 2 M KCI is 1.2 times bigger
than for 2 M NaCl, the protonated SLD is 1.2 times bigger, the deuterated SLD
the same within errors and the roughness 1.2 times higher. The thickness per
layer pair is 1.8 times smaller for 0.5 M NaCl than for 2 M NaCl, the protonated
SLD 1.4 times bigger, the deuterated SLD 1.1 times smaller and the roughness
1.5 times lower. So the films prepared from solutions of polyelectrolytes with KCI
are thicker than the films with NaCl and the thickness increases with the increase
of the salt concentration. It seems that a bigger thickness for dipped films due
to different salt nature and concentration goes along with a bigger roughness.
However, whereas the SLDs are bigger for KCI than for NaCl, which corresponds
to a higher density, the protonated SLD is higher and the deuterated one lower for
lower NaCl concentration, which implies higher density for protonated layers and
lower density for deuterated layers. It is possible that these differences are really
due to the difference of salt nature and concentration, but it is more likely to be
within the error of th fits and the density may be the same, just the thickness and
the roughness change.

The spin-coated films are 1.5 to 1.6 times thinner than the dipped film prepared
with the same solutions. The rotation speed does not have a big impact on the
thickness, the thicknesses per layer pair for a speed of 4,000 rpm and 8,000 rpm
are nearly the same. The protonated SLDs are 1.3 to 1.6 times higher for the
spin-assisted LbL. assembly than for dipping and the deuterated SLDs 1.1 to 1.2
times smaller. The SLDs are bigger for a speed of 8,000 rpm than for 4,000
rpm, what would mean that the films are denser for a higher speed. Finally, the
roughnesses for spin-coated films are up to 1.3 times smaller than for dipped films
and the roughness increases with the rotation speed.

Sprayed films are 1.2 to 1.4 times thinner than dipped films, with roughnesses
1.4 to 2.3 times bigger or 1.1 to 1.2 times smaller. The increase of the air flux for
films sprayed with Aztek airbrushes gives thicker films, the spraying with Air-boy
shows a film with a thickness between the ones for Aztek spraying with air flux of
10 L/min and 20 L/min and the spraying with stainless steel nozzles at a grazing
incidence angle gives the thicker film. The roughness seems to increase with the
increase of the air flux of the Aztek spraying, whereas the spraying with Air-boy
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gives the biggest roughness and the spraying with stainless steel nozzles at a grazing
incidence angle the smallest roughness. The protonated SLDs are 1.3 to 1.3 times
bigger and the deuterated SLDs 1.1 to 1.3 times smaller for the Aztek spraying
compared to the dipping. The protonated SLD for Air-boy spraying is 1.5 times
smaller than for dipping and the deuterated one the same within the fitting errors,
whereas for spraying with stainless steel nozzles, the protonated SLD is the same
than for dipping and the deuterated one is 1.4 times lower. There is not a clear
trend visible when comparing the difference of SLDs of the sprayed and the dipped
samples.

Finally, we can clearly see the influence of the build-up conditions on the
thicknesses per layer pair of the films, but no clear trend for the difference of the
SLDs and the roughnesses can be observed.

4.2.3 Conclusion

To conclude, we have seen that (PSS-PAH) multilayer films do not show a ho-
mogeneous structure in the direction perpendicular to the surface, but there is some
influence of the silicon wafer and the air on the layers next to them. The structure
determined can be optimized, but we show that a fit with a homogeneous structure
gives good values for the main part of the films, the bulk layers.

We have also compared the influence of the preparation conditions on the struc-
tural parameters and have seen a clear influence on the thicknesses. Unfortunately,
no clear trend on the difference in SLDs and roughnesses could be extracted from the
comparison of the parameters, due to the mathematical uncertainties of the fits. As
a perspective, it could be interesting to do is neutron reflectometry measurements
on several multilayer films for each build-up condition to be able to perform global
fits and to obtain more accurate values of the structural parameters, and so a better
comparison of the structures.
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Chapter 5

Study of the polyelectrolyte
conformation in multilayer films

The conformation of polyelectrolyte chains in multilayer films is highly impor-
tant for understanding the properties of the films, but no study of the conformation
has been reported so far on multilayer films. The only studies by neutron scattering
on multilayer films reported are studies on the structure of the films by neutron
reflectometry (see for example references [6,119,186,187]). However, it is possible to
determine an average size of the polyelectrolyte chains in the direction perpendicular
to the surface from the analysis of specular reflectivity and an average radius of
gyration in the direction parallel to the surface from GISANS measurements.

We showed above that we can consider that the structures determined for mul-
tilayer films of polyelectrolytes prepared during the thesis can be considered as the
original ones, after the preparation, even if the measurements were done after several
months or few years during the thesis. We assumed that it is also the case for the
conformation observed below.

5.1 Conformation of PSS chains in dipped films

We performed the first study of the polyelectrolyte chain conformation on a
dipped multilayer film using neutron reflectometry and GISANS.

5.1.1 Multilayer films preparation

Two multilayer films composed of PSS,7, PSSy7 and PAH were prepared by dip-
ping the polyelectrolytes on silicon wafers coated with a first PEI layer using the
automated dipping robot as described in Paragraph 2.2. The films were dipped for
12 min into solutions of 0.6 mg/mL of PSS;; or PSS,; and of 0.27 mg/mL of PAH,
dissolved in 2 M NaCl solutions, rinsed in pure MilliQQ water and dried every two
layers, after the deposition of the PAH layers.
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One film was composed of alternating deuterated and non-deuterated layers for
neutron reflectometry measurements, with the following sequence : three (PSSy;-
PAH) layer pairs alternated with one (PSS,7-PAH) layer pair, repeated six times,
[(PSSp7-PAH)3/(PSS47-PAH)|g. The second film was an alternation of layers com-
posed of a mixure of 50% PSSy,7 and 50% PSS, with PAH layers, (PSS5_50-PAH)3s.
Fifty-three layers were deposited to obtain a film with a thickness bigger than 300
nm and the film was measured by GISANS.

5.1.2 Polyelectrolyte chain size in the direction perpendicular
to the surface

The film composed of alternating deuterated and non-deuterated layers was mea-
sured by neutron reflectometry on N-REX+ at FRMIIL. The analysis of the specular
reflectivity curve was already described in Paragraph 4.2 and corresponds to the
film Dip-2MNaCl. Here, we will use the inhomogeneous structure, which better de-
scribed the data, for the determination of the chain size. The specular reflectivity
curve with the corresponding fit are shown in Figure 5.1, as well as the SLD profile.
The structural parameter values are summarized in Table 5.1.
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Figure 5.1: On the left, the experimental specular reflectivity curve (points) and the correspond-
ing theoretical model (line). On the right, the SLD profile extracted from the fit.

From specular reflectivity it is not possible to calculate the individual size of a
polyelectrolyte chain perpendicular to the surface of the film, but it was possible to
determine an average maximal size of a PSS chain, which corresponds to the maxi-
mal distance of extension of the polyelectrolyte in the out-of-plane direction. This
distance, D, is the distance between the most distant points of the polyelectrolyte
chains composing the layer as represented in Figure 5.2.
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Table 5.1: Layer pair thickness, SLDs and roughness determined from the specular reflectivity
fit.

Density / SLD

| SeePpuuety >

Figure 5.2: Schematic representation of a polyelectrolyte layer in a LbL film. D is the distance
between the most distant points of the polyelectrolyte chains composing the layer.

As the fitted roughness is composed of the interface roughness and the polymer
interpenetration, we can determine D using the neutron reflectivity analysis. In
Figure 5.3, the peaks correspond to the deuterated PSS layers, each one composed
of only one layer. We can consider that the maximal elongation, D, of the PSS
chains is equal to the width of the peak, which includes the thickness and most
part of the interpenetration. The gradient at the interfaces is described by an error
function with the standard deviation, o, equal to the roughness calculated by the
fits, and D was chosen to include 99.7% of the gaussian distributed material of the
layer in question. This means that D is equal to the thickness per layer pair, d, plus
three times the roughness :

D =d+ 30 (5.1)

In an ideal film, the center of the polyelectrolytes chains would be aligned and
they would interpenetrate into the neighbouring layers within the same distance.
But the polyelectrolyte chains in one layer can be more or less shifted from each other
due to the roughness, so D is clearly an upper limit of the size of a polyelectrolyte
chain in the direction perpendicular to the surface and we will use it to have a first
comparison with the size in the direction parallel to the surface. For the dipped
film studied here, the maximal diameter of a PSS chain with a molecular weight of
80,800 g/mol is 10.4 nm. We can calculate the radius of gyration of a polylectrolyte
chain, R,, from the end-to-end distance of the chain, ¢ :

Ry =7 (5.2)
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The radius of gyration error, Ry, is given by :

Ryerr = \/d2,, +3 x 02, (5.3)

err

with d.,.. the thickness error and o, the roughness error.

So, from the maximal end-to-end distance D, we can calculate the maximal radius
of gyration of a PSS chain (M,, = 80,000 g/mol) in the direction perpendicular to
the surface, R,.(max), which is equal to 4.3 £ 1.7 nm.
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Figure 5.3: SLD profile of the dipped film.

We have determined that the general structure of multilayer films of polyelec-
trolytes does not change after several months or few years. We can also observe the
influence of the ageing on the out-of-plane size of a PSS chain for Sample C, D, E
and F studied in Chapter 3. The maximal out-of-plane radii of gyration for the four
films in 2007 and five years after are summarized in Table 5.2. We can see a radius
decrease of 0 A to 0.5 A, which is below the accuracy of the polyelectrolyte in-plane
and out-of-plane sizes we can get with the methods used here. So we can assume
that there is no change of the polyelectrolyte chain conformation even if the films
were measured several months after their preparation.

Table 5.2: Maximal out-of-plane radii of gyration of PSS chains in Sample C, D, E and F
in 2007 and five years after, in 2012-2013. The film preparation and the neutron reflectometry
measurements are described in Chapter 3.

136



5.1.3 Radius of gyration of a polyelectrolyte chain in the di-
rection parallel to the surface

We followed here the work of J. Kraus et al. [158], who studied the radius of gy-
ration of polystyrene chains in films of polystyrene by GISANS measurements. The
film composed of layers with a mixure of 50% deuterated and 50% non-deuterated
PSS was measured by GISANS at ILL on FIGARO with the setup FIGARO-3. Fig-
ure 5.4 shows the detector picture of the GISANS pattern of the dipped film at a
wavelength of 3.2 A.
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Figure 5.4: GISANS pattern of the dipped film.

As the measurement was done in TOF mode, data were treated for every wave-
length individually. Data were treated to remove the background and the signal of
the substrate so that we could analyze only the signal of the film. Then, we per-
formed an horizontal cut (in the y direction, parallel to the surface) at the height
of the Yoneda peak, as shown in Figure 5.4. We obtained good data at three wave-
lengths : 4 A (integration over 3.6 - 4.4 A), 5 A (integration over 4.5 - 5.5 A) and 7
A (integration over 6.3 - 7.7 A). The experimental curves for the three wavelengths
as well as the theoretical model are shown in Figure 5.5.

The experimental curves follow a Debye function [12,13,188] :

2

1—
2 P2 2 P2
qugy qugy

I = (1 —exp(—¢;R2)) (5.4)

with I the intensity and R, the radius of gyration in the y direction.

The experimental data were fitted together with the global fit function of IgorPro,
so that the radius of gyration calculated for the three wavelengths is the same. We
found that the radius of gyration in the direction parallel to the surface is 15.6 nm
+ 1.8 nm for a PSS chain with a molecular weight of 80,800 g/mol.
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Figure 5.5: Out-of-plane scans of the multilayer film containing 50% deuterated PSS. The exper-
imental data (points) for wavelengths of 5 A, 7 A and 9 A, and the corresponding Debye function
(line) are shown.

5.2 Comparison of the conformation in a multilayer
film, in a complex or in solution

We calculated that the radius of gyration of a PSS chain in the direction parallel
to the surface is equal to 15.6 nm 4 1.8 nm whereas the maximal radius of gyration
in the direction perpendicular to the surface is equal to 4.3 nm. Even if it was not
possible to calculate the exact radius in the direction perpendicular to the surface,
we can see that the radius in the direction perpendicular to the surface is 3 times
smaller than the radius of gyration in the direction parallel to the surface. This
means that the PSS chains with a molecular weight of 80,800 g/mol in the dipped
film prepared in the conditions described above have a flattened coil conformation.
This is in agreement with the fact that the layers in multilayer films are smaller
than the polyelectrolyte size in solutions.

In comparison, M. Z. Markarian et al. have studied the size of PSS chains in
complexes of polyelectrolytes [33]. They prepared complexes composed of PSS
and PDADMAC and measured the radius of gyration of PSS chains in different
solutions by SANS. They observed radii of gyration of 2.5 nm to 2.72 nm for NaCl
solutions of 0.1 M to 1.5 M for PSS with a molecular weight of 14,000 g/mol
and radii of gyration of 10.5 nm to 11.0 nm for PSS with a molecular weight of
104,000 g/mol. For PSS with a molecular weight of 104,000 g/mol, which is the
closest to the PSS we used (M,, = 80,800 g/mol), the radius of gyration is a bit
smaller than the one we determined in multilayer films in the direction parallel to
the surface and bigger than the size perpendicular to the surface. Since the PSS
coils in the complexes are rather spherical and the PSS chains have a flattened coil
conformation in multilayer films, we could expect that, compared to the size of
the PSS in the polyelectrolyte complexes, the size of the PSS chains is smaller in
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the direction perpendicular to the surface (flattened) and bigger in the direction
parallel to the surface. This is in agreement with the results observed by neutron
scattering.

SANS measurements were also performed by other groups on solutions of PSS
to determine the radius of gyration of a PSS spherical coil depending on the
polyelectrolyte and salt concentration [39-41|. Unfortunately, the solutions they
studied did not have the same polyelectrolyte and salt concentration used here.
To obtain an estimation of the size of the PSS coils in the solutions used to build
up our multilayer films, we can use the study of the conformation of PSS coils in
solution of NaBr by M.-N. Spiteri [42]. On page 84, the radius of gyration for PSS
coils with a molecular weight of 150,000 - 170,000 g/mol in solutions of NaBr with
different concentrations are shown. These sizes are included between 10.1 nm and
19.7 nm for concentration of NaBr from 0 M to 3 M and concentration of PSS of
0.17 monomol/L and 0.34 monomol/L. We can see an increase of the radius of
gyration with the decrease of the polyelectrolyte and the salt concentrations. Our
solutions of PSS contained 2 M NaCl and 1 x 10~ monomol /T, of PSS. Let us take
as a starting point the radii of gyration of the PSS in solution for 1.5 M NaCl and 3
M NaCl with a concentration of PSS of 0.17 monomol/L, that is 13.5 nm and 10.6
nm. As we have a lower concentration of PSS, we can assume a radius of gyration
lower than 13.5 nm. This is smaller than the radius of gyration in the direction
parallel to the surface of the PSS in the multilayer film.

To conclude, we have determined that the conformation of a PSS chain in a
dipped multilayer film is a flattened coil, and this is in agreement with the small
thickness of the layers compared to the sizes of polyelectrolytes in solutions. This
conformation was compared to the radius of gyration of spherical PSS coils in PSS-
PDADMAC complexes and we have seen that the size of PSS chains in multilayer
films is bigger in the direction parallel to the surface and smaller in the direction
perpendicular to the surface, compared to the radius of gyration of PSS in complexes.
Finally, it seems that the radius of gyration of the spherical PSS coil in the solutions
used for the build up of the films is smaller than the radius of gyration of the PSS
chain in the films in the direction parallel to the surface.

5.3 Perspectives

We have demonstrated the possibility to determine the conformation of poly-
electrolyte chains in multilayer films using neutron reflectometry and GISANS. It
is also possible to measure the in-plane radius of gyration by Small Angle Neutron
Scattering (SANS), which consists to measure the scattering of an incident beam
perpendicular to the surface of the film. We get the same information than for
GISANS, but we have the possibility to determine the in-plane radius of gyration in
several directions. So we could determine the conformation for anisotropic objects,
like deformed polyelectrolyte chains. First SANS tests performed are promising, so
SANS measurements should be carried out in the future.
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As we have succeed to measure the conformation of PSS chains in one film, we
should now measure the conformation of polyelectrolyte chains in other films. First,
it would be useful to determine the influence of the build-up parameters on the
conformation of the polyelectrolyte. Second it would be interesting to measure the
conformation of polyelectrolyte chains in films showing a particular structure. Three
examples of interesting films are described below.

5.3.1 The brush-like structure

The "grafting from" technique consists of grafting molecules on a surface and to
polymerize on this initiator to form a polymer layer attached to the surface. The
team of Jiirgen Riihe studied the preparation of such kind of attached layer for sev-
eral polyelectrolytes or polymers : poly(methyl methacrylate) (PMMA) [189, 190],
poly(styrene) (PS) [191,192|, poly(4-vinyl-N-n-butylpyridinium) (BuPVP) [193], etc
... By controlling the grafting density and the polymerization degree, it is possible
to control the thickness of the layer [194]. With a high grafting density, the poly-
electrolytes take a brush conformation, since they are vertically elongated, due to
the charge repulsion.

The team of J. Riihe showed the possibility to deposit a polyelectrolyte layer on
top of the polyelectrolyte brush layers using the Layer-by-Layer process (cf. Figure
5.6).

Figure 5.6: Representation of the adsorption of a polyelectrolyte on an oppositely charged poly-
electrolyte brush.

Two cases were observed, the deposition of strong polyelectrolytes and the de-
position of weak polyelectrolytes. H. Zhang et al. [195] showed that the deposition
of a PSS layer on a poly(4-vinyl-N-methylpyridinium) iodide (PMeVP) brush layer
with a swollen thickness of 660 nm leads to a collapse of the film to a thickness of 19
nm in solution, which corresponds to the thickness of the dried brush layer plus the
thickness of a PSS (strong polyelectrolytes) layer which is in the order of magnitude
of a PSS layer in the linear regime. But an interesting behavior was observed for
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weak polyelectrolytes (see for example references [26,196]). It was shown that the
thickness of the layer deposited on the attached layer is dependent on the thickness
of this first layer. In Figure 5.7, we can see a linear dependence of the thickness of a
PMAA layer and a PMeVP layer deposited on a PMeVP brush layer and a PMAA
brush layer respectively. The thickness of the second layer is in the same order of
magnitude than the one for the first layer, even for thicknesses of 200 nm.

Figure 5.7: On the right, layer thickness increase of PMeVP layers adsorbed on PMAA brushes
as a function of the thickness of the PMAA brushes. On the left, layer thickness increase of PMAA
layers adsorbed on PMeVP brushes as a function of the thickness of the PMeVP brushes. The
solid lines represent linear fits. Reproduced from reference [26].

Furthermore, this is not limited to one layer but this thickness template is ob-
served for at least 5 layers deposited on the brush layer. This behaviour is shown
in Figure 5.8, on which the total thickness of (PMAA-PMeVP) multilayer films
deposited on PMAA brush layers is drawn as a function of the number of layers,
for different thicknesses of the first layer. We say that the films have a brush-like
structure.

Figure 5.8: Thickness growth with the number of layers for (PMAA-PMeVP) films deposited on
5 nm (M ellipsometry data, O X-ray reflectivity data) and 31 nm (®) PMAA brushes. The solid
lines represent linear fits. Reproduced from reference [26].

For now, the mechanisms of formation for such films are not understood. A way

141



to better understand how these films can be formed is to study the conformation of
the polyelectrolyte chains. Indeed, two cases can be assumed : a coil conformation
and a brush conformation, as represented in Figure 5.9.
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Figure 5.9: Oversimplified representation of the three possible conformations of the polyelec-
trolyte chains in a film with a brush-like structure. On the left, the coil conformation with a
layered structure, in the middle, the coil conformation without a layered structure, and on the
right, the brush conformation. "d" is the thickness of a layer.

In the case of the coil conformation with the layered structure, one layer is not
composed of a monolayer of polycations or polyanions as for regular LbL films, but
of a stack of several layers of polycations or polyanions in a coil conformation (spher-
ical or non-spherical). This means that there is no microscopic pairing of a charge
with the opposite charge, but there is a macroscopic compensation of the charges
(neutral object). For the coil conformation without a layered structure, the film is
composed of a mixture of polyanions and polycations and the layered structure is
lost. In this case, there is a microscopic pairing of the charges.

For the brush conformation, we have monolayers of elongated polyanions or poly-
cations, and the polyelectrolytes interpenetrate in the neighboring layers. So, in this
case, there is a microscopic pairing of a charge with the opposite charge. The out-
of-plane size of the polyelectrolyte chains should be at least twice the thickness of a
layer. Therefore, in the study performed by H. Zhang et al. [26] and described above,
the size of a fully elongated polyelectrolyte has to be at least 400 nm for the thickest
layers build-up. The PMAA used had a molecular weight M,, = 990,000 g/mol and
a fully elongated size of around 2,875 nm, and the PMeVP a molecular weight M,,
= 431,800 g/mol and a maximal size of 437 nm. So the brush conformation is a
realistic assumption.
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5.3.2 Spherical coil conformation - Effect of salt on polyelec-
trolyte interdiffusion

H. Jomaa et al. [5] studied the influence of the annealing by salt on a multilayer
film of PSS and PDADMAC. Indeed, they measured by neutron reflectometry the
film, with the structure [(PDADMAC-PSS;7)s/(PDADMAC-PSS,7)]5(PDADMAC-
PSSy7), as-deposited and after annealing in salt solution for different times to observe
the effect on the internal structure of the film. We can see in Figure 5.10 the evolution
of the reflectivity curve with the time of annealing.

&

log(reflectivity)
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QA")

Figure 5.10: Reflectivity curves for a (PSS-PDADMAC) multilayer film. The open circles repre-
sent the experimental data, the solid lines the fits. Uppermost curve : as-deposited film measured
in ambient conditions. Lower curves, measured under argon, from top to bottom : after annealing
in 0.8 M NaCl for 10, 25, 55, 110, 170 and 260 min. Lowest curve : final annealing in 1 M NaCl
for 120 min. Reproduced from reference [5].

Whereas there are Kiessig fringes and a well defined Bragg peak for the film
before the annealing, due to the alternation of deuterated and non deuterated layers,
the intensity of the Bragg peak decreases with time of annealing until its complete
disappearance, indicating that it is not possible to differentiate the deuterated and
non-deuterated layers anymore. H. Jomaa el al. determined that the annealing had
the effect of slightly decreasing the thickness of the layers, but the roughness, or the
interpenetration, increased a lot, 7.5 times the initial roughness. This indicates an
expansion of the polyelectrolyte chains in the out-of-plane direction, so a change of
their out-of-plane size and of their conformation. A question is to know how the
in-plane size of the polyelectrolyte chains evolved. Indeed, we could assume that the
initial conformation of the PSS chains in the (PSS-PDADMAC) film is a flattened
coil, as in the (PSS-PAH) film studied above. If we assume that the in-plane size of
the chains did not really change with the annealing, due to lateral constraints, the
increase of the out-of-plane size would indicate a change of the conformation to a
spherical, or more spherical, coil. It would be interesting to verify this assumption
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by performing the same experiment than H. Jomaa et al., but carrying out also
GISANS measurements to determine the conformation of the polyelectrolyte chains.

5.3.3 Alignement by spraying at a grazing incidence angle

A new geometry of spray is developed in our team and consists of spraying
the solution at a grazing incidence angle. It was shown that this geometry allows
the alignment of anisotropic nanoparticles in the direction of spraying, as shown in
Figure 5.11. This is a SEM picture of a layer composed of silver nanowires deposited
using the grazing incidence spraying technique and we can see the alighment of the
nanowires.

Figure 5.11: SEM picture of a layer of aligned silver nanowires prepared by grazing incidence
spraying by Hebing Hu. Thesis in progress.

As the spray at a grazing incidence angle can aligne nanowires, a question is
to know if we can observe a deformation of polyelectrolyte chains in LbL films
using this geometry, due to the shear forces. This could be determined by using
neutron scattering measurements to study the polyelectrolyte chain conformation,
and especially by comparing the in-plane sizes in the direction of the spraying and
perpendicular to the spraying to see if they are different.
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Chapter 6

Conclusions and outlook

We have shown in these studies that the neutron scattering is a powerful tech-
nique for the study of the internal structure of multilayer films of polyelectrolytes.

We have shown the evolution of (PSS-PAH) films with time and observed an
important expansion after a storage of 15 years. This expansion went along with
aan inhomogeneous change in the structure depending on the depth in the film,
which indicated an effect of the substrate on the layers next to it. Even if the
15 years old films were stored in non-controlled conditions, they still presented a
stratified structure. The limits of the storage and the reflectivity curve analyis was
observed here. The change of the film structure could be due to an oxydation.

For a storage of 5 years, a slight shrink of the films was observed. This is
probably due to a plastification of the films by the humidity in the air. We
determine that the structure of (PSS-PAH) multilayer films can be considered as
stable during several months to few years.

We also pointed out that the control of ambient conditions is important. What
should be done in future neutron scattering measurements is to measure the films
in an environmental chamber, with fixed ambient conditions, to have an accurate
comparison of the internal structure of the multilayer films.

In the second part, we have seen the big advantage to measure several films
prepared in the same conditions and the use of a global fit process to determine
average values of the structural parameters. We observed that the SLDs and the
roughnesses of several films prepared in the same conditions are the same. This
indicates that the density and composition of the films are the same (same SLD)
and the interpenetration of the polyelectrolytes within the neighbouring layers
has the same amplitude (same roughness). However, the thickness determined by
individual fitting are accurate and we could observe a difference of thickness for the
films, probably due to non-controlled build-up parameters, as the temperature.

We also determined than the films have an inhomogeneous structure in the
direction perpendicular to the surface with thinner layers near the substrate and an
effect of the proximity of the air on the top layers. This is more or less pronounced
depending on the build-up conditions and the structure used for the fit can be
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probably improved.

Finally, we showed that it is possible to determine an average conformation
of the polyelectrolyte chains in the films by combining neutron reflectometry and
GISANS measurements. We have particularly determined that PSS chains in (PSS-
PAH) multilayer films prepared by dipping have a flattened coil conformation, that
is a smaller size in the direction perpendicular to the surface than in the direction
parallel to the surface. This is in agreement with the fact that the thickness per
layer of "trapped polyelectrolytes" is smaller than the size of the polyelectrolytes
in solutions. Further studies should be performed to compare the conformation of
the polyelectrolytes chains depending on the build-up conditions, as for example the
difference between dipping, spraying and spin-assisted LbL assembly. The study of
the conformation of the polyelectrolytes chains of other systems would also be really
interesting, and especially on films in which we expect different conformations, as for
example in "brush" films, in which we assume a brush conformation, or in films with
mobile polyelectrolyte, in which the chains have probably a spherical conformation.
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Conformation des

polyélectrolytes dans des films

nanometrigues assemblés
couche-par-couche

Résumeé

L’assemblage couche-par-couche permet de fabriquer des films multimatériaux aux propriétés
variées présentant une structure stratifiée. Ce travail décrit les études structurelles des films
multicouches de polyélectrolytes a I'aide de mesures de diffusion de neutrons.

L'effet du vieillissement des films a été déterminé par réflectométrie des neutrons. Nous avons
observé un léger tassement des films apres 5 ans et une forte expansion aprés 15 ans.

Nous avons aussi montré que le substrat et I'air en surface ont une influence sur la structure des
couches proches des extrémités des films, conduisant a une structure inhomogene
perpendiculairement a la surface.

Nous avons finalement étudié la conformation des chaines de polyélectrolytes dans les films
multicouches ; nous avons déterminé que les chaines de PSS dans des films préparés par trempage
ont une conformation en pelotes aplaties, contrairement aux chaines de polyélectrolytes en solution
qui présentent une conformation sphérique.

Mots-clés : Multicouches de polyélectrolytes ; Conformation; Réflectométrie des neutrons;
GISANS ; Vieillissement ; Structure stratifiée ; Structure inhomogeéne ; Fit global

Résumé en anglais

The Layer-by-Layer assembly allows the build-up of multimaterial films with various properties
showing a stratified structure. This work describes the structural strudies of multilayer films of
polyelectrolytes with neutron scattering measurements.

Ageing effect on films was determined by neutron reflectometry. We observed a slight shrink of the
films after 5 years and a strong expansion after 15 years.

We also showed that the proximity of the substrate and the air at the surface have an influence on
the structure of the layers at the extremities of the films, leading to an inhomogeneous structure
perpendicularly to the surface.

Finally, we studied the conformation of polyelectrolyte chains in the multilayer films ; we determined
that PSS chains in dipped films have a flattened coil conformation, whereas the polyelectrolyte
chains in solution have a spherical conformation.

Keywords : Polyelectrolyte multilayers ; Conformation ; Neutron reflectometry ; GISANS ; Ageing ;
Stratified structure ; Inhomogeneous structure ; Global fit




